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Preface

The transportation sector utilizes a considerable amount of energy worldwide;
therefore, it has a significant impact on today’s energy systems. In recent years,
electric vehicles (EVs), as a technical solution, have been given great attention in
order to address the environmental concerns in modern cities. Meanwhile, the EVs
impact on electric grids and energy systems should be investigated in both planning
and operation studies. Different charging strategies including uncoordinated and
coordinated charging methods have individual impact on energy systems. In addi-
tion, the vehicle to grid (V2G) and vehicle to home (V2H) abilities of EVs can
improve the efficiency of energy utilization in smart energy systems. Therefore, it is
necessary to study the impact of EVs on energy systems from various points of view.

In this book, a comprehensive study about EVs is done so that technical,
economic, and environmental aspects are taken into account. The EVs load model-
ing techniques, EVs integration with renewable energies, and energy optimization in
the future energy systems are discussed completely.

This book contains 15 chapters in which numerous researchers and experts from
academia and industries collaborated. The breakdown of the chapters is as follows:

• Chapter 1 reviews the challenges and opportunities of the electric vehicles in
energy systems. The transportation electrification as one of the pillars of intelli-
gent transportation systems is investigated in details.

• Chapter 2 models the electric vehicles’ travel behavior using artificial
intelligence-based approach. The data mining of electric vehicles is investigated
using deep learning method.

• Chapter 3 describes the role of off-board electric vehicles battery chargers in
smart home and smart grid applications. The energy storage system and renew-
able energies are also taken into account.

• Chapter 4 presents a nonlinear bi-level model for optimal operation of smart
distribution network. The electric vehicles can operate in both grid to vehicle and
vehicle to grid charge modes.
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• Chapter 5 manages the energy of a typical microgrid considering solar energy and
electric vehicles. The chapter develops a charging management program that
increases the renewable energy’s penetration.

• Chapter 6 presents an optimal operation model for electric vehicles. The wind
energy is integrated in the studied case, and the impact of coordinated and
uncoordinated operations of vehicles on stochastic generation of wind energy is
investigated.

• Chapter 7 presents the distributed charging management of electric vehicles in
smart microgrids. The proposed cooperative control system is introduced to
accomplish a wide range of auxiliary services.

• Chapter 8 proposes an energy and reserve management model for a distribution
network considering electric vehicles, renewable energy recourses, and distrib-
uted generations. In this chapter, an operation scheme for the electric vehicles
aggregator is accomplished with main objective function of decreasing operation
costs of distribution network.

• Chapter 9 presents a bidding strategy model for electric vehicles’ parking lots to
participate in the electricity market.

• Chapter 10 introduces battery sweep stations in microgrids and proposes a
stochastic model to participate in electricity market.

• Chapter 11 presents the integration of electric vehicles charge stations with
renewable energy resource in order to participate in electricity market.

• Chapter 12 models the impact of electric vehicles charging demand on residential
energy hubs.

• Chapter 13 presents a stochastic model for electric vehicles battery replacement
stations. The renewable energy recourses are taken into account.

• Chapter 14 models the participation of electric vehicles in demand response
program.

• Chapter 15 optimizes the charge demand of electric vehicles in smart homes. The
load demand profiles of smart homes are modified by the proposed model.

The editors of the book warmly thank all the contributors for their valuable
works. Also, they would like to thank the respected reviewers who improved the
quality of the book by their valuable and important comments.

Bonab, Iran Ali Ahmadian
Tabriz, Iran Behnam Mohammadi-ivatloo
Abu Dhabi, UAE Ali Elkamel
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Chapter 1
Why Electric Vehicles?

Hamidreza Jahangir, Masoud Aliakbar Golkar, Ali Ahmadian,
and Ali Elkamel

1.1 Introduction

Recently, automobile manufacture companies began to produce electric vehicles
(EVs) and new developments were made every day. At first, the progress speed of
the vehicle electrification was very slow, but nowadays some manufactures have
spent the time to completely change their vehicle from petrol to electric, and some
countries are preparing laws to ban petrol vehicles [1–3]. The problem of air
pollution is also widespread these days; in this regard, policy makers in modern
societies focus on electrification of the transportation fleet more than before and, in
near future, the next vehicle of every person all around the world will be electric
[4, 5]. In this chapter, an introduction to the motivations of implementing the EVs in
transportation fleet from different points including environmental, economic, polit-
ical and other aspects is presented. The incentives for the purchase of EVs in
different developed countries including America, Canada and Japan have been
considered and the most important concerns about EVs from the customers’ point
of view have been studied. Furthermore, the challenges imposed on the power
system, which are aggravated by increasing the penetration of the EVs in transpor-
tation fleet, are also explained.
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1.2 The Motivations for Increasing the Penetration Rate
of EVs

Today, the transportation sector consumes a significant amount of energy around the
world [6]. For example, the transportation sector uses about one-third of the US
energy consumption annually (27.5 quadrillion in 2010), and fossil fuels are the
main sources of the transportation fleet [7–9]. In addition, as shown in Fig. 1.1,
energy consumption by the transport sector has increased dramatically since 1950.
This fact is confirmed by a review of NHTS database information released in 2011.
According to NHTS, the number of cars per family has increased dramatically in
recent years.

Also, despite the increase in car efficiency, as shown in Fig. 1.2, fuel consumption
increased from 1980 to 2010; although the increased truck sales somewhat reduced
the efficiency of the transportation system, the overall efficiency increased each year.
Furthermore, the increase in vehicle miles travelled (VMT) per person shows a
significant increase in energy consumption pattern. As shown in Fig. 1.3, the per
capita distance traveled per vehicle is lower than the per capita distance traveled by
each household due to the increasing number of the vehicles purchased by house-
holds [10–12]. Therefore, this information well suggests that the number of vehicles
in modern societies is steadily increasing. This increase in the number of vehicles,
despite their efficiency, will increase the need for fossil fuels.

Increasing vehicle fuel consumption has a significant effect on the greenhouse gas
emissions and air pollution. The vehicle share of the fossil fuels consumption in the
United States in 2011 includes about 53% of CO, 31% of NOX, 24% of VOCs, and
1.7% of PM2.5 [13, 14]. The transport sector also accounts for a large portion of
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CO2 production, with a share of 31% in 2009 [15]. Therefore, statesmen as well as
environmental activists are constantly striving to overcome this great challenge in
modern societies. In addition, concerns over the limitation of the fossil fuel energies
have doubled the incentive for governments to address this problem [16]. There are
various technical solutions to reduce fossil fuel consumption, for example, the policy
for increasing the fossil fuel prices, efforts to increase consumer efficiency and
obtain fines for air pollution from the consumers, implementation of traffic control
policies such as blocking single-vehicle traffic, traffic plans, and so on. Meanwhile,
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the use of EVs has been suggested as an effective way to reduce fossil fuel
consumption and environmental concerns. However, given the high cost of EVs
compared to traditional vehicles and the risk of charging these vehicles, customers
are not very keen on buying these vehicles right now [17]. The solution for
increasing the EVs penetration in the transportation fleet is that the price of petro-
leum products rises significantly and the energy storage technology improves effi-
ciently. In this situation, EVs can compete with traditional cars. Furthermore, special
support for the purchase of EVs in the form of various facilities is needed. Various
facilities have been offered in many countries for the purchase of EVs which has
resulted in increased customer satisfaction and increased penetration of EVs in the
transportation fleet.

1.2.1 Facilities in Different Countries to Encourage
the Purchase of EVs

In many countries, various facilities such as tax exemptions, discounts for environ-
mental protection organizations, and so on are offered to buy Evs [18–22]. In Iran,
for example, in 2014, the government abolished the taxes tariff on importing EVs
into the country, thereby providing a good incentive to interest consumers. In the
United States, in 2008, the law about EVs tax provided special discounts for EV
buyers to increase market penetration. In Japan, the first incentive program began in
1996 and improved in 1998. Relevant facilities in Japan included subsidies and a tax
rebate on the purchase of EVs. The plan employed in Japan would subsidize up to
50% of the extra costs of an EV compared to a conventional vehicle, which is about $
8500. This may have caused Japan to have the largest number of EVs after the
United States, so that about 95,000 EVs were sold in Japan from 2009 to 2014. In
Canada, there is a $ 5000 discount for EVs up to 4 kW and $ 8500 for EVs up to
17 kW. Furthermore, EVs in Canada also have a special license plate called green
license plate, with the benefits of being allowed to travel on routes that only vehicles
with more than one passenger are permitted, or charging and parking in special
parking lots. These incentives lead to an increase in the penetration of EVs in
transportation fleet. The most important infrastructure needed in this regard is the
availability of the installed charging stations in homes, personal business centers,
and public stations across the city and along the roads.

1.2.2 The Cost of the Charging Infrastructure of EVs

To increase the penetration of EVs in transportation fleet, we need to consider the
infrastructure cost for electrifying vehicles. The cost of EVs charging infrastruc-
ture will vary depending on the type, size and location of charging stations

4 H. Jahangir et al.



[23]. However, based on some assumptions, the cost of EVs’ infrastructure can be
estimated. One hypothesis is that the EV charging system should be uniform
throughout the world; in other words, it should have the same standard
[24]. This assumption makes a low charge cost, as anyone with any type of EV
can charge at any station at any time. If this uniformity is not respected in the
manufacture of charging equipment, in addition to causing problems in the charg-
ing process, the charging cost for EV owners will also be higher [25]. EV charging
infrastructure costs include equipment costs and installation costs. To estimate the
cost of the equipment, in general, the charge is assumed to be the same in all areas,
and all equipment are installed by one company. In this case, the base price is
extracted and the real price can be more or less dependent on the circumstances. It
will be cheaper to install charging equipment at homes with robust wiring infra-
structure. Installing a payment tool for credit cards or other ways will raise the
price of this equipment. Generally, installing charging equipment in public places
is more expensive than installing it at home [26]. As for home installation, the
homeowner would have to pay more if the home has not strong wiring infrastruc-
ture. In the case of public charging, including charging in commercial areas, the
cost of operating such as the cost of lighting and so on will also affect the final cost.
The basic cost of EV charging infrastructure, along with its lower limit and upper
limit, is shown in Table 1.1 [27].

From the points outlined in the preceding sections, it can be concluded that with
the support of governments and the investment in appropriate infrastructures, EVs
share will be increased significantly in transportation fleet by near future. It should be
noticed that by increasing the penetration of EVs in transportation fleet, the electric
load demand of EVs will be increased dramatically and we need new power plants to
meet this need. If these new power plants are constructed based on fossil fuels, the
environmental and pollutants concerns about conventional vehicles will lead to
electricity generation part. Also, this increase in electrical load demand by EVs
will put considerable stress on power systems, especially on electricity distribution
networks, and network operators will have to build or reinforce transmission lines
and other parts of the power system. To overcome this problem, researchers in EVs
energy management field have proposed coordinated or smart charging strategies to
reduce the adverse effects of EVs on power systems, and recommended various
approaches for optimal smart charging producers [28]. Other researchers have also
suggested the use of vehicle to grid (V2G) operation mode of EVs through smart
charging in which EVs provide ancillary services to reduce the power system stress.

Table 1.1 Cost of different charging stations

Charging station model Lower bound price ($) Base price ($) Upper bound price ($)

Home EV charger 1.4 kW 25 75 550

Home EV charger 7.7 kW 500 1125 4000

Public EV charger 1.4 kW 1050 3000 9000

Public EV charger 7.7 kW 2500 5000 15,000

Public EV charger 38.4 kW 11,000 20,000 50,000

1 Why Electric Vehicles? 5



1.3 Different Types of Electric Vehicles

Generally, based on the technology used in EVs and type of their connection to the
power grid, EVs are categorized in three main types including all-electric vehicles,
hybrid electric vehicles (HEV), and plug-in electric vehicles (PEV) [29]. It is
predicted that EVs with the ability to connect to the power grid will have a better
future than others. In this part, different kinds of EVs are explained in details.

1.3.1 All-electric Vehicles

All-electric vehicles are the first generation of EVs which use the energy stored in
batteries to power electric motors and provide propulsion power. The propulsion
power of the vehicle is provided solely by electrical energy that is free of pollution
and, therefore, they are known as non-polluting vehicles (zero pollution). The first
generation of the this EV had limited battery capacity and was not capable of long
distances. This, coupled with the high cost of batteries and lack of possibility for
these vehicles to be charged by other sources, made the all-electric vehicles uneco-
nomical and led them to be rejected by the customers. Recently, according to the
significant improvements in battery technology, the prices of these vehicles have
dropped significantly and it caused these EVs to receive high welcome from buyers.
Nowadays, EVs are defined as plug-in electric vehicles (PEVs) and can be charged
by power grid either at homes or in public places. This feature makes the all-electric
vehicle as a good choice for customers and improves the reliability of its charging
procedure. The main advantages of these vehicles are defined as follows:
• Completely free of greenhouse gas emissions.
• Much higher efficiency than internal combustion engines.
• Can be recharged with renewable energy sources.

1.3.2 Hybrid Electric Vehicles (HEVs)

These vehicles have both a fuel engine (internal combustion engine) and an electric
motor with sufficient battery capacity to save energy from the fuel engine and
brakes. Batteries come in handy when needed to produce auxiliary power, or at
low speeds, by turning off the fuel motor to provide the driving force. About 1.5
million HEVs have been sold in the last decade. In the developed countries such as
the United States, about 3% of existing vehicles are hybrid. Disadvantages of these
vehicles are listed as follows:

• Unable to charge batteries over the network.
• Dependence on fossil fuel consumption engine.

6 H. Jahangir et al.



1.3.3 Plug-in Hybrid Electric Vehicles (PHEVs)

The plug-in hybrid electric vehicles (PHEVs) are combinations of the two previous
types, and have been designed to eliminate the disadvantages of them. As they
have rechargeability by the power grid, they require batteries with more capacity
than HEVs. The major difference between the batteries of these two types of EVs
(PHEVs and HEVs) is that the PHEV battery must be capable of fast discharge and
fast recharge, while HEV batteries operate in near-full charge and discharge rarely
occurs. Since the PHEVs can be recharged with a power grid at homes and in
public places, the volume of batteries used in PHEVs has increased. It is therefore
possible to travel longer distances than HEVs using the non-polluting mode
(electric mode). The most important feature of PHEVs or PEVs is their ability to
connect to the power grid and the possibility of bi-directional power exchange—
grid to vehicle and vehicle to grid— which are known as G2V and V2G, respec-
tively. It should be noted that with the increasing number of PHEVs and PEVs in
the future, there will be a significant volume of energy storage which can help the
operation of the power system by providing the ancillary services. The specifica-
tions of some of the most popular EVs in the world are shown in Table 1.2 [28].

1.4 Different Charging Rates of EVs

To assess and evaluate the impact of EVs and power system on each other, the
charging level of the EVs must be known. The researchers in this field, by consid-
ering the charging infrastructure capability, have introduced three levels of charging
as follows [30–32]:

• Level 1 (about 2 kW charging rate)
• Level 2 (about 7 kW charging rate)
• Level 3 (about 50 kW charging rate)

In this part, we are going to describe these charging levels in details.

Table 1.2 Specifications of common EVs

Vehicle model EV kind
Charging rate
(kW)

Charging time
(h)

Trip length
(km)

Battery capacity
(kWh)

Mitsubishi iMiEV EV 3.1 7 100 16

Nissan leaf EV 3.3 8 118 24

Tesla model S EV 11 8.5 425 85

Chevrolet volt PHEV 3.3 3 61 16.5

Toyota Prius PHEV 3.3 1.5 18 5.2

Ford fusion PHEV 3.3 2.5 34 7.5

1 Why Electric Vehicles? 7



1.4.1 Charging Level 1

Level 1 (Slow Charging): This level of charge is usually AC and single phase and is
known as the standard charging level. Charging rates vary across countries; in many
European countries, it is around (230 V, 16 A and 3.7 KW). In some other European
countries, such as England and Switzerland, the standard charging levels are lower,
(230 V and 13 A) and (230 V and 10 A), respectively.

1.4.2 Charging Level 2

Level 2 (fast charge): This charge level is in one or three phases and beyond the
standard charge level; these conditions may be available in residential and commer-
cial environments. There are different charging rates in different countries, ranging
from 10 to 20 kW.

1.4.3 Charging Level 3

Level3 (very fast charge): This charge level comes in three phases AC and DC. This
charging surface requires an external charging, and depending on the level of
charging, it requires power equipment for cooling electronic devices. Charging
rate is above 50 kW. This level of charging is usually used by drivers in emergency
situations that require low charging time. In this case, the time factor is very
important.

However, when the penetration of EVs is high, usually charging level 3 can refer
to special charging stations like gas stations, where the EV can get 50% of its charge
in 10–15 minutes. A brief description about various charging levels are illustrated in
Table 1.3.

1.5 Charging of EVs

Charging of EVs is done for different purposes with different structures. Depending
on the power system conditions, the purpose of the optimal charging process and its
implementation structure will be determined. In this regard, in this part, different
goals of EVs charging and then different structures of smart charging implementa-
tion are introduced.

8 H. Jahangir et al.



1.5.1 Different Purposes of Optimal Charging of EVs

The EVs’ smart charging strategy can be set for different purposes. Each of these
goals has its own advantages and disadvantages which are given in Table 1.4 [34–
36]. As shown in Table 1.4, as we move from uncoordinated charging to smart
charging, the EVs’ charging implementation algorithm becomes more sophisticated
and more infrastructures are required; however, smart charging algorithms bring
more benefits for the power grid operator and EV owners. It should be mentioned
that if all the EVs charge in an uncoordinated manner without specific control and
scheduling, and each EV does its charging as soon as it arrives home, subscribers
will have more freedom to operate; however, power grid will experience sharp peak
loads which have harmful effects on the power system stability and operation. So, it
is better to use smart charging procedure.

1.5.2 Different Structures for Implementation of Smart
Charging

To implement smart charging of EVs, the infrastructure needs to communicate with
different components of this problem including subscribers, aggregators and net-
work operators. Following, we discuss different structures for implementing smart
charging procedure.

1.5.2.1 Centralized Charging Control Structure

This structure is known as direct charging. As shown in Fig. 1.4, in this arrangement,
the aggregator is directly responsible for charging all EVs in its area. The aggregator

Table 1.3 various charging levels [33]

Charging
specifications Charging level 1 Charging level 2 Charging level 3

Voltage (V) 120 V 1-phase AC 208 V DC or 240 V
1-phase AC

208 V DC or 480 V
3-phase AC

AMPS (A) 12–16 12–80 <125

Charging rates
(kW)

1.4–1.9 2.5–19.2 <90

Charging time for
vehicle

10–20 miles of range
per hour

10–20 miles of range
per hour

80% charge in
20–30 minutes

1 Why Electric Vehicles? 9



can control other organizations such as charging stations, where each charging
station is responsible for charging the EVs inside its territory. In this structure, the
aggregator is connected to the distribution network operator and the transmission
system operator to control the charging procedure of the EVs according to technical
and economic conditions of the power system. In this way, the aggregator first

Table 1.4 Advantages and disadvantages of different charging approaches

Charging mode Load profile Advantages Disadvantages

Uncoordinated
charging

0 2 4 6 8 10 12 14 16 18 20 22

Easy implementa-
tion
Comfortable for EV
owners

Overloading in power
transformers and distri-
bution feeders.
Increasing the peak load
of the distribution net-
work
Increasing the electricity
cost
Increasing the need to
reinforce the grid

Charging in
off-peak time

0 2 4 6 8 10 12 14 16 18 20 22

Easy implementa-
tion
Flattening the load
demand profile
Improving the inte-
gration of renewable
energies at off-peak
hours
Delaying the grid
investments

Easy implementation
Unbalancing the load
demand profile due to
the sharp increase of
EVs demand
Possibility for voltage
deviations
Decreasing the cus-
tomers’ welfare

Optimal charg-
ing for valley
filling

0 2 4 6 8 10 12 14 16 18 20 22

Providing the ancil-
lary services for
power system
Flattening the load
demand profile
Improving the inte-
gration of renewable
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system
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mentation
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tomers’ batteries during
the V2G
Energy loss in different
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estimates the load demand of EVs according to the predicted subscribers’ travel
behavior, then, informs the distribution and transmission network operator, and after
confirming them, finally, the aggregator submits the predicted load demand in the
electricity market.

Under these circumstances, the technical constraints of the upstream network
have also been considered. The aggregator, in coordination with the distribution and
transmission network, can also participate in the electricity market for ancillary
services such as frequency control and reservation [39, 40]. The aggregator has to
collect various information about the subscribers’ travel behavior to predict the load
demand of EVs as shown in Fig. 1.5. In this structure, the aggregator sends the
charging signal to the EV owners and controls the charging demand of the EVs by
considering the technical limitations of the power system for different purposes
including frequency and voltage regulations, power loss reduction, minimizing
charging costs, and so on.

1.5.2.2 Decentralized Charging Control Structure

This structure is known as an indirect charging; in this case, rather than an interme-
diary entity (aggregator) determines the charging procedure, EVs receive different
signals from the upstream network or aggregators and participate in various schemes

4.Ancillary services sell bids3.Energy buy/sell bids

5.Load/generation schedule 1.Day ahead forecast

2.Forecast approval/denial6.Schedule approval/denial

Load reduction/increase
request

Ancillary services
request

setpoints

Market operation

EV EV EV EV

Real time operation

TSO Aggregator DSO

Electricity market Ancillary services market

Fig. 1.4 The overall structure of the centralized charging control method [37, 38]

Setpoint

PEV ID
SOC

Battery capacity
Location
CP capacity
Customer preferences
Customer behaviour

Database

EVAggregator
Fig. 1.5 Structure of
Aggregator’s data collection
to predict EVs travel
behavior
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by their choice. In this regard, the upstream network only suggests the optimal
charging profiles and the subscribers can accept or reject the suggested charging
patterns with their own judgment. The main configuration of this structure is
illustrated in Fig. 1.6 [41, 42].

In fact, in this structure, it is up to the customer to decide how much and when to
charge; in different situations, the aggregator or the upstream network operator only
directs the subscriber by updating the price and control signals. This structure is
more commonly known as multi-agent approach. In this structure, because each
subscriber is a decision-maker, smart communication equipment has to be consid-
ered for each EV or private charging places which creates additional cost in the
charging infrastructure part.

1.5.2.3 Comparison Between Centralized and Decentralized Smart
Charging Structures

To choose the right smart charging structure, these two general methods need to be
compared.

In the centralized method, all the charging procedures are performed by the
aggregator and it is the aggregator that adjusts the charging profile of all the EVs
by considering different charging demand of the subscribers and the upstream
network condition. By increasing the penetration of EVs in transportation fleet,
centralized method requires a large database and a powerful processor in the
aggregator’s compiler center to determine the optimal charging procedure of EVs
[43]. This structure has higher reliability than decentralized structure because, here,
the charging method is determined by the aggregator and the subscribers
(EV owners) must obey the charging signals most of the time. In this regard, the
upstream network operator can count on the ancillary services such as frequency
control by EVs.

4.Ancillary services sell bids3.Energy buy/sell bids

5.Load/generation schedule
1.Day ahead forecast

2.Forecast approval/denial
6.Schedule approval/denial

Load reduction/increase
request

Request for participation
in primary freq. regulation

Price signals

Market operation
Real time operation

TSO Aggregator DSO

Energy market Ancillary services market

Fig. 1.6 The overall structure of the decentralized charging control method
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In the decentralized structure, the upstream network operator or aggregator only
transmits different charging commands or price signals to the subscribers
depending on the power systems conditions, and it is the EV owners who execute
these signals according to their situations, and they may not participate in some
programs. In this way, each subscriber must have its own smart charging program
that requires more intelligent equipment. Furthermore, in this case, EVs will be
less likely to participate in ancillary services such as frequency control and
reservation backups.

Considering different studies in this field, each of the above structures has its own
advantages and disadvantages. A general comparison of these two structures is
presented in Table 1.5 which implies that the centralized structure is more applicable
with high penetration rate of EVs in transportation fleet.

1.6 EVs as a Big Storage Unit in Power System by V2G

EVs, when connected to the power grid (plug-in EVs), offer a wide range of
applications. If they are equipped with the right hardware and software, EVs will
be able to transfer power in bi-directional ways including charging (G2V1) and
discharging (V2G2) [44, 45]. Indeed, in V2G mode, EV acts as a storage unit and by
increasing the penetration of EVs in transportation fleet, we have a large capacity of
batteries. In this regard, V2G mode is an important ability of EVs which can help
power system operation in different ancillary services. In this part, we are going to
discuss various purposes of operating EVs in V2G mode.

Table 1.5 Specifications of common electric vehicles

Smart charging
mode Advantages Disadvantages

Centralized opti-
mal charging

Clear and well-known
configuration
Optimal usage of the
power grid capacity
Providing a reliable way
for ancillary services

Robust data processing server is needed
Complex communication services for charging
signals are required
Customers privacy is not considered

Decentralized
optimal charging

Improving the cus-
tomers’ welfare
Charging control in user
side
Lower fault tolerance

High uncertainty in the final results
Inability to provide reliable uncertainty services
Forecasting customers reaction is necessary
Simultaneous behavior of the customers may be
happened which causes avalanche effects

1Grid to vehicle
2Vehicle to grid
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1.6.1 Application of the V2G Mode as Virtual Power Plants

The storage capacity of a bunch of EVs can be used as virtual power plants as shown
in Fig. 1.7. This approach is commonly applied by V2G operation mode in the power
generation and transmission sector. Minimizing energy costs and emissions by
focusing on the integration of large-scale renewable resources is the most important
issue in this regard [46, 47]. Virtual power plants can be used to balance generation
and load demand, reduce fossil power generation capacity and replace expensive
power plants, especially during peak hours. In this application, the energy of each
EV is not considerable, but the total available capacity of EVs’ batteries which
provide possible ancillary services is calculated. In fact, the concept of virtual power
plants has been taken into account because of the small size of the EVs’ batteries in
power system scale. From this point of view, this application can be applied to all
levels of the power system with the presence of other available resources. Similarly,
the concept of virtual power plants can be used in micro-grids, in standalone
operation mode, to control the fluctuations of renewable energies [48].

1.6.2 Application of V2G to Improve Power System Security
and Resiliency

The optimal location of EV charging stations is important for the power system
security, particularly, when this approach is implemented in the distribution

Fig. 1.7 VPP configuration with different energy resources
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networks and microgrids with different types of configurations, such as radial or ring
grids with different voltage levels. The V2G is useful in different contingency
situations such as outage of a power system equipment. This highlights the impor-
tance of finding the optimal location of EVs parking lots to provide the needed
energy in contingency situations by V2G. Optimal location of EVs parking lots is so
useful at medium voltage distribution levels.

1.6.3 Application of V2G for Implementation
of the Microgrids

A microgrid is defined as the set of the various distributed generation energy sources
and storage units. Most of the valuable energy resources in the microgrid are
renewable resources, so using the capacity of EVs as a storage unit can be so
effective in damping their natural power fluctuations [49]. Besides, V2G can be
used for services such as voltage control and frequency regulation in the microgrid.
It should be mentioned that EVs are high-performance resources with flexible
behavior and quick response, and smart V2G can also improve demand-side man-
agement approaches in microgrids.

1.6.4 Application of V2G for Ancillary Services
in the Distribution Network

The importance of EV charging units in the electricity market has been further
enhanced by the increasing tendency to use renewable energy sources in combina-
tion with a reliable and flexible energy source for better regulation and reservation.
The number of available batteries is important for quick response applications in
short-term markets. The best market for EVs is the ancillary services market
[50]. The main auxiliary services in the wholesale market, where EVs can play a
key role in them, are the frequency regulation and the spinning reserve markets. The
frequency regulation market is an efficient market for V2G, and advances in fast-
charging infrastructures can make it even more operational. EVs can provide both
one-way and two-way auxiliary services [51]. In one-sided performance, EVs only
participate in pricing the frequency regulation and spinning reserve in the ancillary
service market. They cannot inject the energy stored in the batteries into the grid, so a
V2G concept is provided for this goal. V2G, in a demand-side management system,
can technically lead to balance the power in the smart grid structure. In addition,
V2G capabilities can be used to manage load demand profile and reduce the peak
load as an alternative to expensive generation units. V2G services have a significant
impact on the peak load of the small networks such as microgrids. It can be assumed
that EV owners have fully charged the batteries at work and injected them into the
power grid during the peak hours. In this approach, the available battery capacity for
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V2G will be obtained through the driving pattern between home and work. It is a
safe assumption that this will be possible with the expansion of smart parking lots in
the commercial industrial areas, universities and so on. As shown in Fig. 1.8, V2G
has successfully reduced the power loss at peak hours by half. The relationship
between different charging strategies and power loss of the distribution network is
illustrated in Fig. 1.9 [52].

1.7 Conclusion

In this chapter, a brief discussion about various features of EVs is presented. The
modern societies are moving toward electrification of the transportation fleet. This
happens due to the limitation of fossil fuel resources and environment pollution in the
high crowded cities. EVs are expensive and they have some limitations which are not
in conventional internal combustion vehicles such as several charging for long
distances and so on; in this regard, policymakers in different developed countries
consider various incentives such as tax reduction and low-priced public services to
encourage the people to buy EVs. In other points, as we know, the electrification of the
transportation fleet is the best solution to solve these problems, but it should be noticed
that by increasing the penetration of EVs, we are facing large electrical power demand
in power system. This can cause some problems for power system operation such as
voltage deviations, increasing the power loss and so on. To solve this problem,
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intermediary units, which are known as aggregators, are considered to do the charging
procedure of EVs by considering the power system constraints and minimizing the EV
owners charging cost as much as possible. In this way, various smart charging
approaches are introduced to handle the aggregator’s job such as increasing the
penetration rate of EVs and improving the efficiency of the charging procedure of
EV; but now, we are at the first steps of the electrification of the power system and to
achieve a complete electric transportation, which is the target of the developed
countries, we have a long way to go and more studies are needed in this regard.
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Chapter 2
Artificial Intelligence-based Approach For
Electric Vehicle Travel Behavior Modeling

Hamidreza Jahangir, Masoud Aliakbar Golkar, Ali Ahmadian,
and Ali Elkamel

2.1 Introduction

With the increase of the penetration of the electric vehicles (EVs) in the transporta-
tion fleet, finding an accurate and precise method for modeling EV travel behavior is
a vital challenge in the optimal charging procedure of these vehicles. In fact, if we do
not have a suitable model of the EVs travel behavior, we cannot estimate their
electric load demand profile accurately which has a solid effect on the optimal
charging results. Forecasting the travel behavior profile of EVs is really a compli-
cated task because these vehicles have a high intermittent behavior which cannot be
forecasted easily. In this way, we need a robust forecasting technique to estimate the
intermittent behavior of various drivers in an accurate manner. The aggregator,
which is an internal unit between EV owners and power system operator, should
forecast the EVs behavior accurately to increase its profit and decrease the charging
cost of EV owners as much as possible [1]. In this way, the aggregator can attract
more customers, which will be needed soon when the number of aggregators
increases dramatically. It should be noticed that in modeling the EV travel behavior
problem, we are facing various travels with different travel purposes which impose
high uncertainty in this problem. The best solution for this problem—with a large
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volume of data and high uncertainty—is the artificial intelligence-based approaches
[2]. These approaches use historical data to find the pattern of the travels and have a
good performance in large dimension problems. Recently, artificial intelligence-
based approaches are constructed based on a new concept which is known as
Deep Learning. Deep learning is the artificial intelligence-based method with various
number of representation layers to handle data in a very precise manner. Deep
learning has been employed in various studies such as image processing, pattern
recognition, and classification tasks [3]. In transportation systems such as EV travel
behavior modeling, we need an artificial-intelligence-based network with multi
representation layers. In this chapter, we are going to introduce the implementation
of data engineering-based approach with deep artificial neural networks in forecast-
ing the travel behavior of EVs and study the effects of accurate EV travel behavior
forecasting on the aggregator’s incomes.

The overall structure of this chapter is presented as follows:
First, in Sect. 2.2, various EV travel behavior modeling approaches are presented

with their pros and cons. After that, in Sect. 2.3, the artificial intelligence approach
based on artificial neural networks is explained with the formulations. In Sect. 2.4,
the optimal charging process of EVs is presented. Some numerical results about the
forecasting of the EV’s travel behavior are given in Sect. 2.5. Section 2.6 concludes
the findings of this chapter.

2.2 Different Approaches to EV Travel Behavior Modeling

Various studies have been done on optimal charging of EVs and different methods
were applied to handle the EV’s modeling problem. We can categorize them in five
main approaches as follows:

• Monte Carlo simulation
• Markov Chain
• Queuing theory
• Trip chain and origin-destination
• Artificial intelligence

In this section, these methods as well as different studies which have been done in
this field will be discussed by explaining the deficiencies of each model.

2.2.1 Monte Carlo Simulation method

The Monte Carlo simulation (MCS), which is the benchmarking method in this field
[4–10], is implemented to model EV travel behavior based on generating different
scenarios. The precision of the MCS method highly depends on the number of
generated scenarios [11]. In this way, the computational cost will increase
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expressively, and the proposed optimal charging algorithm based on the MCS
method is pointless for the complex problem with a large number of EVs. The low
number of generated scenarios will also significantly reduce the correctness of the
numerical results [12]. Most existing works by MCS method, [13–15], employed
normal probability distribution function for forecasting all the travel behavior
parameters such as departure time, arrival time, and trip length which reduces the
precision of forecasting results.

Moreover, the main deficiency of implementing the MCS method for modeling
the travel behavior of EVs is that the correlation between various travel behavior
parameters such as arrival time, departure time and trip length is not employed in
generating scenarios because they are generated by different probability distribution
functions separately. Thus, the forecasting result may have some impossible trips.
For instance, it is possible to generate scenarios in which the trip length may not tie
with the departure and arrival times.

2.2.2 Markov Chain Theory

Some studies have employed the Markov chain theory to forecast EVs travel
behavior and their electric load demand. For instance, Sun et al., [14, 16] have
implemented a conventional Markov chain method to model EV travel behavior
which considers various drivers’ actions as the states of the transition matrix of the
Markov chain. Considering the transition matrix as the probability of transition
between different steps is another study which has employed the Markov chain to
model EVs travel behavior [17]. In another work, Zhou et al. [18] implemented grey-
Markov chain theory to forecast EVs travel behavior based on transition matrix
among different statues of EVs optimal charging process. Sun et al. [14] have
combined MCS with Markov chain theory to generate various scenarios. In all
these studies, the Markov transition matrix is calculated separately for various travel
parameters, and the correlation between various travel parameters such as departure
time, arrival time, and trip length is neglected. Furthermore, to increase the accuracy
of the Markov chain method, we need a large number of states which increase the
transition matrix dimension and the computational cost dramatically. These short-
comings have limited the application of Markov chain method in real case studies
which have large number of EVs.

2.2.3 Queuing Theory

The queuing theory is another approach in EV travel behavior modeling. This
method is more complicated than MCS and Markov chain methods and considers
an intermittent behavior of various drivers by applying a homogeneous Poisson
technique to find the departure and arrival times of EVs [19–23]. For example, [24]
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has integrated M/M/s queuing topology by employing the traffic flaw instructions to
forecast EVs load demand in the highway and commercial centers charging stations
with various charging rates. This method needs many assumptions, and for
implementing this approach for modeling the EVs travel behavior, many parameters
must be selected based on the operator experience, which is the main drawback for
large scale projects.

Furthermore, in queuing theory, travel behavior and optimal charging procedure
are determined altogether and, in this way, it cannot be operative in an optimal
charging process with considering various charging constrains. In another work,
Hafez et al. [25], have presented a new queuing-based approach for optimal charging
of EVs by employing a non-homogeneous Poisson function for modeling travel
behavior of different drivers. This method presents more accurate results in com-
parison with previous studies in which queuing theory has been employed; however,
still it does not consider the correlation between various travel behavior parameters
which are so important in the final numerical results of the optimal charging
procedure.

2.2.4 Trip Chain and Origin-Destination Methods

In most of the studies by transportation researchers, the trip chain and origin-
destination (O-D) are employed. For instance, in [26], a trip chain modeling
approach has been presented for forecasting the trip length, arrival, and departure
times of EVs travel behavior. The main focus of this method is to find the transition
between different driving states. This method can be combined with other
approaches such as the MCS method. In [27], the authors have introduced a hybrid
method based on MCS and trip chain technique by employing the probability
distribution of drivers’ travel data. Mu et al. [28] have proposed a novel model for
forecasting the load demand of the EVs by employing the O-D technique. This
approach, however, is more appropriate for modeling the conventional private
vehicles which have simpler travel behavior than EVs because they do not need
various charging during a week.

2.2.5 Artificial Intelligence

Artificial intelligence-based approaches such as artificial neural networks (ANNs)
are the best solution for the problems with large dimension input data and high
stochastic behavior. Indeed, in modeling the EVs travel behavior, we need a robust
approach in handling the high uncertainty of the input data. Furthermore, the input
data regarding travel behaviors of various drivers, which are taken from various
sources such as GPS, may contain a bad data, and, in this way, omitting this bad data
by denoising techniques should be considered. In this regard, recently, some studies
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have been presented for modeling the EVs travel behavior by ANNs. In one of the
few studies in this field, in [29], ANNs have been employed in the conventional form
to forecast EVs travel behavior, including departure and arrival times and trip length.
The findings of this work are not accurate because a sample form of ANN is
employed with limited data.

Furthermore, this study used MCS to increase the training data which has a
negative effect on the training procedure. The conventional forms of ANNs have
shallow structures and do not present an accurate result because they have weak
ability in feature extraction task. To handle this problem, ANNs with deep structure,
which are robust data engineering methods in large dimension tasks such as EVs
travel behavior forecasting, are employed. EVs travel behavior has high uncertainty
which needs to be controlled by a strong data engineering method such as rough
ANNs. Rough ANNs have acceptable performance in handling the input data
uncertainty and are implemented in various tasks such as short-term wind speed
forecasting [30], signature recognition with large and noisy data [31], short-term
electrical load demand forecasting [32], and presented acceptable results. Rough
networks improved the forecasting results with high uncertainties by implementing
interval upper and lower bounds weights in hidden layers. Rough neuron-based
ANNs with various hidden layers are promising tools to handle great stochastic
problems [33].

Based on the mentioned survey of various approaches in modeling travel behav-
ior of EVs, the ANN-based approaches are the best solution for this goal and can
implement the correlation between various travel behavior parameters carefully with
denoising input data. Considering the excellent performance of ANNs with rough
neurons, in this chapter, we are going to introduce these techniques for EVs travel
behavior forecasting task. More details about these networks are given in Sect. 2.3.

2.3 Modeling of EVs by ANNs

ANNs are promising tools in handling large dimension tasks with high uncertainty
such as EVs travel behavior forecasting. ANNs learn the EVs travel behavior by
their historical data, and, in this way, we need to find the appropriate input data
parameters to forecast the target data. In ANN’s training procedure, we divide
historical data into three parts, including training, validation, and test. Indeed,
ANN learns the data behavior from training data sets, and after that, the training
accuracy is evaluated by validation data sets during training. Finally, when training
and validation processes are terminated, the final test of the ANN performance is
done by the test data set. In this way, we can guarantee the ANN performance with
other data sets.

It should be noticed that the structure of the ANN is made based on the level of
difficulty of the case study. EVs travel behaviors have intermittent character, and,
accordingly, we need to employ the robust form of the ANNs to forecast travel
behavior of the EVs. In this regard, we have introduced robust training form of
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ANNs such as Levenberg-Marquardt (LM), which is developed based on second-
order derivative method, and robust form of neurons such as rough structure-based
neurons which have high ability in handling the uncertainty of input data.

We are going to present the ANN-based approach in this section, and in this
manner, it is supposed that communication services between EV owners and optimal
charging operators (aggregators) are considered for sending charging signals. By this
communication service, EV’s travel data has been updated to train the ANN every
hour. The main configuration of the proposed method is shown in Fig. 2.1. To
employ the ANN for forecasting different travel data, we use departure and arrival
times as time-series. In this way, we employ the previous data of these profiles to
forecast the future data. However, in forecasting traveled distance of every EV, the
departure and arrival times are considered as input data. In this regard, we consider
the correlation of various travel parameters which results a rational pattern for the
forecasted travels. To improve the accuracy of the forecasting results, we employ the
K-means method, which is an unsupervised classification method, to cluster the
input data of various drivers in different groups and special forecasting network is
implemented for each group in forecasting task.
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Fig. 2.1 The overall configuration of the ANN-based method
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In this section, first, we explain various forms of ANNs in complete details, and
present optimal charging procedure of the EVs.

2.3.1 Conventional ANN

In this section, we categorize the conventional ANN into two groups as follows:

• Multilayer perceptron ANNs with the conventional form of error back propaga-
tion learning method

• Multilayer perceptron ANNs with the Levenberg-Marquardt learning method

More details about these approaches are presented as follow.

2.3.1.1 Multilayer Perceptron ANN with Error Back Propagation
Learning Method

The initial form of ANNs is known as multilayer perceptron (MLP) network. The
most common type of training procedure of ANN is the conventional error back
propagation (CEBP) algorithm which was implemented for ANN training by Hinton
[34], based on gradient descent theory. A simple ANN with two hidden layers is
shown in Fig. 2.2. The activation functions of the hidden layer and output layer are
considered as sigmoid and linear, respectively. To illustrate the performance of this
ANN, the Feed-forward equations are presented as follows:

net11 kð Þ ¼ w1
1 kð Þ� �T

:X ð2:1Þ

net12 kð Þ ¼ w1
2 kð Þ� �T

:X ð2:2Þ

Fig. 2.2 Overall configuration of MLP ANN
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O1 kð Þ ¼ O1
0 kð Þ, f 11 net11 kð Þ� �

, f 12 net12 kð Þ� �� �T ð2:3Þ

net21 kð Þ ¼ w2
1 kð Þ� �T

:O1 kð Þ ð2:4Þ
O2

1 kð Þ ¼ f 21 net21 kð Þ� � ð2:5Þ

Based on the gradient descent algorithm, the back-propagation equations, which
present the learning approach, are defined as follows:

E kð Þ ¼ 1
2

e21 kð Þ� �2 ¼ 1
2

d kð Þ � o21 kð Þ� �2 ¼ 1
2

d kð Þ � f net21 kð Þ� �� �2 ð2:6Þ

∇w2
1 E kð Þð Þ ¼ ∂E kð Þ

∂w2
1 kð Þ ¼

∂E
∂net21

� ∂net21
∂w2

1

kð Þ ð2:7Þ

∇w1
1 E kð Þð Þ ¼ ∂E kð Þ

∂w1
1 kð Þ ¼

∂E
∂net21

� ∂net21
∂o11

� ∂o11
∂net11

� ∂net11
∂w1

1

kð Þ ð2:8Þ

∇w1
2 E kð Þð Þ ¼ ∂E kð Þ

∂w1
2 kð Þ ¼

∂E
∂net21

� ∂net21
∂o11

� ∂o11
∂net12

� ∂net12
∂w1

2

kð Þ ð2:9Þ

Finally, the network’s weights are trained as follows:

Δws
j kð Þ ¼ �ηw∇ws

j E kð Þð Þ ð2:10Þ
Δws

j kð Þ ¼ ws
j k þ 1ð Þ � ws

j kð Þ ¼ �ηw∇ws
j E kð Þð Þ ð2:11Þ

ws
j k þ 1ð Þ ¼ ws

j kð Þ � ηw∇ws
j E kð ÞÞð ð2:12Þ

The most common activation function in ANN literature is the sigmoid activation
function. However, it should be noticed that the sigmoid activation function will be
saturated by large input data sets, and this problem disrupts the training process of
the ANN [35]. The saturation state of neurons has a significant effect on the
forecasting results. To handle this problem, flexible activation function with internal
hyper parameters are employed. Indeed, we can control the flexible function behav-
ior in different situations by training the internal parameters of these functions. The
sigmoid activation function and tanh, which are the classic forms of activation
functions, are presented as follows:

f net kð Þð Þ ¼ 1
1þ e�net kð Þ ð2:13Þ

f net kð Þð Þ ¼ 1� e�net kð Þ

1þ e�net kð Þ ð2:14Þ

The flexible forms of these activation functions, which have more internal
parameters, are expressed as follows:
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f net kð Þ,ψ kð Þð Þ ¼ 2 ψ kð Þj j
1þ e�net kð Þ�ψ kð Þ ð2:15Þ

f net kð Þ,ψ kð Þð Þ ¼ 1
ψ kð Þ �

1� e�net kð Þ�ψ kð Þ

1þ e�net kð Þ�ψ kð Þ ð2:16Þ

The behaviors of sigmoid and tanh activation function with various internal
parameters are shown in Figs. 2.3 and 2.4, respectively.

Fig. 2.3 The overall behavior of flexible Sigmoid function by different values of ψ

Fig. 2.4 The overall behavior of Flexible tanh function by different values of ψ
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In this way, in the training procedure of ANNs, in addition to the neuron weights,
the activation functions parameter (ψ) is trained. The training procedure of the
flexible activation function variables is presented as follows:

Δψ kð Þ ¼ �ηψ � ∂E kð Þ
∂ψ kð Þ ð2:17Þ

ψ k þ 1ð Þ ¼ ψ kð Þ þ ηψ � ∂E kð Þ
∂ψ kð Þ ð2:18Þ

2.3.1.2 Multilayer Perceptron ANN Training by Levenberg–Marquardt
Method

The first-order derivative methods are the most common training procedures of the
back propagation algorithm. The first-order derivative method is slow in large
dimension problems. By implementing the second-order derivative approach, the
training speed of ANNs significantly improved [36]. The Levenberg-Marquardt
(LM) method employs the second-order derivative procedure by combining the
backpropagation with newton techniques. Indeed, LM has quick and accurate
performance in training ANNs. It should be mentioned that in the Newton method,
the Hessian matrix is employed, but the Hessian matrix calculation causes high
computational cost. In this regard, the LM approach uses the Jacobian matrix, which
is the approximated form of Hessian matrix [37]. The Hessian and Jacobian matrixes
in the ANN training procedure are presented as follows [38]:

H kð Þ ¼ ∂2E
∂w2 ¼ ∇2E kð Þ ¼

∂2E
∂w2

1

∂2E
∂w2∂w1

. . .
∂2E

∂wNw∂w1

∂2E
∂w1∂w2

∂2E
∂w2

2

. . .
∂2E

∂wNw∂w2

⋮ ⋮ ⋮
∂2E

∂w1∂wNw

∂2E
∂w2∂wNw

. . .
∂2E
∂w2

Nw

2
66666666664

3
77777777775

ð2:19Þ

H kð Þ � J kð ÞTJ kð Þ ð2:20Þ
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J kð Þ ¼

∂e11
∂w1

∂e11
∂w2

. . .
∂e11
∂wNw

∂e12
∂w1

∂e12
∂w2

. . .
∂e12
∂wNw

. . . . . . . . . . . .
∂e1M
∂w1

∂e1M
∂w2

. . .
∂e1M
∂wNw

. . . . . . . . . . . .
∂ej1
∂w1

∂ej1
∂w2

. . .
∂ej1
∂wNw

∂ej2
∂w1

∂ej2
∂w2

. . .
∂ej2
∂wNw

. . . . . . . . . . . .
∂eNTM

∂w1

∂NTM
∂w2

. . .
∂eNTM

∂wNw

2
6666666666666666666666664

3
7777777777777777777777775

eL�M kð Þ ¼

e11
e12
. . .

e1M
ej1
ej2
. . .

ejM

. . .

eNT1

eNT2

. . .

eNTM

2
666666666666666666666666664

3
777777777777777777777777775

ð2:21Þ

Based on the steepest descent and Newton methods, the updating procedure of
weights in the LM method is defined as follows [37]:

Δw kð Þ ¼ J kð ÞTJ kð Þ þ μ kð ÞI kð Þ� ��1
J kð ÞTeL�M kð Þ ð2:22Þ

w k þ 1ð Þ ¼ w kð Þ � ηw JT kð ÞJ kð Þ þ μ kð ÞI� ��1
JT kð ÞeL�M kð Þ

�
ð2:23Þ

The learning procedure in the LM method is a hybrid approach which switches
between Newton and gradient descent methods. In this procedure, μ(k) is the key
parameter. When μ(k) goes near zero, the LM shifts to the Gauss-Newton approach,
and by increasing the μ(k) value, the LM shifts to the gradient descent method
[39]. In this method, the training procedure starts with small μ(k) to employ the
Newton technique and profits from its good convergence speed. After that, if we
don’t find a smaller error value, we do the training steps with a higher value of μ(k) to
employ the gradient descent algorithm and find a better solution.

2.3.2 ANN with Rough Neurons

In the real world, there are uncertainty and noise in input data and they have a
significant effect on data engineering-based forecasting approaches such as ANNs.
In fact, to guarantee the performance of the ANNs in a real case study, we must
employ the robust neurons which can handle the uncertainty of the input data. The
rough neuron-based ANN was introduced by Lingras [40]. In this structure, neurons
of the hidden layers are structured based on Rough theory. The rough neuron is
defined with a pair of neurons which are named as upper and lower bounds. In rough
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neurons structure, when x implies a variable, x and x presents the lower and upper

bounds of the variable x, respectively. In this section, we introduce the CEBP and
LM algorithms for rough neuron-based ANNs.

2.3.2.1 Multilayer Perceptron Neural Network with Rough Neurons
and Back Propagation Learning Approach

A simple form of a rough neuron is shown in Fig. 2.5. This structure is designed to
omit the input data noise by interval weights, including upper bound and lower
bound weights.

The Feed forward equations for a rough neuron are defined as follows [41]:

netsLj kð Þ ¼ ws�1
Lj kð Þ

� �T
:X ð2:24Þ

netsUj
kð Þ ¼ ws�1

Uj kð Þ
� �T

:X ð2:25Þ

Os
Lj

kð Þ ¼ min f sj netsLj kð Þ
� �

, f sj netsUj
kð Þ

� �� �
ð2:26Þ

Os
Uj

kð Þ ¼ max f sj netsLj kð Þ
� �

, f sj netsUj
kð Þ

� �� �
ð2:27Þ

Os
j kð Þ ¼ γSj O

s
Lj

kð Þ þ λSj O
s
Uj

kð Þ ð2:28Þ

As shown in the above equations, in rough neurons, we have two ways of the
information flow, one from upper bound and another from lower bound weights.
This configuration improves the robustness of the neurons in high uncertainty data
sets. After rough neurons, two specific coefficients are allocated for upper bound and
lower bound outputs which are named as γ and λ, respectively. The learning
procedure in rough neurons is the same as in simple neurons which is defined
based on the gradient descent method, but with two different ways for back prop-
agation process.

Fig. 2.5 A simple form of the rough neuron
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To show the rough neurons-based networks in a clear way, a rough ANN
(R-ANN) with rough hidden layer is shown in Fig. 2.6. The training process of
neurons’ weights are defined as follows:

The output layer has conventional neurons, and the training procedure of this
layer is the same as previous [42]:

Δw2
ji kð Þ ¼ �ηw

∂E
∂w2

ji

kð Þ ð2:29Þ

The hidden layer is considered with rough neurons, and the training procedures of
lower bound and upper bound neurons are defined as follows:

Δw1
Lj
¼ �ηw

∂E
∂w1

Lj

kð Þ

¼ �ηw � ∂E
∂e2

� ∂e2

∂o2
� ∂o2

∂net2
� ∂net2

∂o1j
� ∂o1j
∂o1Lj

�
∂o1Lj
∂net1Lj

�
∂net1Lj
∂w1

Lj

kð Þ ð2:30Þ

Δw1
Uj

¼ �ηw
∂E
∂w1

Uj

kð Þ

¼ �ηw � ∂E
∂e2

� ∂e2

∂o2
� ∂o2

∂net2
� ∂net2

∂o1j
� ∂o1j
∂o1Uj

�
∂o1Uj

∂net1Uj

�
∂net1Uj

∂w1
Uj

� kð Þ ð2:31Þ

Fig. 2.6 R-ANN with error back propagation learning method
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2.3.2.2 Rough Multilayer Perceptron Neural Network Based
on Levenberg–Marquardt Training

In this section, the LM training procedure for rough neurons is explained. As stated
before, in rough neurons, we have two ways in the backpropagation training process.
In this way, the dimension of the Jacobian matrix has been doubled and we have
upper and lower bound of all the training weights. The rough form of the Jacobian
matrix is defined as follows:

J kð Þ ¼

∂e11u
∂w1u

∂e11u
∂w2u

. . .
∂e11u
∂wNwu

∂e11l
∂w1l

∂e11l
∂w2l

. . .
∂e11l
∂wNwl

. . . . . . . . . . . .
∂e1Mu

∂w1u

∂e1Mu

∂w2u
. . .

∂e1Mu

∂wNwu

∂e1Ml

∂w1l

∂e1Ml

∂w2l
. . .

∂e1Ml

∂wNwl
. . . . . . . . . . . .

∂eNTMu

∂w1u

∂eNTMu

∂w2u
. . .

∂eNTMu

∂wNwu

∂eNTMl

∂w1L

∂eNTMu

∂w2u
. . .

∂eNTMl

wNwL

2
666666666666666666666664

3
777777777777777777777775

eL�M kð Þ ¼

e11u
e11l
. . .

e1Mu

e1Ml

. . .

eNTMu

eNTMl

2
66666666666664

3
77777777777775

ð2:32Þ

2.4 Optimal Charging of EVs

To handle the challenges of EVs on the distribution network, we cannot allow the
EV owners to charge their vehicle in an uncoordinated manner. In this regard, the
aggregators, which are intermediary management units between the power system
operator and EVs’ owners, do the optimal charging procedure by considering power
system operation constraints such as power loss, operation cost (OC), and voltage
magnitudes [43]. The optimal charging equations are defined as follows:

OC ¼
X24
t¼1

ca tð Þ � Ra tð Þ þ Cr tð Þ � Rr tð Þf g þ Cinf ð2:33Þ

Power balance equations are defined as follows [25, 44]:
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X24

t
Ra tð Þ ¼

X24

t
La tð Þ þ

X24

t
PEVa tð Þ þ

X24

t
Plossa tð Þ ð2:34ÞX24

t
Rr tð Þ ¼

X24

t
Lr tð Þ þ

X24

t
PEVr tð Þ þ

X24

t
Plossr tð Þ ð2:35Þ

Plossa tð Þ ¼
Xn

p¼1
V p, q, tð Þ �

Xn

q¼1
V p, q, tð Þ

� G p, qð Þ � cos θp,t � θq,t
� �þ B p, qð Þ � sin θp,t � θq,t

� �� 	 ð2:36Þ
Plossr tð Þ ¼

Xn

p¼1
V p, q, tð Þ �

Xn

q¼1
V p, q, tð Þ

� G p, qð Þ � cos θp,t � θq,t
� �� B p, qð Þ � sin θp,t � θq,t

� �� 	 ð2:37Þ

Power system operation constraints are defined as follows:

Pu tð Þ � Pu
max, Qu tð Þ � Qu

max u ¼ 1, 2, . . . , neq ð2:38Þ
Vmin � Vp tð Þ � V max , p ¼ 1, 2, . . . , n, t ¼ 1, 2, . . . , 24 ð2:39Þ

The State of Charge (SOC) of EV’s batteries, which is determined based on
forecasted travel behavior parameters, is presented as follows [13, 15, 45]:

SOCinit,l ¼ 100� Tll
Ceff � Capbat,l

� 100 ð2:40Þ

The Ceff and Capbat, p, which are EV’s parameters, are obtained from [33]. The
SOC at departure time is given as follows [13, 46]:

SOCl tð Þ ¼ SOCl t � 1ð Þ þ Pchr
l tð Þ � ρchr ð2:41Þ

2.5 Numerical Study

In this section, EVs data and forecasting results are presented.

2.5.1 EVs and Power System Data

In this study, we use the EV’s travel behavior of the 2017 NHTS database [47] which
has complete information of departure time, arrival time, and travel distance.
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Various EVs are considered in this study, and the penetration rate of each EV in
the US market is obtained from [48] and is shown in Table 2.1. In this work, the
battery capacity and the charging rate of every EVs are selected based on the model
of EV [49].

The power system topology (feeders information) and operation data (electricity
price, load demand) are obtained from [50, 51], respectively.

2.5.2 Evaluation Criteria

To verify the robustness of the ANN-based approach, various error criteria including
the Root Mean Square Error (RMSE), the Mean absolute error (MAE), the Mean
Absolute Percentage Error (MAPE), and [52] are implemented as follows:

MAE ¼ 1
n0

Xn0

g¼1
cYg � Yg




 


� �
ð2:42Þ

MAPE ¼ 1
n0

Xn0

g¼1
cYg � Yg




 


� �
ð2:43Þ

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n0

Xn0

g¼1
cYg � Yg




 


� �2
r

ð2:44Þ

For further confirmation, the numerical results are also evaluated with the
R-squared criterion which is a popular performance metric [38, 53]. R-square states

Table 2.1 Data of various EVs [48]

PEV
model

Total
number

Battery
capacity
(kWh)

Max.
charging
rate (kWh)

PEV
model

Total
number

Battery
capacity
(kWh)

Max.
charging
rate
(kWh)

LEAF
Nissan

103,578 30 6.6 e-Golf
VW

4589 26.5 6.6

Model S
Tesla

93,277 100 17.2 Class E
Mercedes
B-

3312 36 10

i3 BMW 24,721 42 7.4 Soul EV
Kia

2993 30.5 6.6

500E Fiat 10,229 24 6.6 i-MiEV
Mitsubishi

2098 16 3.6

Spark
Chevrolet

7369 19 7.6 Fit EV
Honda

1071 20 6.6

Focus EV
Ford

6839 33.5 6.6 Active E
BMW

965 33 6.4
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the correlation of real and forecasted data, and the higher R-squared value indicates
more precise results. The R-squared formulation is presented as follows [54]:

R2 ¼ 1�
Pn0

g¼1 Yg � bYg

� �2

Pn0
g¼1 Yg � Yg

� �2 ð2:45Þ

2.5.3 Forecasting Results

The forecasting results of different ANNs and various training procedures are
presented in this section. As we know, the initial values of neuron weights are
selected in a random manner. Accordingly, we have done training procedure more
than 100 times to find the best results based on the error criteria. In this study, we
consider 50 hidden layers, and this large number of hidden layers, which presents the
deep learning approach, is too sensitive during the training procedure. To avoid
overlearning, during the training procedure, the dropout and L2 regulation tech-
niques have been used in this study [55].

First, we employ the conventional ANNs with first-order and second-order
derivative error back propagations which are considered as CEBP and LM tech-
niques, respectively. In the training procedure of ANNs, we use 80% of input data
for training, 10% of input data for validation, and 10% of input data for the test. The
numerical results of test data are shown in Table 2.2.

As illustrated in Table 2.2, the LM method presents more accurate results.
However, the accuracy of the forecasting results needs to be improved because
aggregators’ financial profit or loss is related to the precision of the forecasting
results.

To increase the accuracy of the forecasting results, we employ the rough neuron-
based networks, and the forecasting results are presented in Table 2.3. Division of
input data into training, validation, and testing parts is considered as conventional
ANNs.

As shown in Table 2.3, the accuracy of the forecasting results has been improved
significantly, and it implies the high ability of rough neurons in handling the
uncertainty of input data. Indeed, R-ANNs employ the interval weights (upper
bound and lower bound weights) which are so effective in forecasting profiles
with high stochastic behavior.

To verify the correlation between various travel behavior parameters in the
forecasting results by ANNs, we compare the simulation results of conventional
and rough ANNs with MCS method, which is a benchmark approach in modeling
travel behavior parameters. The comparison results are shown in Figs. 2.7 and 2.8.
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The MCS method does not consider the correlation between various parameters,
and all the forecasting result are around the mean values (as shown by Figs. 2.7 and
2.8). In this way, the forecasted travels are so similar to each other, and the variety of
travels is very low. In this regard, MCS result has a high error rate in modeling EVs

Table 2.2 Error criteria for conventional ANNs

Error
criteria

CEBP LM

Arrival
time (h)

Departure
time (h)

Trip length
(mile)

Arrival
time (h)

Departure
time (h)

Trip length
(mile)

MAE 5.33 3.68 11.33 4.43 2.69 9.09

RMSE 6.35 4.49 15.90 5.16 3.18 12.56

MAPE
(%)

31.86 34.77 37.28 26.45 25.44 29.90

Table 2.3 Error criteria for Rough ANNs

Error
criteria

R-CEBP R-LM

Arrival
time (h)

Departure
time (h)

Trip length
(mile)

Arrival
time (h)

Departure
time (h)

Trip length
(mile)

MAE 4.12 2.53 7.84 1.81 2.90 5.87

RMSE 4.80 3.20 11.27 2.17 2.60 8.11

MAPE
(%)

24.63 23.92 25.82 17.12 17.34 19.32
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Fig. 2.7 EV’ travel behavior forecasting results for conventional LM, MCS and real data
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travel behavior, and aggregators cannot forecast the actual electrical demand of their
customers accurately. In ANN-based approaches (conventional neurons and rough
neurons), the correlation between departure time, arrival time, and traveled distance
have been considered.

To evaluate the forecasting results of various ANN-based approaches mentioned
in this chapter, the R-squared values of different methods are presented in Fig. 2.9.

As shown in Fig. 2.9, R-LM method outperforms other ANN-based approaches
and presents the 0.944 R-squared value which implies the effect of the rough neurons
and LM method. As mentioned before, accurate forecasting of EVs travel behavior
has a significant effect on aggregator’s financial loss and profit which is presented in
Table 2.4.

As shown in Table 2.4, the aggregator’s financial loss has been significantly
reduced by implementing the ANN-based approaches in comparison with MCS.
Indeed, ANN-based approaches improved the forecasting accuracy of various travel
parameters about 23%. This is so important in optimal charging procedure because
the aggregator would have to pay extra money to upstream network or EV owners
based on the difference between actual load demand and forecasted load demand. In
ANN-based approaches, R-ANN has the best performance because of the interval
weights which have high ability in handling the input data uncertainty. It should be
noticed that the presented results are just for 210 EVs in a day, and by rising the
penetration of EVs in transportation fleet, the effect of accurate forecasting has been
significantly increased in the aggregator’s financial loss.
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Fig. 2.8 EV’s travel behavior forecasting results for rough neuron-based LM, MCS and real data
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2.6 Conclusion

In this chapter, an artificial intelligence-based approach for modeling the EVs travel
behavior is presented. Travel behavior of EVs has high stochastic and intermittent
profiles, and to handle the uncertainty of this input data, rough neuron-based ANN,
which is a robust form of ANNs, is implemented. Indeed, rough neurons, by
employing the interval-based neurons, have high ability in feature extraction of
input data. As shown in the numerical results of this study, rough ANN outperforms
the Monte Carlo Simulation method which is the benchmark approach in this field.
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Accurate forecasting of travel behavior parameters has a significant effect on the
aggregator’s financial income. To illustrate this claim, we compared the forecasting
results of different approaches with real data travels in the optimal charging
procedure.

In this regard, by improving the precision of the forecasting results, we can
increase the aggregators’ income which is so important for aggregators. In the near
future, by increasing the penetration of EVs in the transportation fleet, accurate
forecasting of EVs behavior will be of the utmost importance in the optimal charging
procedure. The findings of this chapter imply that for accurate modeling of EVs
behavior, we must use modern data engineering approaches which are among the
best solutions in large dimension problems.

Appendix A

The Nomenclature is presented as follows

Indices

i Input data index

g Output sample index

j Hidden layer index

k Iteration number index

l Electric vehicle index

p Node of power network index

q Node of power network index

S Layer index

t Time sample index

u Equipment index

Table 2.4 Aggregator’s financial loss by different forecasting approaches for 210 EVs in a day

Scenarios Price ($)

Aggregator
financial loss
($)

R-squared for trip
length forecasting

Average
forecasting error
(MAPE%)

Real data 3825.032 ___ ___ ___

Conventional
ANN

CEBP 3849.809 24.777 0.83641 34.636

LM 3817.754 7.277 0.86838 27.263

Rough ANN R-CEBP 3830.478 5.446 0.89690 24.790

R-LM 3829.465 4.432 0.94479 17.926

Monte Carlo 3811.283 13.749 ___ ___

2 Artificial Intelligence-based Approach For Electric Vehicle Travel. . . 41



Parameters

B( p, q) Susceptance value between bus p and bus q

Cinf Cost of charging infrastructure

Ceff EV’s efficiency factor

Capbat, l l-th EV’s battery capacity

G( p, q) Conductance value between bus p and bus q

M Number of input data variables for LM

n0 Input data dimension

n Number of power system nodes

NT Number of training neurons for LM

Nw Weight dimension for LM

NwL Weight dimension of lower bound neurons for LM

NwU Weight dimension of upper bound neurons for LM

npev Overall number of EVs

neq Overall number of equipment

nd Dimension of sample data

Pu
max Maximum value of active power for each equipment

Qu
max Maximum value of reactive power for each equipment

SOCdep Minimum SOC value of every EV at departure time

Vmax Maximum value of node’s voltage

Vmin Minimum value of node’s voltage

ρchr Coefficient of the charging efficiency

ηw Training factor for weights

ηψ Training factor for activation function in flexible mode

Variables

Ca(t) Active power cost at time t

Cr(t) Reactive power cost at time t

d(k) Target value in k-th iteration

esj kð Þ Internal error of neuron j in k-th iteration for layer S

ejM(k) Internal error of neuron j f in k-th iteration for input data M in LM

ejML
kð Þ Internal error of lower bound neuron j in k-th iteration for input data M in LM

ejMu
kð Þ Internal error of upper bound neuron j in k-th iteration for input data M in LM

eL � M(k) Overall error vector in LM method for k-th iteration

E Overall value of sum square error

E(k) Overall value of sum square error in k-th iteration

f sj kð Þ Actuation function of neuron j for layer S k-th iteration

H(k) Hessian matrix for k-th iteration

I(k) Identity matrix for k-th iteration

(continued)
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J(k) Jacobian matrix for k-th iteration

La(t) Active load at time t

Lr(t) Reactive load at time t

net(k) Activation function input in iteration k

netsj kð Þ Activation function input for neuron j in layer S in iteration k

netsLj kð Þ Lower bound of activation function input for neuron j in layer S in iteration k

netsUj kð Þ Upper bound of activation function input for neuron j in layer S in iteration k

Os(k) Output of layer S in iteration k

Os
j kð Þ Output of neuron j in layer S in iteration k

Os
U kð Þ Output of upper bound neuron for layer S in iteration k

Os
L kð Þ Output of lower bound neuron for layer S in iteration k

Os
Uj kð Þ Output of upper bound neuron j for layer S in iteration k

Os
Lj kð Þ Output of lower bound neuron j for layer S in iteration k

Pu(t) Active power value for u-th equipment at time t

Pchr
l tð Þ Charging rate value for l-th EV at time t

PEVa(t) Active power of EV at time t

PEVr(t) Reactive power of EV at time t

Plossa(t) Active power loss value at time t

Plossr(t) Reactive power loss value at time t

Qu(t) Reactive power value of u-th equipment at time t

Ra(t) Purchased active power value at time t

Rr(t) Purchased reactive power value at time t

SOCinit,

l(t)
Initial value of SOC for l-th EV at time t

SOCdep,

l(t)
Departure value of SOC for l-th EV at time t

SOCl(t) Value of SOC for l-th EV at time t

Tll Trip length value for l-th EV

ws
j kð Þ Vector of weights for j-th neuron in layer S for k-th iteration

WS
Uj

kð Þ Vector of weights for j-th upper bound neuron for k-th iteration in layer S

WS
Lj

kð Þ Vector of weights for j-th lower bound neuron for k-th iteration in layer S

WS
ij kð Þ Vector of weights between i-th input sample and j-th neuron in hidden layer S in k-th

iteration

V( p, q, t) Voltage of line between node p and q at time t

Vp(t) Voltage of p-th node time t

X Vector of input data

Xi Vector of i-th input data sample

Yg Vector of g-th output data sample

XCcYg
Vector of g-th target data sample

λsj Upper bound factor for neuron j in layer S

γsj Lower bound factor for neuron j in layer S

μ(k) Decision value of iteration k in LM

(continued)
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θp, t Angel of voltage for p-th node at time t

θq, t Angel of voltage for q-th node at time t

ψ(k) Variable of actuation function at iteration k
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Chapter 3
The Role of Off-Board EV Battery Chargers
in Smart Homes and Smart Grids:
Operation with Renewables and Energy
Storage Systems

Vitor Monteiro, Jose Afonso, Tiago Sousa, and Joao L. Afonso

3.1 Introduction

The spread of electric mobility is experiencing a steady growth worldwide, in special
concerning the private-level contribution, where its participation in the transporta-
tion sector is identified as a key paradigm for substituting conventional vehicles
based on internal combustion engines. In this context, varied technologies are
available, demonstrating an appropriate contribution to sustainability. The issues,
challenges, and opportunities of vehicle electrification are investigated in [1, 2], and
a survey about this topic in the context of the smart grid is offered in [3]. Among the
different technologies, the most representative is the pure plug-in battery electric
vehicle (EV) and the hybrid plug-in EV. From the power grid point of view, both two
types of EVs are plugged-in to absorb power through EV battery charging, where the
main difference is the required time for the charging since the capacity of their
energy storage system (ESS) is very different. Therefore, for simplicity, in the scope
of this book chapter, the designation “EV” is used for both types of vehicles. In this
context, it is important to note that the use of hybrid ESS is conceivable for both
cases, mainly based on batteries and ultra-capacitors as support for sudden require-
ments of power [4]. The number of plug-in EVs available for purchase is growing,
especially along the last two decades, all of them equipped with an on-board EV
battery charging system (EV-BCS) and some also permitting external charging using
equipment designated as off-board EV-BCS.
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Concerning the power transfer interaction between most of the commercially
available EVs and the power grid, only the EV battery charging, i.e., the unidirec-
tional power transfer from the power grid to the EV, is possible [5, 6]. This unidi-
rectional operation is designated in the literature as grid-to-vehicle (G2V), and it is
common for both on-board and off-board EV-BCS. Nevertheless, since the power
flows from the power grid to the EV, the latter can be understood in two distinct
functions: (1) As a normal electrical appliance for the power grid, consuming power
randomly in terms of schedules and charging point (independently of the power
quality matters, in terms of harmonic current and power factor); or (2) As an
electrical appliance with the possibility of flexible control schedules.

In this scenario, the EV introduction into the power grid is of utmost importance,
since the EV is identified not only as a key element to mitigate the emission of
greenhouse gases, but may also enable a useful power transfer collaboration with the
power grid. In this perspective, for the power grid, the presence of the EV becomes
even more relevant when it is controlled in a flexible way, allowing accomplishing
three main features: (1) The EV operation can be controlled for absorbing power
from the power grid in specific schedules, controlled by the smart grid, according to
the power limits of the EV-BCS, independently of the place where it is plugged-in
(e.g., at a smart home); (2) The EV can be set up for storing energy in a specific place
where it is plugged-in, and, due to its natural mobility, transport the stored energy for
a different place in the power grid (e.g., it can be interesting for power management
between different smart homes); (3) The EV can be controlled for injecting power
into the power grid, conferring the necessities of the electrical installation of the
place where it is plugged-in, or the necessities of the smart grid (e.g., the EV can be
plugged-in to the smart home, but injecting power as a service for the smart grid,
independently of the smart home power management). Within this context, as an
example, an admission and scheduling mechanism for EV charging is proposed in
[7], and a scheduling strategy for the EV, framed in residential demand response
programs, is proposed in [8].

Based on the possibilities of the EV interaction with the power grid, together with
the G2V mode arises the vehicle-to-grid (V2G) mode, which is a bidirectional mode,
permitting a power flow from the power grid (smart grid or smart home) to the EV
and vice-versa [9–11]. The G2V/V2G power interaction may be investigated also
from the perspective of coordinated controllability [12–14]. Contextualizing this
scenario, an on-board EV-BCS incorporated into a smart home is illustrated in
Fig. 3.1, where the G2V/V2G modes are identified. As it can be seen, since a
smart home is considered, the smart home power management can communicate
with the EV-BCS, with the smart grid, with the electrical switch-board, and with the
controlled smart electrical appliances. As represented in Fig. 3.1, the EV can either
consume power from the grid (G2V) or deliver power (V2G) for the smart home, the
smart grid, or both at the same time (i.e., a parcel of the power injected by the EV is
consumed by the electrical appliances of the smart home and another parcel is
injected into the power grid). Besides the G2V/V2G controllability, particularly
along the last decade, novel paradigms of operation were proposed targeting
power quality improved features (e.g., in the presence of unpredictable power
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outages, in islanded power grids, in situations of compensating harmonics, and in
circumstances of producing reactive power).

Concerning all of the aforementioned aspects, the main contributions of this book
chapter are: (1) A complete investigation about technologies of on-board and
off-board EV-BCS and advanced operation modes outlined in smart homes and
smart grids; (2) A comprehensive explanation about upcoming perspectives of
operation for on-board and off-board EV-BCS, and their innovative association
with renewable energy sources (RES) and ESS, when framed with smart grids and
with ac, dc or hybrid smart homes; (3) A validation taking into account the upcoming
perspectives, addressed in the previous point, for the off-board EV-BCS operation in
smart homes and smart grids.

3.2 EV Operation Modes: An Overview

As described in the introductory section, there is a bidirectional opportunity associ-
ated with the EV interaction with the power grid through the G2V/V2G modes. In
fact, the G2V/V2G modes are already a reality and an encouraging factor for
enhancing the interaction with smart homes and smart grids. Nevertheless, these
modes are only used for exchanging active power according to the necessities of the
smart grid or smart home, i.e., the EV is controlled based on an on/off strategy. In

Fig. 3.1 On-board EV-BCS in a smart home scenario: G2V/V2G modes
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this way, the schedules for the charging (G2V) or discharging (V2G) processes are
defined by the management system, but the value of active power to be exchanged is
defined neglecting relevant factors, for instance, other constraints of the smart home.
This influence is very pertinent, allowing the use of the plugged-in EVs to improve
the efficiency and the power quality aspects for the power grid side [15–18]. From
this point of view, despite the increased wear of the EV battery and the consequent
reduction of the battery lifetime due to the G2V/V2G operation, the EV driver can
also benefit from this interaction, since interesting tariffs for programs of G2V/V2G
are emerging, permitting to establish collective schedules for charging (G2V) and
discharging (V2G) [19–21].

Since the EV can be plugged-in in distinct places, the control complexity
increases for the smart grid, even with the flexibility in terms of operation modes.
This is also valid for scenarios of microgrids [22, 23]. A specific case is related to the
possibility of the EV to operate in V2G or vehicle-to-vehicle (V2V) mode in
microgrid scenarios [24]. A smart microgrid with optimal joint scheduling for the
EV and the electrical appliances of a smart home is proposed in [25]. Besides the
conventional G2V/V2G validations [26, 27], emerging G2V/V2G future interfaces
are also identified [28]. When considering the intermittency of the power produced
from RES, the G2V/V2G flexibility is even more relevant, since the EV can be used
as a power compensation system, i.e., similar to an energy buffer, capable of
consuming, storing, or delivering power as a function of the RES intermittence. In
this context, a strategy of accommodating the EV operation into the power grid, as a
function of the power production from RES, is available in [29]. Considering the EV
operation in G2V/V2G modes, a specific control algorithm based on RES production
for demand-side management is presented in [30]. A specific cooperative combina-
tion between the EV and RES in terms of controllability, with the main objective of
reducing emissions and costs, is offered in [31]. An optimal cost minimization about
the EV charging with operation modes for the smart grid and smart home is
presented in [32].

The associated operation of the EV with RES is not only limited to a smart grid
perspective. In fact, this mixed operation is also very applicable for smart homes, as
demonstrated in [33], since smart homes are a strategic contribution to smart grids.
Therefore, technologies and foresight for the EV integration in smart homes are
discussed in [34], and an EV optimization in a smart home from the customer point
of view is analyzed in [35]. All the aforementioned technologies (in the context of
smart grids and smart homes), as well as the cooperative operation with RES, are
considered in the perspective of EV-BCS only in the G2V/V2G modes. Neverthe-
less, other opportunities are identified in the literature with relevant potential
prospecting smart grids and smart homes.

The home-to-vehicle (H2V) is interesting in the smart home perspective, requir-
ing a plugged-in EV. In fact, the H2V mode is similar to the G2V mode. Neverthe-
less, as a distinctive characteristic, the H2V mode offers the possibility of power
controllability in opposite to the conventional on/off approach. This is predomi-
nantly relevant, since it involves the EV in the smart home management more
effectively, offering more flexibility of controllability together with the controlled
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electrical appliances. In the H2V mode, the value of the operating power can range
from zero to the nominal power. Moreover, for both the EV and the electrical
appliances, strategic levels of precedence can be planned. For instance, through a
mobile app, the EV user can outline their preferences. Considering the context of the
H2V mode in the smart home, three main cases can be highlighted. In the first case
(a), maximum priority is defined to the EV. In this way, the EV has more priority
than the electrical appliances, and then it is charged with maximum power, where, in
this circumstance, the electrical appliances are turned-off if necessary (this occurs
when some electrical appliances can be turned-off and it is indispensable, as fast as
possible, the EV charging). In a second case (b), the EV is defined to have priority
only over some specific electrical appliances. In this way, the EV is charged with
fixed power, but different from the maximum power that is permitted by the
EV-BCS. In such circumstance, it is guaranteed a fixed value of power for the EV
charging, and to avoid the circuit breaker tripping, the electrical appliances are
programmed in different schedules. In a third case (c), a minimum priority is
established to the EV, where the value of power results from the difference between
the smart home nominal power and the instantaneous power consumed. If the
electrical appliances are turned off, then the EV is charged with maximum power
(similar to the case (a)). Instead, if the electrical appliances are turned on and turned
off, then the EV is charged with variable power. Summarizing, the H2V mode is
comparable to the G2V, but permitting the adjustable charging power. Instead, it is
also important to note that the H2V strategy can also be used during the discharging
process. In this way, the EV can inject power to the smart home or the smart grid, but
as a function of the electrical appliances. A specific case occurs when the power
consumed by the electrical appliances exceeds the nominal power of the smart home.
In this circumstance, the EV can be controlled just to provide the difference of power
(between the nominal value and the required by the electrical appliances).

3.3 Operation Modes: Future Perspectives

Future viewpoints for the EV are discussed in this section, highlighting the relation
with the G2V/V2G/H2Vmodes, but establishing new opportunities for the EV-BCS,
involving the requirements of the smart grids and the smart homes (with ac, dc, or
hybrid electrical installations [36]).

3.3.1 On-Board EV BCS

Figure 3.2 illustrates an on-board EV-BCS in a smart home considering the
G2V/V2G/H2V modes, as well as a new mode for its operation, which is related
to power quality. Although the demonstration is for a smart home, this new operation
mode can be also framed with smart grids, contributing to define new control
strategies and energy policies under the smart grid scope.
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Based on the analysis of Fig. 3.2, three different cases are identified: (a) the
on-board EV-BCS can be controlled for exchanging power with the smart home,
providing power only in accordance with the requirements of the smart home
management system, i.e., the G2V/V2G/H2V operation is limited to the smart
home scope; (b) the on-board EV-BCS can be controlled for exchanging power
with the smart grid, providing power only in accordance with the requirements of the
smart grid management system, i.e., the G2V/V2G operation is limited to the smart
grid scope, and the H2V is not considered in this control strategy; (c) the on-board
EV-BCS can be controlled, at the same time, with the smart home and with the smart
grid, i.e., the three G2V/V2G/H2V modes are adjusted within the smart home and
smart grid scope.

Besides the G2V/V2G/H2V modes, the on-board EV-BCS can also be con-
trolled in a perspective of compensating power quality problems. This mode is
identified as vehicle-for-grid (V4G) since the on-board EV-BCS is used to provide
additional services for the grid. This mode is exceptionally relevant since it does
not interfere with the G2V/V2G/H2V modes, i.e., the V4G mode can be combined
with each of the G2V/V2G/H2V modes. Moreover, it does not require to use the
EV battery, since only the front-end converter of the on-board EV-BCS is used.
Using the EV in this mode, independently or not of the G2V/V2G/H2V modes,
almost all the harmonic currents and the power factor of the smart home can be

Fig. 3.2 On-board EV-BCS in a smart home scenario: Operation in G2V/V2G modes and
compensating problems of power quality, both for smart home and smart grid (harmonic currents
and low power factor)
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compensated. However, in the smart grid perspective, when the EV is plugged-in
at the smart home, the on-board EV-BCS can be used only to produce specific
harmonic currents and a specific value of reactive power for compensating the
power factor (e.g., other EV plugged-in neighboring smart homes can operate with
the same functionalities to compensate all the current harmonics and power factor
of a specific part of the smart grid). This is particularly relevant, making emerge
another perspective for the EV in smart homes, which is associated with the
selective harmonic current compensation. In this strategy, each EV is controlled
to produce a specific harmonic current for the smart grid. Notwithstanding the
strong benefits of the on-board EV-BCS operating in G2V/V2G/H2V/V4G modes
for the smart home and the smart grid, a crucial drawback is notorious: these modes
are only conceivable if the EV is plugged-in at the smart home (since the on-board
EV-BCS is used). However, from the power grid point of view, a new important
benefit is recognized: the EV can operate in the G2V/V2G/H2V/V4G modes where
it is plugged-in, representing a dynamic system conferring an important asset for
smart grids. As previously demonstrated, the EV can be controlled in the
G2V/V2G/H2V/V4G modes, where the specific V4G mode is linked to the com-
pensation of harmonic currents and power factor.

This new opportunity is also relevant taking into account that the derived costs
caused by power quality problems are substantially high around the world [37–
39]. Therefore, the EV can be used as a dispersed and dynamic active power filter
within the power grid, demonstrating that it can be an added value for supporting
power quality. Equivalent opportunities are obtainable based on computer simula-
tions in [40, 41], but in the perspective of the EV powertrain. The option just for
producing reactive power, as a requirement of the power grid, is investigated in [42–
45], and in [46], but neglecting the capability of harmonic current compensation.
The option for compensating harmonics and reactive power only during the G2V
mode is assumed in [47], which is a pertinent drawback since the EV manufacturers
are presenting the V2G mode and this option is independent of the G2V/V2G mode.
The exploitation of the V2G mode for power quality improvement is proposed in
[48] for a smart grid perspective. The possibility to use an on-board EV-BCS in four
quadrants is offered in [49], which is based on an experimental validation in
G2V/V2G modes, but only considering the production of reactive power, i.e.,
neglecting the harmonic current compensation. In [50] is proposed an external
system, only validated by computer simulations, where the necessary coupling
passive filters are installed, limiting the option of linking the EV to any outlet. In
[51] is presented a three-phase off-board EV-BCS offering the capability of har-
monic current and reactive power compensation. Another three-phase off-board
EV-BCS is proposed in [52], but only for harmonic current compensation,
neglecting the power factor compensation, as well as the possibility of a combined
operation in G2V/V2G modes.

Nevertheless, also within the V4G mode, the on-board EV-BCS can be controlled
to compensate other power quality problem: power outages of short duration at the
smart home level. Taking into account this scenario, besides the G2V/V2G modes,
the operation of the EV as a power source for the electrical installation, when it is not
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plugged-in to the power grid, is considered in [53]. Correspondingly, the possibility
of using the EV as a backup generator at the residential level is proposed in
[54]. This particular concept is denominated as vehicle-to-home (V2H), since,
when required, the EV can be used to feed the electrical appliances in the smart
home. A more convenient situation is related to the possibility of using the EV as an
off-line uninterruptible power supply (UPS). This possibility was initially consid-
ered in [55], based on preliminary results used to validate the operation mode when
considering linear electrical appliances (representing an unrealistic condition). In
this context, it must be highlighted that, sometimes, the designation of V2H is also
considered for aggregating the G2V/V2G modes for the EV at residential level
[34, 56], but without the possibility of operation as an off-line UPS. The possibility
of operation in V2H mode is particularly committed to smart homes during the
occurrence of power outages, representing a relevant contribution for improving
reliability and security against failures at the power grid level. These methodologies
comprise the operation of the EV in smart homes as an ESS [33], the flexibility for
managing the power consumption and user comfort at the smart home [57, 58], and
an optimal control scheduling considering the electrical appliances power consump-
tion [25]. Nissan proposed the EV operation through the “LEAF to Home” [59], and
Mitsubishi and Toyota have also similar platforms [60]. Nevertheless, in such
platforms, the EV does not allow the operation as an off-line UPS.

Fig. 3.3 On-board EV-BCS in a smart home scenario: Operation in G2V/V2G modes and
compensating problems of power quality for the smart home (power outages using the EV as a
power supply)
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Figure 3.3 illustrates this case, where the EV battery is the power source of the
smart home, the on-board EV-BCS is controlled as an inverter, and the smart home is
not connected to the smart grid. In this particular case, the on-board EV-BCS is
controlled with voltage feedback to guarantee a stable voltage, both in terms of
amplitude and frequency, even with sudden variations of the electrical appliances
(which will define the current waveform). Since the EV battery is the power source
of the smart home, the management of the battery state-of-charge must be deter-
mined with maximum accuracy [61]. More specifically, when the EV is forced to
operate in this mode, the power management of the smart home can control some of
the non-priority electrical appliances to be turned-off, contributing to preserving the
EV battery.

3.3.2 Off-Board EV BCS

Besides the application of the G2V/V2G/H2V/V4G modes for on-board EV-BCS,
these modes can also be applied to off-board EV-BCS. Therefore, the previous
descriptions of these modes are also valid when considering off-board EV-BCS.
Figure 3.4 illustrates an off-board EV-BCS and an EV plugged-in at a smart home.
Taking into account the use of an off-board EV-BCS at the smart home level, the

Fig. 3.4 Off-board EV-BCS in a smart home scenario with an EV plugged-in: Operation in
G2V/V2G modes and compensating problems of power quality, both for smart home and smart
grid (harmonic currents and low power factor)
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existing opportunities are even more appropriate, since the off-board EV-BCS is
permanently connected to the smart home. Consequently, independently of the EV
presence at the smart home, some of the previous operation modes are also available,
representing an added value for the smart home. As an example, the off-board
EV-BCS can offer power quality functionalities, both for the smart home and for
the smart grid, precisely as the on-board EV-BCS. Nevertheless, as a vital differenc-
ing factor, the functionalities offered by the V4G can be provided independently of
the EV presence, while the G2V/V2G/H2V modes are only accessible when the EV
is present (a situation that also occurs for on-board EV-BCS). Figure 3.5 illustrates a
vision of an off-board EV-BCS in a smart home, but without an EV plugged-in. As
shown, the V4Gmode is possible in terms of compensation of harmonic currents and
power factor, but, since the EV is not plugged-in, the possibility of operation during
power outages is not possible.

Despite the relevance of the aforementioned modes, the foremost future oppor-
tunity associated with off-board EV-BCS is about the interfacing of other technol-
ogies for smart grids and smart homes, namely the technologies of ESS and RES
[62]. In this way, the main objective consists of using the same off-board EV-BCS to
interface a dc-dc converter for RES (unidirectional mode), as well as a dc-dc
converter for ESS (bidirectional mode), where a shared dc-link is used for such
purpose. This is distinct from the conventional solutions based on multiple power
stages for encompassing the EV, the RES, and the ESS [63].

Fig. 3.5 Off-board EV-BCS in a smart home scenario without an EV plugged-in: Operation in
G2V/V2G modes and compensating problems of power quality, both for smart home and smart grid
(harmonic currents and low power factor)
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It must be highlighted that the integration of an off-board EV-BCS encompassing
this opportunity denotes a complete solution involving the smart home three key
technologies: EV in bidirectional mode, ESS, and RES. This opportunity is different
from the conventional cooperation between the EV and the ESS using independent
systems [64]. Figure 3.6 illustrates this specific situation, where the single interface
for the power grid is highlighted, avoiding the necessity of additional ac-dc con-
verters to interface RES and ESS (i.e., this solution requires less two ac-dc con-
verters). Furthermore, this opportunity is even more relevant when considering the
migration from ac grids to dc grids, where the requirements of ac-dc converters are
severely reduced. Moreover, since the majority of the electrical appliances include a
front-end ac-dc converter that is only used to interface the ac grid, this opportunity
gains new relevance to avoid the use of multiple ac-dc power converters (Figs. 3.7
and 3.8).

Fig. 3.6 Off-board EV-BCS in a hybrid smart home scenario with an EV plugged-in: Operation in
G2V/V2G modes and compensating problems of power quality, both for smart home and smart grid
(harmonic currents and low power factor). The RES (solar photovoltaic panels) and the ESS
(batteries) are interfaced through a shared dc-link, while the electrical appliances are directly
connected to the ac grid
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Fig. 3.8 Operation of the off-board EVBC within the smart home

Fig. 3.7 Off-board EV-BCS in a dc smart home scenario with an EV plugged-in: Operation in
G2V/V2G modes and compensating problems of power quality, both for smart home and smart grid
(harmonic currents and low power factor). The RES (solar photovoltaic panels), the ESS (batteries),
and the electrical appliances are interfaced through a shared dc-link
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3.4 Validation of Off-Board EV Battery Chargers when
Contextualized in Smart Homes and Smart Grids

Taking into attention the possibilities offered by the integrated solutions based on the
off-board EV-BCS for smart homes and smart grids, this section introduces an
analysis that was performed considering three distinct cases of a smart home.

In the first case (a), a conventional ac smart home was considered, where the
electrical appliances are coupled to the ac power grid, as well as an on-board
EV-BCS, a power converter to interface RES, and a power converter to interface
ESS. In this case, independent power converters for each technology are used, which
are based on front-end (ac-dc) and back-end (dc-dc) power stages. In the second case
(b), a hybrid ac/dc smart home was considered, where the electrical appliances are
coupled to the ac power grid (as in the conventional case), but an off-board EV-BCS
is used to interface RES and ESS (sharing a common dc-link and avoiding the
necessity of ac-dc converters for interfacing these technologies). In the third case (c),
a dc smart home was considered as a future perspective, including an off-board
EV-BCS as main equipment. Therefore, for interfacing the technologies, dc-dc and
dc-ac converters were considered. Figure 3.9 illustrates these three cases.

Dedicated simulation models were developed for each case based on the PSIM
software. Considering the different technologies, the following situations were
addressed: (a) a set of solar photovoltaic (PV) panels was considered as an example
of RES, for a maximum power of 1.5 kW; (b) a set of lithium batteries was
considered as an example of ESS, with nominal voltage of 200 V and capacity of
10 Ah; (c) a set of resistive loads was selected (dc electrical appliances); (d) an
electric motor (induction) was selected (ac electrical appliances). On the other hand,
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Fig. 3.9 Considered cases for analysis: (a) A conventional ac smart home (using ac-dc power
converters for each technology); (b) A hybrid ac and dc smart home, where the electrical appliances
are directly connected to the ac power grid, but an off-board EV-BCS interfaces RES and ESS; (c) A
dc smart home, where an off-board EV-BCS is the only interface with the power grid equipment
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for the power converters, the following conditions were addressed: (a) full-bridge
converters as example of ac-dc converters to interface the power grid (voltage source
converters controlled with current feedback); (b) half-bridge converters as example
of dc-dc converters (also with current or voltage feedback); (c) full-bridge converters
as example of dc-ac converters (also with voltage feedback).

3.4.1 Comparative Analysis: Efficiency of the Different Cases

Taking into account the innovative modes allowed by the future off-board EV-BCS
(used in a dc smart home to interface the EV, RES, ESS, ac electrical appliances, and
dc electrical appliances), as presented in Sect. 3.3 and based on the structures of
Fig. 3.9, a comparative analysis was performed based on the efficiency of the
different possibilities. Figure 3.10 presents the estimated efficiency for each mode
of operation that was defined for the off-board EV-BCS and considering the three
cases for the smart home (a conventional ac smart home, a hybrid ac/dc smart home,
and a dc smart home). By analyzing the obtained results, it is clear that the dc smart
home is the case that presents better results, independently of the operation mode
defined for the off-board EV-BCS. These results makes sense, since a single ac
interface is used, and, when it is necessary to exchange power between technologies,
only the dc-dc converters are used (i.e., the quantity of power stages is considerably
reduced). By analyzing the worst case in terms of efficiency, it is clear that the first
case presents the worst results since ac-dc converters are always required for the
power grid interface, even when it is necessary to exchange power between dc
technologies, as, for instance, between the ESS and the EV. It must be noted that
similar values of efficiency, sometimes, were achieved, since some operation modes
are equal, independently of the case in consideration.

(a) The power extracted from the RES can be injected intothe power grid;

(b) The power extracted from the RES can be used to charge the EV;

(c) The power extractedfrom the RES canbe used tocharge the ESS;

(d) The power extracted from the RES can be used by the appliances;

(e) The EV can deliverpower to the smart home (appliances);

(f) The EV can deliverpower to the smart grid;
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(g) The power from the ESS can be delivered tothe smart home (appliances);

(h) The power from the ESS can be delivered to the smart grid;

(i) The power from the grid can be used to charge the EV;

(j) The power from the grid can be used to charge the ESS;

(k) The power from the gridcan be delivered to the smart home (appliances).

Fig. 3.10 Estimated efficiency for each case under analysis, where for each case were considered
diverse perspectives of operation modes
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Aiming to obtain results as comprehensive as possible, the operation of the
off-board EV-BCS was considered in the different modes according to the cases
identified in Fig. 3.9: (a) a conventional ac smart home with ac-dc power converters
for each technology; (b) a hybrid ac and dc smart home, where only a RES and an
ESS are interfaced by the off-board EV-BCS; (c) a future dc smart home, where the
off-board EV-BCS interfaces the RES and the ESS, as well as the dc or ac electrical
appliances. The values of reference for the operation in each mode (i.e., the power
for the EV charging, the power extracted from the RES, the power of the ESS, and
the power of the electrical appliances) were selected as exemplification situations of
a real scenario of the application. It is important to note that the development of a
power management algorithm, for the smart home or the smart grid, is out of the
scope of this book chapter, as well as the communication strategies.

3.4.2 Comparative Analysis: Operation of the Different Cases

Figure 3.11a shows the obtained results for the three cases when it is considered that
only the electrical appliances are connected to the power grid, i.e., the power
produced by the RES is zero, the EV is not plugged-in, and the ESS is not operating.
For the electrical appliances, an active power of 1.2 kW and a reactive power of
225 VAr were measured. For the first and second cases, the current in the power grid
(ig#1 and ig#2) is defined by the current consumption of the electrical appliances.
Therefore, since the electrical appliances are categorized by linear and non-linear
characteristics, the power grid presents harmonic distortion. In this case, the mea-
sured THD was 15.2% and the power factor was 0.97. In the third case, since an
ac-dc converter is used to interface the power grid, the current in the power grid (ig#3)
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Fig. 3.11 Results concerning the three cases identified in Fig. 3.8: (a) When the power grid
provides power exclusively to the electrical appliances; (b) When the power grid and the RES
provide power to the electrical appliances; (c) When the power grid and the RES provide power to
the electrical appliances and to the ESS
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is sinusoidal, with a measured THD of 1.1% and with a unitary power factor. In this
third case, the same electrical appliances were considered (i.e., the same active
power), but removing the ac-dc converters to interface the power grid, since they
are connected to the common dc-link through the dc-dc and dc-ac converters.

Figure 3.11b also shows the obtained results for the three cases considering that
the same electrical appliances are connected to the power grid (an active power of
1.2 kW and a reactive power of 225 VAr were measured), but with a power
production from the RES (with a power about of 550 W), while the EV is not
plugged-in and the ESS is not operating. In this circumstance, for both cases #1 and
#2, the power produced by the RES is injected into the power grid with a sinusoidal
waveform. However, since the power required by the electrical appliances is greater
than the power produced by the RES, a parcel of power is absorbed from the power
grid, resulting in a non-sinusoidal current in the power grid side, as demonstrated by
the waveforms of the currents ig#1 and ig#2. In these cases, when compared with the
situation reported in Fig. 3.11a, the measured active power was 660 W and the
reactive power was 225 VAr. For both cases, the measured THD of the current was
26.9%. In the third case, similar to the situation reported in Fig. 3.11a, the current in
the power grid (ig#3) is sinusoidal, with a measured THD of 1.2% and with a unitary
power factor. However, since the power produced by the RES is consumed by the
electrical appliance, the power absorbed from the power grid is reduced, also
meaning that the amplitude of the power grid current (ig#3) is reduced. In this case,
the power from the RES is directly used by the electrical appliance through the dc-dc
converters.

Finally, Fig. 3.11c shows the obtained results for the three cases considering that
the same electrical appliances are connected to the power grid (an active power of
1.2 kW and a reactive power of 225 VAr were measured), with a power production
from the RES (with a power about of 1 kW) and the ESS storing energy (with a
power about of 450W), while the EV is not plugged-in. Also, in this case, a parcel of
power is absorbed from the power grid, resulting in a non-sinusoidal current in the
power grid side, as demonstrated by the waveforms of the currents ig#1 and ig#2. For
the first case, when compared with the situation reported in Fig. 3.11b, the increased
power production from the RES was stored in the ESS, therefore, from the power
grid point of view, the waveform of the current is the same. This is valid since the
current from the RES is sinusoidal (injected into the power grid) and the current
absorbed from the ESS is also sinusoidal. For the second case, the situation is
different, since a unified topology is considered for RES and ESS. In this case, the
parcel of the power produced by the RES is directly stored by the ESS through the
dc-dc converters. For the first case, the measured active power was 660 W and the
reactive power was 225 VAr, and, for the second case, the measured active power
and reactive power were similar. For both cases, the measured THD of the current
was about 26.9%. In the third case, which is similar to the situation reported in
Fig. 3.11b, the current in the power grid (ig#3) is sinusoidal, with a measured THD of
1.2% and with a unitary power factor. When compared with the situation reported in
Fig. 3.11b, the increment of the power production from the RES does not influence
the current in the power grid side since it was directly stored by the ESS through the
dc-dc converters.
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Similarly to Fig. 3.11, Fig. 3.12 shows some results where the off-board EV-BCS
operates in different modes according to the different cases identified in Fig. 3.9.
Figure 3.12a shows the obtained results for the three cases when it is considered that
the necessary power for the electrical appliances and for the EV charging is provided
by the RES and by the power grid, i.e., analyzing all the technologies, only the ESS
is not operating. For the electrical appliances, an active power of 1.2 kW and a
reactive power of 225 VAr were measured. To perform the EV charging, a power of
2 kW was established, while the power production from RES was about 1 kW.
Therefore, the power extracted from the RES is used for the electrical appliances, but
a parcel of power is required from the power grid, both for the electrical appliances
and for the EV charging. In the first case, since a parcel of power absorbed from the
power grid is used for the electrical appliances, the waveform of the power grid
current (ig#1) is distorted, even with the presence of the EV consuming a sinusoidal
current. In this case, the measured THD of the power grid current (ig#1) was 8.3%
and the power factor was 0.91. The on-board EV-BCS presents a sinusoidal current
with a THD of 1.1% and a unitary power factor. In the second case, since a unified
topology is considered, the power extracted from the RES is directly used by the EV
through the dc-dc converters. In this circumstance, the power required by the EV is
greater than the power extracted from the RES, meaning that a parcel of power must
be absorbed from the power grid for the EV charging, added by the necessary power
for the electrical appliances. Therefore, the measured THD of the power grid current
(ig#2) was 8.3% and the power factor was 0.91. In the third case, due to the presence
of a unified topology with a single ac-dc converter used to interface the power grid,
the current in the power grid (ig#3) is sinusoidal, with a measured THD of 1.1% and
with a unitary power factor. Again, it must be noted that the same electrical
appliances were considered (i.e., the same active power), but removing the ac-dc
converters to interface the power grid, since they are connected to the common
dc-link through the dc-dc and dc-ac converters.
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Fig. 3.12 Results concerning the three cases identified in Fig. 3.8: (a) When the power grid and the
RES provide power to the electrical appliances and to the EV; (b) When the power grid and the ESS
provide power to the electrical appliances; (c) When the power grid and the ESS provide power to
the electrical appliances and to the EV
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Figure 3.12b shows the obtained results for the three cases when it is considered
that the necessary power for the electrical appliances is provided by the ESS and by
the power grid, i.e., the RES is not operating and the EV is not plugged-in. In this
situation, the active power required by the electrical appliances is 1.5 kW and the
power injected by the ESS is 500 W, meaning that the power grid must provide a
power of 1 kW. In the first case, the ESS injects a sinusoidal current into the power
grid (with a THD of 1.2% and in phase opposition with the voltage); however, taking
into account the linear and non-linear characteristics of the electrical appliances, the
current in the power grid side (ig#1) presents a THD of 18.4% and a power factor of
0.93. In the second case, a unified topology is used, but taking into account that the
RES is not producing power and the EV is not plugged-in. This case is very similar
to the situation reported in the previous case, where the current in the power grid side
(ig#2) presents a THD of 18.4% and a power factor of 0.93. In the third case, the
unified topology is considered, but the situation is very different from the situations
reported in the previous case since the power from the ESS is directly used by the
electrical appliances through the dc-dc and dc-ac converters. In this circumstance,
power must be also absorbed from the power grid, but the current presents a
sinusoidal waveform with a THD of 1% and a unitary power factor.

Figure 3.12c shows the obtained results for the three cases when it is considered
that the necessary power for the electrical appliances and the EV charging is
provided by the ESS and by the power grid, i.e., analyzing all the technologies,
only the RES is not operating. In this situation, the EV requires a power of 2 kW, the
ESS provides a power of 1 kW, and the electrical appliances require a power of
1.5 kW. Therefore, the power grid must provide a power of 2.5 kW. In the first case,
a parcel of power is absorbed from the power grid, since the power injected by the
ESS is not enough for the requirements of the EV and the electrical appliances.
Therefore, the current waveform presents harmonic distortion, with a measured THD
of 7.3%, and a power factor of 0.9. In this case, the EV operates with a sinusoidal
current and with a unitary power factor, similar to the ESS (but with a current in
phase opposition with the voltage), but the current of the electrical appliances
presents harmonic distortion. In the second case, a unified topology is considered,
where the power from the ESS is directly used for the EV charging, meaning that
only the dc-dc converters are used for such purpose. However, in this situation, the
power required by the EV is greater than the power provided by the ESS, meaning
that a parcel of power must be absorbed from the power grid, added by the necessary
power for the electrical appliances. In this case, the current in the power grid side
presents a THD of 7.3% and a power factor of 0.9. In the third case, it is also
necessary to absorb a parcel of power from the power grid, since the power provided
by the ESS is not enough for the requirements of the EV and the electrical appli-
ances. In this case, due to the presence of a unified topology, the current in the power
grid (ig#3) is sinusoidal, with a measured THD of 1.1% and with a unitary power
factor. Also, in this case, the same electrical appliances were considered.

Similarly to the previous situation, Fig. 3.13 shows some results where the
off-board EV-BCS operates in different modes according to the different cases
identified in Fig. 3.9. Figure 3.13a shows the obtained results for the three cases
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when it is considered that the necessary power for the electrical appliances is
provided only by the ESS, meaning that the production from RES is zero and that
the EV is not plugged-in. Moreover, as the ESS provides the necessary power for the
electrical appliances, it is not necessary to absorb power from the power grid. In the
first case, the necessary active power for electrical appliances is injected into the
power grid by the ESS. However, the injected current is sinusoidal (in phase
opposition with the voltage), but the consumed current by the electrical appliances
is non-sinusoidal, meaning that a parcel of non-sinusoidal current is absorbed from
the power grid. This situation is shown in the obtained waveforms of the currents.
For the electrical appliances, an active power of 980 W and a reactive power of
172 VAr were measured, where the current has a THD of 18.6%. In this case, it is
important to reinforce that the active power necessary for the electrical appliances is
exclusively provided by the ESS, therefore, the current in the power grid (ig#1) is
only responsible for providing the necessary harmonic currents. In the second case, a
similar operation occurs. Despite the unified topology, in this case, when only the
ESS is used, the power stages are the same. Therefore, the current in the power grid
(ig#2) is very similar to the current in the power grid (ig#1) during the first case. In the
third case, the operation is completely different, since the power is directly provided
by the ESS to the electrical appliances through the dc-dc and dc-ac converters. In this
way, it is not necessary to use the power grid, meaning that the current in the power
grid (ig#3) is zero.

Figure 3.13b shows the obtained results for the three cases when it is considered
that the off-board EV-BCS is used to provide services for the smart grid. In this case,
the power extracted by the RES is injected into the power grid and the EV is also
injecting power into the power grid. However, the power consumption from the
electrical appliances is inferior to the injected power, meaning that the difference is
used by the smart grid for power management control. In the first case, the necessary
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Fig. 3.13 Results concerning the three cases identified in Fig. 3.8: (a) When the ESS provides
power to the electrical appliances; (b) When the RES and the EV provides power to the electrical
appliances and to the smart grid; (c) When the power grid provides power to the electrical
appliances and the off-board EV-BCS provides power quality services to the smart grid
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active power for the electrical appliances is a parcel of the power injected by the RES
and by the EV. However, the electrical appliances are categorized by linear and
non-linear characteristics, meaning that the current in the power grid side (ig#1) has
harmonic distortion with a THD of 11.8%, as well as a power factor of 0.98. This
situation occurs because the converters of the RES and EV are controlled only to
inject active power into the power grid. In a second case, a quite similar operation is
observed, since the unified topology is controlled to inject a sinusoidal current into
the power grid, but the current consumption of the electrical appliances has harmonic
distortion. Therefore, harmonic currents are observed in the current of the power grid
side (ig#2). The main difference from the previous case is the reduced number of
necessary power converters, which only influence in the global efficiency. In the
third case, the operation is completely different, since the necessary power for the
electrical appliances is provided by the RES through the dc-dc and dc-ac converters.
Therefore, a current with a sinusoidal waveform is injected into the power grid with a
THD of 1.1% and in phase opposition with the voltage.

Figure 3.13c shows the obtained results for the three cases when considering that
only the electrical appliances are connected to the power grid (i.e., the power
produced by the RES is zero, the EV is not plugged-in) and that the ESS is not
operating. For the electrical appliances, an active power of 1.2 kW and a reactive
power of 225 VAr were measured. This situation was considered only to highlight
the opportunities offered by the off-board EV-BCS for the smart grid. Therefore, the
first two cases are equal to the reported cases in Fig. 3.11a. Therefore, in the third
case, the current in the power grid side (ig#3) is composed of two parts: a fundamental
component (corresponding to the active power necessary for the electrical appli-
ances) and a selected harmonic current that is injected into the power grid tor
compensating the harmonic currents as requested by the smart grid. In this case, a
third-order harmonic current was considered with an amplitude of 2 A and a phase of
143�. Moreover, the off-board EV-BCS is also controlled to produce reactive power
for the smart grid, where a measured value of 600 VAr was considered. These values
(harmonic order, amplitude, phase, and reactive power) were selected as exemplifi-
cation since other values can be selected without jeopardizing the operation of the
off-board EV-BCS. In these circumstances, the smart grid is responsible to establish
a selective harmonic compensation control algorithm and to inform the different
off-board EV-BCS about the required values. Moreover, the same off-board
EV-BCS can be controlled for compensating more than one harmonic current
(e.g., an off-board EV-BCS can produce the third-order and fifth-order harmonics
and other off-board EV-BCS can produce the seventh-order harmonic).

Differently from the previous case, Fig. 3.14 shows a case when the RES
(PV panels) deliver power to the power grid, i.e., it is directly injected into the
power grid. In the figure, it is possible to visualize that the grid current (ig#3) is
sinusoidal, but in opposition with the waveform of the voltage, meaning that the
power grid is absorbing power. Since the control of the dc-dc converter, used to
interface the RES, is based on a maximum power point tracking (MPPT) algorithm,
it is possible to extract the maximum power from the RES at each instant. Due to this
control algorithm, the extracted power can change, also forcing to change the
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reference current for the power grid side (assuming that the extracted power is
injected into the power grid). Figure 3.14 shows this case for different levels of
extracted power.

Besides the previous cases, Fig. 3.15 shows the results where the power for the
EV charging is delivered by the RES and by the power grid. This is a combined
situation that can be necessary if the power from the RES is not enough for charging
the EV battery. Therefore, a parcel of power was absorbed from the power grid. In
this figure are also shown the current (ig) and the voltage (vg) in the power grid side,
as well as the currents in the dc-side, namely, the EV battery current (iev) and the
RES current (ipv). Since the EV battery is charged with constant current and the
current in the RES is changing according to the MPPT algorithm, the current (ig) in
the power grid side is also changing, accordingly. Despite the observed variations,
the current (ig) in the power grid side does not present sudden variations capable of
causing power quality problems.
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3.5 Conclusion

The dissemination of electric mobility has encouraged the appearance of new
technologies and opportunities in terms of power management for smart homes
and for smart grids, where the electric vehicle (EV) has emerged with a set of
relevant valences for such purposes. Based on this background, this book chapter
deals with the role of off-board EV battery chargers in terms of operation modes and
new opportunities for smart homes and smart grids. Therefore, an analysis of the
state-of-the-art is presented and used as a support for launching a relation with future
perspectives. On-board and off-board EV battery charging systems (EV-BCS) are
analyzed in the scope of this book chapter, but special focus is given to the off-board
EV-BCS, particularly when interfacing renewable energy sources (RES) and energy
storage systems (ESS). Moreover, as demonstrated throughout the chapter, an
off-board EV-BCS can also be a central element in a future dc smart home, allowing
to interface with electrical appliances. Based on this perspective, three distinct cases
were considered: (1) A conventional ac smart home (using ac-dc power converters
for each technology); (2) A hybrid ac and dc smart home, where the electrical
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appliances are directly connected to the ac power grid, but an off-board EV-BCS
interfaces the RES and the ESS; (3) A dc smart home, where an off-board EV-BCS is
the only interface with the electrical power grid. The results were obtained focusing
on the efficiency and the power quality for each case when the off-board EV-BCS is
operating in different modes. In terms of efficiency, the results show that the
off-board EV-BCS in dc smart homes have better results, mainly due to the reduced
number of required power stages. In terms of power quality, the off-board EV-BCS
in dc smart homes also presents better results than the other cases, since the interface
with the power grid is performed by a front-end ac-dc converter operating with a
sinusoidal current, in phase or phase opposition with the power grid voltage.
Moreover, for this case it was also demonstrated that the off-board EV-BCS can
be used for providing power quality services for the smart grid, i.e., producing
reactive power and operating in strategies of control based on selective harmonic
compensation. By analyzing the obtained results, it is possible to infer that unified
structures of off-board EV-BCS have several advantages when framed with hybrid
or dc smart homes, as well as with smart grids.
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Chapter 4
Optimal Charge Scheduling of Electric
Vehicles in Solar Energy Integrated Power
Systems Considering the Uncertainties

S. Muhammad Bagher Sadati, Jamal Moshtagh, Miadreza Shafie-Khah,
Abdollah Rastgou, and João P. S. Catalão

4.1 Introduction

Nowadays, air pollution and dependence on fossil fuel resources are worldwide
concerns. These issues are most taken into account in the transportation sectors and
electricity generation system as the main consumers of fossil fuels. Electric vehicles
(EVs) with the capability of Vehicle-to-Grid (V2G) are a solution to answer these
concerns. Of course, most of the EVs, which will be added in the distribution system
in the future, would highly consume energy, which leads to more energy production
and consequently, increased the greenhouse gas emissions. However, this problem
can be solved by charging/discharging schedule of the EVs as well as the usage of
renewable-energy resources (RERs) such as the solar system.

Because of uncontrolled charging, controlled charging and charging/discharging
schedule of the EVs, the planning and operation of the smart distribution network
(SDN) have been intricated. Uncontrolled charging of the EVs has inappropriate

S. M. B. Sadati (*)
National Iranian Oil Company (NIOC), Iranian Central Oil Fields Company (ICOFC), West Oil
and Gas Production Company (WOGPC), Kermanshah, Iran

J. Moshtagh
Department of Electrical Engineering, Faculty of Engineering, University of Kurdistan,
Sanandaj, Kurdistan, Iran
e-mail: j.moshtagh@uok.ac.ir

M. Shafie-Khah
School of Technology and Innovations, University of Vaasa, Vaasa, Finland

A. Rastgou
Department of Electrical Engineering, Kermanshah Branch, Islamic Azad University,
Kermanshah, Iran
e-mail: a.rastgou@iauksh.ac.ir

J. P. S. Catalão
Faculty of Engineering of the University of Porto and INESC TEC, Porto, Portugal
e-mail: catalao@fe.up.pt

© Springer Nature Switzerland AG 2020
A. Ahmadian et al. (eds.), Electric Vehicles in Energy Systems,
https://doi.org/10.1007/978-3-030-34448-1_4

73

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-34448-1_4&domain=pdf
mailto:j.moshtagh@uok.ac.ir
mailto:a.rastgou@iauksh.ac.ir
mailto:catalao@fe.up.pt


results such as increasing power losses and demand [1–4], imbalanced demand
[5, 6], voltage drop [7], increasing of total harmonic distortion [8, 9], decreasing
of cable and transformer life [10, 11], etc.. However, by using the controlled
charging and charging/discharging schedule, as well as V2G capability of the
EVs; the performance of the SDN is improved and is obtained some benefit such
as ancillary service [12], peak load shaving [13, 14], emission’s reduction [15],
support for the integration of RERs [16, 17], losses reduction [18], improving
voltage profile [19] and maximizing the profit [20, 21].

In addition, in [3, 22] are proved that charging of the EVs with only traditional
power plants leads to unfit environmental impact. So, using of RERs along with
traditional power plants is unavoidable. For this reason, charging of the EVs is
explored with RERs i.e. solar system, wind turbine and both of them [23–28].

In addition, due to the uncertainties of the EVs, especially their availability and
ensuring of the discharging power as well as the uncertainty of output power of the
solar system, the SDN faces uncertainties. Therefore, it is necessary to introduce the
risk-based model. Usually, risk control is done by using the risk measures. Value-at-
risk (VaR) and conditional value-at-risk (CVaR) are the most important examples of
risk measures. Due to the linear form of CVaR, this index is widely applied in the
power system problems [29].

Although, the optimal operation of the SDN has been evaluated in different
studies over the past few years; however, in this chapter, the operational scheduling
of the SDN in the presence of solar-based EV PLs, within the bi-level framework has
been investigated. The most important questions that are answered in this chapter, as
follows:

1. What is the main aim of the optimal operation of the SDN?
2. What is the appropriate model with the PL owners as a new decision-maker?
3. What time the EVs will be charged and discharged?
4. How much is the total charging/discharging power of the EVs?
5. What is the amount of purchasing power from the wholesale market (WM) for the

EVs and customers with regard to V2G capability?
6. what is the effect of the uncertainties on the SDN?
7. How does the risk effect on operational scheduling of the SDN?
8. What are the most important affecting factors on the SDN?
9. What is the proper method for solving the offered model?

The modeling of the EVs and the solar system are explained in Sects. 4.2 and 4.3,
respectively. Section 4.4 gives modeling of operational scheduling of the SDN, i.e.,
bi-level model and single-level model. In Sect. 4.5 simulation results are presented.
At last, conclusions are reported in Sect. 4.6.
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4.2 Modeling of the EVs

The EVs can be categorized into three groups of battery-electric vehicles, hybrid-
electric vehicles, and fuel cell electric vehicles. All these EVs have a battery as well
as the V2G capability. Therefore, in the near future, EVs are widely used. With
increasing the EVs, the batteries of them can provide a high-availability storage
system for the SDN. In this way, the EVs can act as an active element during the
parked times. So, the power stored in the batteries, particularly at the on-peak hours
sells to the SDNO. The initial state of energy (SOE), arrival time/departure time of
the EVs to/from the PLs, are the main uncertainties of each EV. Some studies are
shown that the behavior of the EVs can be modeled with appropriate probability
distribution function (PDF) such as a truncated Gaussian distribution [21]. Thus, the
modeling of EVs is shown by Eqs. (4.1), (4.2), and (4.3).

SOEini
EV ¼ f TG X; μSOE; σ

2
SOE; SOEini, min

EV ; SOEini, max
EV

� �� � 8EV ð4:1Þ
tarvEV ¼ f TG X; μarv; σ

2
arv; tarv, min

EV ; tarv, max
EV

� �� � 8EV ð4:2Þ

tdepEV ¼ f TG X; μdep; σ
2
dep; max tdep, min

EV , tarvEV

� �
; tdep, max

EV

� �� �
8EV ð4:3Þ

Due to the large number of the EVs are in the PLs every day, the more energy is
needed for charging of the EVs. Furthermore, due to the V2G capability, the
performance of the SDN can be improved. Since the EVs are considered a load/
source at the off-peak and mid-peak hours/during the on-peak hours, a complexity is
created in the operation and planning of the SDN. Accordingly, proper PL’s oper-
ation will only be possible if there is an energy management system (EMS) that be
capable of controlling the process of charging and discharging of the EVs. Figure 4.1
illustrates the flowchart of charging or charging/discharging schedule of the EVs,
and the power exchanged between the PLs and the SDNO. Based on this flowchart,
after the entrance of the EVs to the PL, required data such as initial and desired SOE

Entrance of the EVs to the PLs

Receiving the required data: initial 
and desired SOE, rated capacity of 

battery and departure time

Calculation of time and charging/
discharging power of each EV by 

solving objective function

Fig. 4.1 The Flowchart of
each EV’s operation
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of the EVs, the battery specifications and departure time are obtained from the EV
owners. By computing the energy needed for each EV, the EMS determines the time
and charging/discharging power of the EVs.

4.3 Modeling of the Solar System

Several cells create the solar system. This system transforms solar irradiance energy
into electrical energy. The number of cells, the weather conditions, the direction of
cells and the temperature are the main affecting factor of the power generated of the
solar system. Of course, this power is an uncertain value due to the uncertainty of
solar irradiance. The most usable PDF for modeling of solar irradiance is the Beta
function that is explained in Eqs. (4.4), (4.5), and (4.6). In these equations, θ is the
solar irradiance (kW/m2). Also, by using the mean (μ) and variance (σ) of solar
irradiance, α and β are computed [30].

f θð Þ ¼
Γ αþ βð Þ

Γ αð Þ þ Γ βð Þ � θα�1 � 1� θð Þβ�1 0 � θ � 1, α � 0, β � 0

0 otherwise

8<: ð4:4Þ

β ¼ 1� μð Þ � μ� 1þ μð Þ
σ2

� 1

� �
ð4:5Þ

α ¼ μ� β
1� μ ð4:6Þ

The power generated of the solar system can be calculated by Eqs. (4.7), (4.8),
(4.9), (4.10), and (4.11).

Pθ ¼ N � FF � Vy � Iy ð4:7Þ

FF ¼ VMPP � IMPP

VOC � ISC
ð4:8Þ

Vy ¼ VOC � Kv � TCð Þ ð4:9Þ
Iy ¼ θ� ISC þ KC � TC � 25ð Þð Þ ð4:10Þ

TC ¼ Ta þ θ� TN � 20
0:8

� �
ð4:11Þ

Where voltage at the maximum power point and open circuit voltage are VMPP

and Voc, respectively. IMPP and Isc are current at the maximum power point and short
circuit current. The cell temperature is Tc in �C. The ambient and nominal operating
temperatures are Ta and TN in �C. kv and kc (in V/�C and A/�C) are the voltage
temperature and the current temperature coefficient, respectively. N is the number of
cells, Pθ is the power generated of the solar system, and FF is the fill factor [30].
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4.4 Modeling of Operational Scheduling of the SDN

A bi-level model proposes when two decision-makers exist in the optimization
problems. In this model, the upper-level and the lower-level are leader and follower,
respectively. In this chapter, the SDNO as the leader and the PL owner as a follower
are considered. The aims of the objective functions for leader and follower are
maximizing the profit and minimizing the cost, respectively. The presented
bi-level model investigates in two-parts. In the first part, the EVs only charge
(controlled charging), and in the second part, the EVs participate in charging/
charging schedule. The structure of the bi-level model shows in Fig. 4.2. Also,
Fig. 4.3 shows how the decision-makers interact in this model. Based on Fig. 4.3, the
power exchanged between the SDNO and the PL owners as well as the price of this
power are considered as the decision variables of these two levels (in the controlled
charging part, charging power and price, i.e. Pch and Prch, in the charging/
discharging schedule part, charging/discharging power and price, i.e. Pch, Prch and
Pdch, Prdch). The PL owner decides on the offered price for the power exchanged with
the SDNO, which depends on the ability to charging or charging/discharging of the
EVs. This decision affects the offered price, and the SDNO may change this price.
The changing this price will also change the exchanging power. This action repeats
several times in order to the problem reach the point of equilibrium.

4.4.1 Bi-Level Model with Controlled Charging

The proposed bi-level model with controlled charging of the EVs is defined in
Eqs. (4.12), (4.13), (4.14), (4.15), (4.16), (4.17), (4.18), (4.19), (4.20), (4.21),
(4.22), (4.23), (4.24), (4.25), (4.26), and (4.27). The goal of the upper-level is to
maximize the profit of SDNO. Equations (4.12), (4.13), (4.14), (4.15), (4.16), (4.17),
and (4.18) describe this level. The objective function is explained in Eq. (4.12). The
decision variables of this level are the purchasing power from the WM, and the
offered energy sold price to the PL owners. The parts of the objective function are as
follows:

Operation of the PLs Problem
aim: Minimization of the cost

subject to: lower-level Problem

Operation of the SDN Problem
aim: Maximization of the Profit

subject to: upper-level constraints

Fig. 4.2 Structure of the
bi-level model
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Part 1. Selling energy to the customers (as an income term).
Part 2. Purchasing energy from the WM (as a cost term).
Part 3. The expected value of energy sold to the PL owner at off-peak/mid-peak

hours (as an income term).

Equation (4.13) is the linear load flow, and is fully explained in [30] (see
Appendix A). Equation (4.14) shows also the maximum price of the energy sold
to the PL owners. It should be noted that in the next section, firstly, the price of the
energy sold to customers calculates regardless of the EVs, so the maximum price of
the energy sold to the PL owners is equal to this amount. The Eq. (4.15) is the
maximum power purchased of the SDNO from the WM. This maximum limit is
equal to the total power for supplying the customers’ demand and charging of all
EVs. According to Eq. (4.16), the amount of line current due to the capacity and the
permissible thermal must be limited to its maximum value. Also, Eq. (4.17) limits
the voltage of each bus between the maximum and minimum values, i.e., 1.05 and
0.95 per unit (p.u.). The power balance limit, i.e., equivalence the total power

Wholesale Market (WM)

The SDN’s operator

Offered price for the energy 
sold/purchased to/from the PLs

Power exchanged 
between SDN and the 

PL owners

The PLs decisions Centre

The optimal charging or 
charging/discharging

schedule

Specification
of the EV owners

Price of energy Power purchased
from the WM

Fig. 4.3 Interaction with the SDNO and the PL owners in the bi-level model
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generated with the total power consumed, is shown in Eq. (4.18). The amount of loss
in Eq. (4.18) is equal to multiply the value of the electrical resistance between the
two lines and the squared of current between these lines, and is also linearized
in [30].

Equations (4.19), (4.20), (4.21), (4.22), (4.23), (4.24), (4.25), (4.26), and (4.27)
describe the lower-level. The cost minimization of the PL owners is the target of this
level. At this level, the PL owners provide the optimal SOE of each EV at exiting
time by charging the batteries of the EVs. The decision variables are the power
purchased from the SDNO for charging of the EVs, the SOE of each EV, and the
charging power of the EVs by the solar system. The objective function of this level is
defined in Eq. (4.19), which minimizes the cost of the purchasing energy from the
SDNO for EVs’ charging during the off-peak and mid-peak hours.

To optimize the power purchased from the SDNO, it is necessary to be created
proper scheduling for the charging power and charging time of the EVs. In fact, in
the interval time between the arrival/departure time from/to the PLs, at the low
energy prices, i.e. at the off-peak and mid-peak hours, the EVs should be charge so
that the EVs leaves the PLs with the desired SOE. The time interval, i.e. charging/
discharging time of the EVs and the customers’ demand, is 1 hour (Δt ¼ 1).
Therefore, in these equations, Δt is neglected. The SOE of each EV, based on
Eq. (4.20), should be less than its maximum value. Also, the total power purchased
from the SDN and the power generated of the solar system for the EVs charging,
according to Eq. (4.21) during the off-peak and mid-peak hours is limited to
maximum and minimum values. According to Eq. (4.22), the EVs must not charge
through the SDNO at the on-peak hours. Eq. (4.23) also shows that the EVs’
charging power with the solar system at the on-peak hours should be limited to
maximum and minimum values. Based on Eqs. (4.24) and (4.25), the SOE of each
EV at each hour time is depended on to the remained SOE of the EV from the
previous hour, the power purchased from the SDNO and the power generated by the
solar system, charging efficiency, and the initial SOE of each EV. Based on
Eq. (4.26), the SOE of the EVs reaches the desired SOE at the departure time.
Equation (4.27) also shows that the power required for charging of the EVs through
the solar system at each time is equal to the power generated of the solar system at
the same time. Dual variables for the equal and unequal constraints of the lower-level
problem are shown by λ. Figure 4.4 shows the proposed framework of this model.

MaximizeX24
t¼1

XNb

b¼2

PL
b,t � PrLt

� ��XNsb

sb¼1

PWh2G
sb,t � PrWh2G

t

� � !

þ
XNPL

PL¼1

XNEV

EV¼1

X24
t¼1
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PL,EV ,tmid=off�peak � PrG2PLtmid=off�peak

� � ð4:12Þ

Subject to:
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Liner power flow ð4:13Þ
0 < PrG2PLtmid=off�peak � PrG2PL, max

tmid=off�peak ð4:14Þ

Inputs:
1. Specifications of the solar s ystem as well as the EVs
including arrival time , depurate time , initial and desired SOE ,
charging rate and battery capacity.
2. Real char acteristics of the network such as the customers’
demand, ohmic and inductive resistance, and power factor.

Upper -Level: Operational Scheduling of the SDN

Objective function: Maximizing the profit of the SDNO

Variables: The pow er purchased from the WM , the proposed
energy sold price to the PL owners.

Limitations: Linear load f low, maximum and minimum the
power purchased from the WM, maximum and minimum of the
energy price, power balance, line capacity and bus voltage.

Lower-level: operation of the PLs

objective function:Minimizing the cost of the PLs

Variables: The power purchased from the SDNO for charging
of the EVs , charging power of the EVs with the solar system ,
the SOE of the EVs.

Limitations: SOE, charging rate.

Outputs:

1- The energy sold price to the PL owners.

2- Charging scheduling of the EVs.

3- The power sold to the PLs.

4- Operational scheduling of the SDN.

Fig. 4.4 The proposed bi-level model framework with controlled charging
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0 < PWh2G
t � PWh2G, max

t ð4:15Þ
0 � Ib,t,s � Imaxb,t ð4:16Þ

Vmin � Vb,t,s � Vmax ð4:17Þ

PWh2G
sb,t � ηTrans ¼ PL

b,t þ PLoss
t,s þ

X
EV

bPch�grid

PL,EV ,tmid=off�peak ð4:18Þ
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Subject to

SOEPL,EV ,t,s � SOEmax
EV 8PL, EV, t, s λ1PL,EV,t,s ð4:20Þ

0 � Pch�grid
PL,EV ,tmid=off�peak ,s

þ Pch�Solar
PL,EV ,tmid=off�peak ,s

� Pmax 8PL, EV, tmid=off�peak, s λ2PL,EV,tmid=off�peak ,s, λ
3
PL,EV,tmid=off�peak ,s ð4:21Þ

Pch�grid
PL,EV ,ton�peak ,s ¼ 0 8PL, EV, ton�peak, s ð4:22Þ

0 � Pch�Solar
PL,EV ,ton�peak ,s

� Pmax 8PL, EV, ton�peak , s λ4PL,EV,ton�peak ,s, λ
5
PL,EV,ton�peak ,s ð4:23Þ

SOEPL,EV,t,s ¼ SOEPL,EV,t‐1,s þ Pch�grid
PL,EV ,t,s þ Pch�Solar

PL,EV ,t,s

� �
� ηch 8PL, EV, t

� tarv, s λ6PL,EV,t�tarv,s ð4:24Þ

SOEPL,EV,t,s ¼ SOEarv
EV þ Pch�grid

PL,EV ,t,s þ Pch�Solar
PL,EV ,t,s

� �
� ηch 8PL, EV, tarv, s λ7PL,EV,tarv,s ð4:25Þ

SOEPL,EV ,t,s ¼ SOEdep
EV 8PL, EV, tdep, s λ8PL,EV,tdep,s ð4:26ÞX

EV

Pch�Solar
PL,EV ,t,s ¼ PSolar

PL,t,s 8PL, EV, t, s λ9PL,EV,t,s ð4:27Þ

4.4.2 Bi-Level Model with the Charging/Discharging
Schedule

The presented bi-level model with the charging/discharging schedule of the EVs is
described in Eqs. (4.28), (4.29), (4.30), (4.31), (4.32), (4.33), (4.34), (4.35), (4.36),
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(4.37), (4.38), (4.39), (4.40), (4.41), (4.42), (4.43), (4.44), and (4.45). In this case,
the SDNO at the on-peak hours uses the discharging power of the EVs as well as the
power generated of the solar system for supplying the customers’ demand. The goal
of the upper-level is to maximize the profit of SDNO. This level is defined by
Eqs. (4.28), (4.29), (4.30), (4.31), (4.32), (4.33), and (4.34). The objective function is
presented in Eq. (4.28). The decision variables of this level are the power purchased
from theWM, the energy purchased price from the PL owners. The energy sold price
to the PL owners is calculated from the previous part and is considered as a
parameter. The parts of this objective function are as follows:

Part 1. Selling energy to the customers (as an income term).
Part 2. Purchasing energy from the WM (as a cost term).
Part 3. The expected value of energy sold to the PL owners at off-peak/mid-peak

hours (as an income term).
Part 4. The expected value of purchasing energy from the PL owners at the on-peak

hours (as a cost term).
Part 5. The expected value of purchasing energy from the power generated of the

solar system at the on-peak hours (as a cost term).

Equations (4.29), (4.30), (4.31), (4.32), (4.33), and (4.34) are the constraints of
this level. Except Eq. (4.30), reminded equations are explained in Sect. 4.4.1.
Equation (4.30) shows the maximum price of the energy purchased from the PL
owners.

Equations (4.35), (4.36), (4.37), (4.38), (4.39), (4.40), (4.41), (4.42), (4.43),
(4.44), and (4.45) describe the lower-level. The aim of this level is to minimization
the cost of the PL owners. At this level, the PL owners provide the optimal SOE of
each EV at the departure time by charging/discharging schedule of the EVs. The
decision variables are the power exchanged between the SDNO and the PL owners,
the SOE of each EV, and the charging power of the EVs by the solar system. The
objective function of this level is described in Eq. (4.35). The parts of this objective
function are as follows:

1. Purchasing energy from the SDNO for EVs’ charging during the off-peak/mid-
peak hours.

2. Purchasing energy from the EV owners at the on-peak hours for selling to the
SDNO. In this case, it is supposed that half of this income is paid to the EV
owners to encourage them to attend the V2G program.

3. The cost of battery depreciation that is paid to the EV owners due to many times
discharging. This term is calculated by the exchanging power between each EV
and the PL owner [21].

The constraints of this level explain in Eqs. (4.36), (4.37), (4.38), (4.39), (4.40),
(4.41), (4.42), (4.43), (4.44), and (4.45). Based on the previous part, proper sched-
uling for the power and the time of the EVs charging/discharging is needed. In fact,
in the interval time between the arrival/departure time from/to the PLs, at the low
energy prices, i.e. the off-peak and mid-peak hours, the EVs should be charge and at
the high energy prices, i.e. the on-peak hours, the EVs should be discharge. Also, the
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EVs leaves the PLs with the desired SOE. The SOE of each EV, based on the
Eq. (4.36), should be between the minimum and maximum value. Equations (4.37)
and (4.38) are explained in the previous part. Equation (4.39) shows that the power
generated of the solar system for charging of the EVs not used at the on-peak hours.
In fact, at these hours, the discharging power of the EVs and the power generated of
the solar system are applied in order to supply the customers’ demand. The amount
of discharging power of the EVs for selling to the SDNO at the on-peak hours is also
limited between the maximum and minimum values, based on Eq. (4.40). According
to Eq. (4.41), the discharging power must be zero during the off-peak/mid-peak
hours. Equations (4.42), (4.43), (4.44), and (4.45) are also explained in the previous
part. λ are dual variables for the equal and unequal constraints of the lower-level
problem. Figure 4.5 shows the proposed framework for this model.
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Inputs:

1. Specifications of the solar system as well as the EVs
including arrival time, depurate time, initial and final SOE,
charging/discharging rate and battery capacity.

2. Real characteristics of the network such as the customers’
demand, ohmic and inductive resistance, and power factor.

Upper -Level: Operational Scheduling of the SDN
Objective function: Maximizing the profit of the SDNO

Variables: The power purchased from the WM, the proposed
energy purchased price from the PL owners.

Limitations: Linear load flow, maximum and minimum the
power purchased from the WM, maximum and minimum
energy price, power Balance, line capacity and bus voltage.

Lower-level: operation of the PLs

objective function: Minimizing the cost of the PLs

Variables: The power exchanged between the SDN and the PLs,
charging power of the EVs with the solar system, the SOE of
the EVs.

Limitations: SOE, charging/discharging rate.

Outputs:

1- The energy purchased price from the PL owners.

2- Charging/discharging scheduling of the EVs.

3- Power exchanged between the PLs and the SDN.

4- Operational scheduling of the SDN.

Fig. 4.5 The proposed bi-level model framework with charging/discharging schedule
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4.4.3 A Bi-Level Problem Solving Method

The KKT conditions and the dual theory are applied to solve the non-linear bi-level
model. The single-level steps and linearization of the bi-level model are as follows
[21, 31]:

1. The energy sold price to PL owners in the controlled charging model as well as
the energy purchased price from the PL owners in the charging/discharging
schedule model; those are as variables in the upper-level, are considered as
parameters in the lower-level. Therefore, the lower-level problem that is linear
and continuous is replaced by KKT conditions.

2. With the using of the KKT conditions, the problem is still non-linear due to the
multiplication of two variables. Therefore, by using the dual theory, the linear
expressions of these non-linear parts are calculated and replaced.

The linear single-level model, whose steps are described in Appendix B, are
expressed in Eqs. (4.46), (4.47), (4.48), (4.49), and (4.50) for controlled charging.
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Subject to:

4:13ð Þ to 4:18ð Þ ð4:47Þ
4:20ð Þ to 4:27ð Þ ð4:48Þ

4:I:11ð Þ to 4:I:13ð Þ ð4:49Þ
4:I:20ð Þ to 4:I:24ð Þ ð4:50Þ

Also, the charging/discharging schedule model is explained in Eqs. (4.51), (4.52),
(4.53), (4.54), and (4.55).
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4:29ð Þ to 4:34ð Þ ð4:52Þ
4:36ð Þ to 4:45ð Þ ð4:53Þ

4:II:12ð Þ to 4:II:15ð Þ ð4:54Þ
4:II:22ð Þ to 4:II:27ð Þ ð4:55Þ

4.4.4 Single-Level Model

In the single-level model, the SDNO also owns the PLs and the solar system;
therefore, it must satisfy the owner of each EV in accordance with the limitations
of the EVs. In fact, the constraints of the EVs that are described in the previous
sections should be considered as the constraints of the SDNO.

4.4.4.1 Single-Level Model with Controlled Charging

In this case, the SDNO provides the total customers’ demand and a part of the
charging power of the EVs, from the WM. Also, the other part of the power needed
for EVs’ charging is provided through the power generated of the solar system. The
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single-level model is defined in Eqs. (4.56), (4.57), (4.58), and (4.59). The objective
function of the model is similar to the bi-level model, except for the last part, where
the income from the selling energy to the EVs with the power generated of the solar
system. Moreover, the energy sold price to the EVs, in this case, is equal to the
energy sold price to the customer. The proposed framework of this model shows in
Fig. 4.6.
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Subject to:

Inputs:

1. Specifications of the solar system as well as the EVs
including arrival time, depurate time, initial and final SOE,
charging rate and battery capacity.

2. Real characteristics of the network such as the customers’
demand, ohmic and inductive resistance, and power factor.

Objective function: Maximizing the profit of the SDNO

Variables: The power purchased from the WM, the power sold
to the EVs.

Limitations: Linear load flow, maximum and minimum the
power purchased from the WM, power Balance, line capacity,
bus voltage, SOE, charging rate.

Outputs:

1- Charging scheduling of the EVs.

2- The power sold to the EVs.

3- Operational scheduling of the SDN.

Fig. 4.6 The proposed single-level model framework with controlled charging
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4:13ð Þ and 4:15ð Þ to 4:18ð Þ ð4:57Þ
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4.4.4.2 Single-Level Model with Charging/Discharging Schedule

In this case, the SDNO provides a part of the customers’ demand and a part of the
charging power of the EVs from the WM. Furthermore, a part of the customers’
demand during the on-peak hours is provided by the power purchased from the EV
owners, and the power generated by the solar system. A part of the charging power is
being provided during the off-peak/mid-peak hours by the power generated of the
solar system. The energy sold price to the EVs is equale to the energy sold price to
the customer. It is also assumed that the energy purchased price from the EVs is
equal to the minimum electricity price of the WM at the on-peak hours, i.e. 140
$/MWh. The objective functions of this model are similar to the bi-level model, with
two differences in the single-level model. The SDNO must pay the cost of depreci-
ation of the battery to the EVs owners. Also, the SDNO gains the income from the
selling energy to the EVs by the power generated of the solar system, so the single-
level model is defined by the Eqs. (4.60), (4.61), (4.62), and (4.63). Figure 4.7 shows
the proposed framework of the single-level model.
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4.4.5 Risk Management

Due to uncertainties of the EVs and the solar system in the proposed model, the
SDNO is faced to risk that a determined value is admissible. For controlling the risk
level, three strategies, i.e. risk-seeker, risk-neutral, and risk-averse are offered [32].

Inputs:

1. Specifications of the solar system as well as the EVs
including arrival time, depurate time, initial and final SOE,
charging rate and battery capacity.

2. Real characteristics of the network such as the customers’
demand, ohmic and inductive resistance, and power factor.

Objective function: Maximizing the profit of the SDNO

Variables: The power purchased from the WM, the power
exchanged between the SDN and the EVs.

Limitations: Linear load flow, maximum and minimum the
power purchased from the WM, power Balance, line capacity,
bus voltage, SOE, charging/discharging rate.

Outputs:

1- Charging/discharging scheduling of the EVs.

2- The power purchased/sold from/to the EVs.

3- Operational scheduling of the SDN.

Fig. 4.7 The proposed single-level model framework with charging/discharging schedule
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1. By ignoring uncertainties, the SDNO has faced no risk. The model in this
situation is solved with one scenario, i.e. s ¼ 1.

2. By taking the several scenarios into account for uncertainties, i.e. Risk-neutral
model, the optimal response is achieved by the expected value of scenarios.

3. If with considering scenarios, a term for controlling the risk of profit is added, the
risk-averse model will be obtained. In this model, a non-suitable condition, e.g., a
high probability of low profit is eliminated. Value-at-Risk (VaR) and Conditional
Value-at-Risk (CVaR), are the most important of risk measures. In this chapter,
CVaR is considered for risk measures because of the linear formulation. The
CVaR at α confidence level is equal to the expected profit of the (1 � α) 100%
scenarios with the worst value of profit. The confidence level of CVaR is set close
to 1, so in this chapter is 0.95. The CVaR is explained by Eqs. (4.64), (4.65), and
(4.66) [29]:

Bs ¼ ζ � 1
1� α

XNs

s¼1

ρsηs ð4:64Þ

�Bs þ ζ � ηs � 0 ð4:65Þ
ηs � 0 ð4:66Þ

The risk-based models with CVaR index are introduced as follows.

4.4.5.1 Risk-Based Bi-Level Model

The risk-based bi-level model with CVaR index, for controlled charging model is
defined in Eqs. (4.67), (4.68), (4.69), and (4.70).

Maximize

1� βð Þ � OF1 þ
XNS

s¼1

ρs � OF2

 !
þ β � ζ � 1

1� α

XNs

s¼1

ρsηs

 !
ð4:67Þ

Subject to:

4:47ð Þ to 4:50ð Þ ð4:68Þ
ηs � 0 ð4:69Þ

ζ � ηs � OF1 þ OF2ð Þ � 0 ð4:70Þ

Also, Eqs. (4.71), (4.72), (4.73), and (4.74) explain the risk-based bi-level model
in charging/discharging schedule.
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Maximize

OF3 þ
XNS

s¼1

ρs � OF4 þ β � ζ � 1
1� α

XNs

s¼1

ρsηs

 !
ð4:71Þ

Subject to:

4:52ð Þ to 4:55ð Þ ð4:72Þ
ηs � 0 ð4:73Þ

ζ � ηs � OF3 þ OF4ð Þ � 0 ð4:74Þ

4.4.5.2 Risk-Based Single-Level Model

The risk-based single-level model with CVaR index, for controlled charging model
is described in Eqs. (4.75), (4.76), (4.77), and (4.78).

Maximize

1� βð Þ � OF1 þ
XNS

s¼1

ρs � OF5

 !
þ β � ζ � 1

1� α

XNs

s¼1

ρsηs

 !
ð4:75Þ

Subject to:

4:57ð Þ to 4:59ð Þ ð4:76Þ
ηs � 0 ð4:77Þ

ζ � ηs � OF1 þ OF5ð Þ � 0 ð4:78Þ

Also, Eqs. (4.79), (4.80), (4.81), and (4.82) explain the risk-based bi-level model
in charging/discharging schedule.

Maximize

1� βð Þ � OF1 þ
XNS

s¼1

ρs � OF6

 !
þ β � ζ � 1

1� α

XNs

s¼1

ρsηs

 !
ð4:79Þ

Subject to:

4:61ð Þ to 4:63ð Þ ð4:80Þ
ηs � 0 ð4:81Þ

ζ � ηs � OF1 þ OF6ð Þ � 0 ð4:82Þ
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4.4.6 The Problem Solving Process

For solving the models, a flowchart based on stochastic programming is suggested,
and is shown in Fig. 4.8. Forasmuch as the models are mixed-integer linear pro-
gramming (MILP) problems, the simulation is performed through CPLEX solver of
GAMS. By using the Kantorovich distance approach, the scenarios for modeling of
uncertainty are decreased to 8. The simulation is carried out in a laptop with Corei7
up to 3.5 GHz CPU, 12 GB RAM (DDR4), and 4 MB Cash.

4.5 Simulation Results

In the following, based on the proposed models, the simulations are carried out on an
IEEE 33-bus distribution system. At first, the maximum profit of the SDNO is
calculated without the EV. In this program, the price of the energy sold to the
customer is also obtained. Additionally, the customers’ demand and the power
purchased from the WM are investigated. Then, considering the EVs and controlled
charging and charging/discharging schedule with and without the solar system, in
the single-level model and the bi-level model, different parts of the objective
functions such as charging/discharging power of the EVs are evaluated over a
24-hours. The price of the energy sold to the PL owner (controlled charging
mode), and the price of the energy purchased from the PL owner (charging/

Evs specification with  truncated 
Gaussian distribution PDF

The output power of the 
solar system with Beta PDF

Uncertainty 

Operational scheduling of the SDN and the PLs

Computing energy needed for each EV based on 
initial and desired SOE.

R and X of line, customers’ 
demand, etc. of the SDN

Fig. 4.8 The stochastic programming framework for optimal operation of the SDN
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discharging schedule) are calculated by solving the bi-level problem. The risk level
is more accurately investigated. Finally, the sensitivity analysis is performed by
changing some parameters such as the number of the EVs, the EVs’ battery capacity,
the rated power of the solar system and the PL sitting.

4.5.1 Input Data

For proving the effectiveness of the models, the presented models are tested on an
IEEE 33-bus distribution system, i.e. Figure 4.9 that the specification is obtained
from [33]. The power factor of the customers’ demand is 0.95 lagging. Also, there is
a PL with a capacity of up to 500 EVs is installed on bus 20. The PL has a solar
system that the requirements’ data are given in Table 4.1 [34]. Figure 4.10 is shown
the solar irradiation [35]. The data for modeling the EVs’ uncertainty is presented in
Table 4.2 [21]. Accordingly, the number of the EVs entering the PL as well as the
number of the EVs departing from the PL are shown in Tables 4.3 and 4.4. It should
be noted that between 10:00 and 18:00, the number of the EVs in the PL is fixed
i.e. 500 EVs. In addition, Fig. 4.11 is illustrated the initial SOE of the EVs in
scenario 1. The desired SOE at the departure time is considered 90% of battery
capacity [21]. The minimum and maximum values of SOE are set to 15% and 90%
battery capacity, respectively. The charging/discharging efficiency, EVs’ battery
capacity, and the maximum charging/discharging rate are 90%, 95%, 50 kWh and
10 kWh, respectively. The price of the battery depreciation of the EVs is 30 $/MWh
[21]. Moreover, Fig. 4.12 shows the electricity price of WM. Hours (1:00–8:00),
(23:00–24:00) and (9:00–12:00), (19:00–22:00) and (13,00–18:00) are the off-peak,
mid-peak and on-peak hours, respectively [33]. The price of energy sold to cus-
tomers’ demand is 80,120 and 240 at the off-peak, mid-peak and on-peak hours,
respectively.

4.5.2 The System Without the EVs and the Solar System

Initially, the model is solved for a situation in which the EVs do not exist, in order to
determine the maximum profit of the SDNO along with the optimal price of the
energy sold to the customer. In addition in this section, the customers’ demand and
the power purchased from the WM are calculated.

1. The maximum profit of the SDNO
Table 4.5 shows the maximum profit of SDNO in the absence of the EVs. The

solution time of each program is also given in Table 4.5.
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Fig. 4.9 The IEEE 33-bus distribution system

Table 4.1 The parameters of the solar system

Parameters Value Parameters Value

Open circuit voltage (V) 21 Voltage temperature coefficient (V/c) 0.088

Short circuit current (A) 3.4 Current temperature coefficient (A/c) 0.0015

Voltage at maximum power (v) 17.4 Normal operating temperature (c) 34

Current at maximum power (v) 3.05 Ambient temperature (c) 25

Cell number 2000 Rated power (kW) 400
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Fig. 4.10 The solar irradiance (kW/m2)
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2. Customers’ demand
Figure 4.13 shows customers’ demand. Table 4.6 shows the customers’

demand at different time intervals. It is noted that the benefit of the SDNO
from the energy sold to the customer is 24256.64 $.

Table 4.2 The required data for modeling of initial SOE, arrival/departure time of EVs

Mean Standard deviation Minimum Maximum

Initial SOE (%) 50 25 30 60

Arrival hours (h) 8 3 7 10

Departure hours (h) 20 3 19 24

Table 4.3 The number of
entered the EVs to PL from
7:00 to 11:00

Time (h) S1 S2 S3 S4 S5 S6 S7 S8

7 262 234 262 258 268 244 237 251

8 57 65 54 68 58 76 70 80

9 66 71 52 51 61 54 67 53

10 115 130 132 123 113 126 126 116

Table 4.4 The number of
departed the EVs from PL
from 19:00 to 24:00

Time (h) S1 S2 S3 S4 S5 S6 S7 S8

19 235 233 268 245 243 255 259 233

20 67 66 80 62 66 71 60 72

21 73 63 50 54 68 49 56 59

22 49 54 31 52 45 42 50 59

23 33 34 30 27 34 38 35 30

24 43 50 41 60 44 45 40 47
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Fig. 4.11 The SOE of 500 EVs in scenario 1
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3. Power purchased from the WM
The power purchased from the WM, i.e. the sum of the customers’ demand

and network losses and also its cost are shown in Table 4.7. Moreover, the SDN
loss is 7.415 MWh.
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Fig. 4.12 The energy price of the WM

Table 4.5 The maximum
profit of the SDNO

Profit of the SDNO ($) Solution time (s)

5929.33 0.39
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Fig. 4.13 The customers’ demand in two models
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4.5.3 The System with the EVs (Controlled Charging)
With/Without the Solar System

In this section, the model is solved for a situation that the EVs are only charged
i.e. controlled charging mode. The model is investigated in two parts: single-level
and bi-level. Also, in each part, the effect of the solar system is evaluated. In the
single-level model forasmuch as the SDNO is the owner of the PL and the solar
system, the price of the energy sold to the EV owners is equal to the price of the
energy sold to the customers. However, in the bi-level model, the price of the energy
sold to the PL owner is calculated by solving the model. The charging power of the
EVs and the power purchased from the WM are also examined in both models. It
should be noted that the customers’ demand, in this case, is the same as Fig. 4.13.

1. The maximum profit of SDNO
Table 4.8 shows the maximum profit of the SDNO in the single-level and bi-level
models with/without the solar system. The single-level model has more profit
than the bi-level model. According to Tables 4.9 and 4.10, the main reason can be
considered by the price of the energy sold to the EV owners and the PL owner. In
the single-level model, this price is equal to the price of the energy sold to the
customer; however, in the bi-level model, this price, due to the interaction
between the two decision-makers, i.e. the SDNO and the PL owner, is lower
than the price of the energy sold to the customer. The second reason is the revenue
by the energy sold to the EV owners by the power generated of the solar system
(in the single-level model, SDNO owns the solar system). The solution times are
also presented in Table 4.8. With the presence of the EVs and the solar system,
the solution time raise. Of course, in the bi-level model, due to the complexity of
the problem, this time will be greatly increased.

2. Charging power of the EVs
Due to the controlled charging of the EVs, at the off-peak and mid-peak hours, the
EVs are charged. The maximum charging rate of the EVs is 10 kWh. Forasmuch
as at some hours, there are 500 EVs in the PL, the maximum power that can be
imposed on the system for charging of the EVs can be up to 5 MWh. In this
regard, the charging power of the EVs by the SDNO and the solar system as well

Table 4.6 The customers’ demand at the interval time (MWh)

Totald demand Off-peak hours Mid-peak hours On-peak hours

173.139 61.646 61.946 49.547

Table 4.7 The energy purchased from the wholesale and its cost without the EVs

The energy purchased (MWh) The cost of the energy purchased ($)

180.554 18327.31
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as the benefit of its, in both models in different programs are presented in
Tables 4.11 and 4.12. According to these tables, the EVs’ charging power in
each program is equal because of the condition of each EV, such as arrival time,
departure time and the initial and desired SOE is the same. The price of the energy
sold to the EVs, the price of the energy purchased from the WM, as well as the
number of the EVs in the PL, are the main factors in the charging power of
the EVs.

Table 4.8 The maximum profit of the SDNO and solution time in all programs

Program Profit of the SDNO ($) Solution time (s)

1. Single-level model without the solar system 6430.646 22.859

2. Single-level model with the solar system 6600.369 44.766

3. Bi-level model without the solar system 6164.578 72.359

4. Bi-level model with the solar system 6225.330 288.266

Table 4.9 The selling energy
price to the EV owners in the
single-level model ($/MWh)

Hour Energy price

7:00–8:00 80

9:00–12:00 and 19:00–22:00 120

23:00–24:00 80

Table 4.10 The selling
energy price to the PL owner
in the bi-level model ($/MWh)

Hour

Energy price

With solar Without solar

7:00–8:00 71.6 72.2

9:00–12:00 and 19:00–22:00 114 118

23:00–24:00 71.6 72.2

Table 4.11 The power charged of the EVs in both models (MW)

Program
Total charging power
of the EVs

Charging power of the EVs
by the SDNO

Charging power of the EVs by
the solar system

1 11.903 11.903 –

2 11.903 8.960 2.943

3 11.903 11.903 –

4 11.903 8.960 2.943

Table 4.12 The revenue of
the energy sold to the EV
owners or the PL owner ($)

Program EV owners or PL owner

1 1383.34

2 1059.51

3 1123.16

4 937.547
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Also, Figs. 4.14 and 4.15 illustrate the total charging power of the EVs through
the SDNO. Based on Fig. 4.14 in the single-level model, at the 7:00 and 8:00, the
difference between the price of the energy purchased from the WM and the
energy sold to EVs owner is low; therefore, at these times, the SDNO purchases
less energy for charging of the EVs. However, at 9:00, 10:00, and 22:00, because
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Fig. 4.14 The charging power of all EVs by the SDNO in the single-level model
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of the higher difference between the two prices, the SDNO purchases high
energy. Furthermore, in the bi-level model according to Fig. 4.15, the PL owner’s
decision is also effective, so SDNO purchases more energy for charging of the
EVs at the 7:00 and 8:00 that the price of energy is low. In this situation, the
SDNO gains more profit by the cheaper electricity price of the WM. Therefore,
the purchasing behavior of the SDNO from the WM for charging of the EVs in
this model is slightly different from the single-level model.

It is noted that the EVs will not be charged by the SDNO from 13:00 to 18:00
due to the on-peak hours. Additionally, at the 12:00 and 19:00, due to the
difference between these two prices (purchasing from the WM and selling to
the EV owners or the PL owner) is zero or negative and because of charging of the
EVs by the solar system during the on-peak hours, no energy for charging of the
EVs is purchased. Of course, in the system without the solar system, due to many
EVs leave the PL at 19:00, and in accordance with the constraints, especially the
EV owner’s satisfaction (desired SOE), the energy is also purchased at 12:00 and
19:00. The power for charging of the EVs that is provided by the solar system is
shown in Fig. 4.16.

3. Power purchased from the WM
The power purchased from the WM with regard to the customers’ demand,
network losses, the power generated of the solar system and charging power of
the EVs, along with its cost, are shown in Table 4.13. Figure 4.17 shows a
comparison between the power purchased from the WM in the single-level and
bi-level models. According to Fig. 4.17, until the arrival of the EVs, the purchas-
ing power from the WM is the same. From 7:00, with the arrival of the EVs, this
power will increase and will continue until 11:00. In these hours, purchasing the
power from theWM in the single-level and bi-level models is slightly different. In
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Fig. 4.16 The charging power of all EVs by the solar system in both models
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fact, in the single-level model, when the price of selling energy to the EVs is high,
the SDNO purchases more power. However, in the bi-level model, the SDNO
purchases more power when the electricity price of the WM is low, i.e. at the
off-peak hours. At 13:00 to 18:00 due to the on-peak hours, the EVs are not
charged through the SDNO. Therefore, at this time, the purchasing power from
the WM is the same. From 19:00, due to the charging of some EVs, the power
purchased will increase again. Furthermore, with the solar system, at 12:00 and
19:00 in two models (red and green line), no power is purchased from the WM.

4. Evaluation of risk level
To investigate the risk level, the system with the solar system is considered in the
single-level and bi-level model. The revenue and cost of the SDNO are presented
in separate sections in each of the three models of risk in Table 4.14. According to
this table, the SDNO, taking into account the risk, gains less profit from the power
sold to the EV owners or the PL owner. Also, Fig. 4.18 illustrates the maximum
profit of the SDNO by changing the risk aversion parameter, i.e. β. Increasing this
amount leads to a reduction in the profit of the SDNO.

Table 4.13 The energy purchased from the WM as well as its cost

Program The energy purchased (MWh) The cost of the energy purchased ($)

1 192.938 19209.334

2 191.767 19059.966

3 192.870 19113.120

4 191.714 18968.856
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5. Sensitivity analysis
Finally, for investigation the affecting factors on the maximum profit of the
SDNO in the risk-neutral model, sensitivity analysis is carried out according to
Table 4.15 by changing some parameters such as the number of the EVs, the EVs’
battery capacity and the rated power of the solar system in 6 modes for the single-
level and bi-level model with the solar system. Based on Table 4.15, increasing
the EVs’ battery capacity, the number of the EVs as well as the rated power of the
solar system will bring more profit to the SDNO due to increasing the energy sold
to the EVs.

Additionally, for evaluating the effect of the PL sitting on the maximum profit
of the SDNO, Table 4.16 is presented. In this regard, three buses are randomly

Table 4.14 The revenue and cost of the SDNO in the three models of risk ($)

Income Model
Bi-level
model

Single-level
model

Energy sold to the customer Risk-
seeker

24256.64 24256.64

Risk-
neutral

24256.64 24256.64

Risk-
averse

24256.64 24256.64

Energy sold to the EV owners by the solar system Risk-
seeker

– 344.185

Risk-
neutral

– 344.185

Risk-
averse

– 344.185

Energy sold to the EV owners or the PL owner by
the SDNO

Risk-
seeker

1040.057 1063.127

Risk-
neutral

937.547 1059.510

Risk-
averse

893.792 1048.646

Cost

Energy purchased from the WM Risk-
seeker

18824.068 18951.786

Risk-
neutral

18968.856 19059.966

Risk-
averse

18967.328 19067.241

Profit

Profit Risk-
seeker

6472.630 6712.166

Risk-
neutral

6225.330 6600.368

Risk-
averse

6183.103 6547.916
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selected considering the situation of first and sixth sensitivity analysis. With the
changing of the PL sitting, the difference between maximum profit occurs in the
single-level model and bi-level model.

4.5.4 The System with the EVs (Charging/Discharging) With/
Without the Solar System

In this section, the model is solved in the presence of the EVs with charging/
discharging schedule as well as single-level and bi-level models. In the single-
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Fig. 4.18 The effect of risk aversion parameter on the maximum profit of the SDNO in both
models

Table 4.15 Sensitivity analysis of the affecting factors on the maximum profit of the SDNO

No EVs no.
Battery
capacity (kWh)

Rated power of the
solar system (kW)

Maximum profit

Single-level
model

Bi-level
model

1 500 50 400 6600.369 6225.330

2 500 24 400 6326.914 6185.083

3 500 50 500 6630.211 6367.970

4 1000 50 400 7114.364 6589.192

5 1000 24 400 6639.413 6373.397

6 1000 50 500 7150.733 6629.801
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level model, the SDNO is the owner of the PL, so the price of the energy sold to the
EV owners is equal to the price of the energy sold to the customers (see Table 4.9).
Also, the maximum limit of the price of the energy purchased from the EV owners is
140 $/MWh, i.e. the minimum electricity price of the WM. In the bi-level model, the
price of the energy sold to the PL owner is the same as Table 4.10. The price of the
energy purchased from the PL owner (in the bi-level model) is calculated by solving
the problem. The maximum profit of SDNO, the charging/discharging power of the
EVs and the power purchased from the WM are examined in both models. It should
be noted that the customers’ demand is the same as Fig. 4.13.

1. The maximum profit of SDNO
Table 4.17 shows the maximum profit of the SDNO in the single-level and
bi-level models. In the single-level model, the SDNO gains more profit than the
bi-level model. The reason can be seen in several factors. In the single-level
model because of the power generated of the solar system, the SDNO purchases
less power from the WM at the on-peak hours. Another reason is the price of the
energy sold to the EV owners. In the single-level model, this price is equal to the
price of the energy sold to the customer; however, in the bi-level model, this price
is lower than the price of the energy sold to the customer. Moreover, in the
bi-level model, the owner of the PL due to the minimization of cost purchases less
power from the SDNO and therefore, has less power for selling to the SDNO
during the on-peak hours. According to Table 4.18, the price of the energy
purchased from the PL owner in the bi-level model is also lower than the
single-level model. In addition, the solution times are presented in Table 4.17.
With the presence of the EVs on the system, the solution time raise. Of course, in
the bi-level model, due to the complexity of the problem, this time will be greatly
increased.

Table 4.16 Evaluation of the effect of the PL sitting on the maximum profit of the SDNO

Sensitivity analysis No. The bus of the PL

Maximum profit

Single-level model Bi-level model

1 20 6600.369 6225.330

1 4 6586.420 6315.722

1 24 6565.793 6316.835

6 20 7150.733 6629.801

6 4 7110.169 6606.545

6 24 6943.132 6429.363

Table 4.17 The maximum profit of the SDNO and solution time in all programs

Program Profit of the SDNO ($) Solution time (s)

1. Single-level model without the solar system 6721.098 27.469

2. Single-level model with the solar system 6961.287 78.984

3. Bi-level model without the solar system 6645.461 243.67

4. Bi-level model with the solar system 6684.246 574.56
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2. Charging/discharging power of the EVs
Due to the charging/discharging schedule of the EVs, during the off-peak and
mid-peak hours, the EVs are charged and at the on-peak hours are discharged. As
previously mentioned, the maximum power that can be imposed on the SDN for
charging of the EVs can be up to 5 MWh. The same amount of power during the
on-peak hours is available due to discharging power of the EVs. In this regard, the
charging/discharging power of the EVs, as well as its cost and benefit are
presented in Tables 4.19, 4.20, 4.21, and 4.22. The power generated of the
solar system is also used for charging the EVs and supplying the customers’
demand. According to these tables, In the bi-level model, the aim of PL owner is
influenced in the charging/discharging power, and therefore, less power is
exchanged between the SDNO and the PL.

The Figs. 4.19 and 4.20 show the total charging/discharging power of the EVs
through the SDNO in the single-level model. According to these figures, the
charging/discharging schedule is properly done. At the off-peak and mid-peak
hours, the EVs are charged and at the on-peak hours, the EVs are discharged.
Since the discharging of the EVs occur at the on-peak hours, firstly, the EVs are
fully charged, then they are discharged, and finally are again charged to achieve
the desired SOE in the departure time. In accordance with Fig. 4.19, at 9:00 and
10:00 since the difference between the electricity price of theWM and the price of
the energy sold to the EVs are high, so at these times, the SDNO sells more
power. Also at the on-peak hours, the EVs do not charge. At 19:00, unlike the
controlled charging mode, since most of the EVs participate in the discharging
schedule and according to Table 4.4, about 50% of the EVs leave the PL, more
power is sold for meeting the desired SOE. After that, considering the existing
EVs, less power is sold for charging of the EVs.

Table 4.18 The price of the energy purchased from the EV owners and the PL owner ($/MWh)

Hour EV owners (single-level model) PL owner (bi-level model)

13:00–18:00 140 133

Table 4.19 The power charged of the EVs in the single-level model (MW)

Program
Total charging power
of the EVs

Charging power of the EVs
by the SDNO

Charging power of the EVs by
the solar system

1 21.199 21.199 –

2 20.610 19.131 1.479

3 20.139 20.139 –

4 18.174 16.658 1.516

Table 4.20 The discharging
power of the EVs in the
single-level model (MW)

Program Total discharging power of the EVs

1 7.948

2 7.444

3 7.001

4 6.505
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The discharging of the EVs occurs at the on-peak hours according to Fig. 4.20.
Based on this figure, at 13:00, EVs do not discharge because at this time the
discharging energy price is the same as the electricity price of the WM. In fact, the
SDNO purchases the power discharged when the electricity price of the WM is
very high, i.e. 17:00 and 16:00. At these times, the electricity price of the WM is
200 and 195 $/MWh, respectively.

Also, Fig. 4.21 shows the sharing of power generated by the solar system for
charging of the EVs and feeding the customer in the single-level model. Based on
Fig. 4.21, during the on-peak hours, the SDNO uses most of this power for
feeding the customer due to the high electricity price of the WM.

Figure 4.22 shows the charging power of the EVs in the bi-level model.
Because of the aim of the PL owner, i.e. cost of minimization, the PL owner

Table 4.21 The revenue of
the energy sold to the EV
owners and the PL owner for
charging of the EVs ($)

Program EV owners or PL owner

1 2444.292

2 2233.900

3 1927.175

4 1826.865

Table 4.22 The cost of the
energy purchased from the EV
owners and the PL owner ($)

Program EV owners or PL owner

1 1112.806

2 1042.281

3 931.012

4 865.213
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Fig. 4.19 The charging power of the all EVs by the SDNO in the single-level model
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purchases more power from the SDNO when the electricity price of the WM is
low, i.e. at 7:00 and 8:00. Figure 4.23, also shows the discharging power of the
EVs in the bi-level model that is the same as the single-level model. Also,
Fig. 4.24 shows the sharing of power generated by the solar system for charging
of the EVs and feeding the customer in the bi-level model.

0

0.5

1

1.5

2

2.5

3

3.5

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

)
W

M(s
VE

ehtfore
wop

gnigrahcsi
D

Time (h)

Single-level model without the solar System
Single-level model with the solar System

Fig. 4.20 The discharging power of the all EVs in the single-level model
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3. Power purchased from the WM (Table 4.23)
Table 4.25 shows the power purchased from the WM and its cost. Also, Figs. 4.24
shows a comparison between the power purchased from the WM in the single-
level and bi-level models. Until the arrival of the EVs, i.e. 7:00, the power
purchased from the WM is the same. Of course, this amount is slightly higher
than the customers’ demand due to network losses. From 7:00, with the arrival of
the EVs, this power will increase and will continue until 11:00. In these hours,
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Fig. 4.22 The charging power of the all EVs by the SDNO in the bi-level model
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Fig. 4.23 The discharging power of the all EVs in the bi-level model
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purchasing the power from the WM in the single-level and bi-level models is
slightly different. From 13:00 to 18:00, discharging power of the EVs or power
generated of the solar system are used for meeting the customers’ demand. For
this reason, at these hours, the purchasing power from the WM is reduced, so that
the lowest power purchased from the WM is at 17:00. From 19:00, due to the
departure of 50% of the EVs from the PL and the satisfaction of the desired SOE,
this power is increased. The power purchased from the WM after 19:00 is
continued due to fewer numbers of the EVs in the PL and the customers’ demand
(Fig. 4.25).

4. Evaluation of risk level
In order to investigate the risk level, the system with the solar system is consid-
ered in the single-level and bi-level model. The revenue and cost of the SDNO are
presented in separate sections in each of the three models of risk in Table 4.24. In
the risk-seeker model, the SDNO purchases more power for EVs’ charging in
order to get more profit, but in the risk-averse model, purchase less power for
EVs’ charging. Also, in the risk-seeker model, the SDNO by using discharging
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Fig. 4.24 Sharing of power generated by the solar system for charging of the EVs and feeding of
the customer in the bi-level model

Table 4.23 The energy purchased from the WM as well as its cost

Program The energy purchased (MWh) The cost of the energy purchased ($)

1 194.572 18628.570

2 193.409 18435.302

3 194.503 18607.342

4 193.356 18344.192
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power to meeting the customers’ demand at the on-peak hours, purchase less
power from the WM. For this reason, in this model, the power purchased’s cost of
the EVs is the highest. So, in the risk-seeker model, the SDNO gains the most
profit. Furthermore, Fig. 4.26 illustrates the maximum profit of the SDNO by
changing the risk aversion parameter, i.e. β. Increasing this amount leads to a
reduction in the profit of SDNO.

5. Sensitivity analysis
Finally, for investigation the affecting factors on the maximum profit of the
SDNO in the risk-neutral model, sensitivity analysis is carried out by changing
some parameters such as the number of the EVs, the EVs’ battery capacity and
rated power of the solar system in 6 modes for both models, i.e. single-level and
bi-level model with the solar system according to Table 4.25. Based on
Table 4.15, increasing the EVs’ battery capacity, number of the EVs as well as
the rated power of the solar system will bring more profit to the SDNO due to
increasing the energy sold to the EVs.

Also, for evaluating the effect of the PL sitting on the maximum profit of the
SDNO, Table 4.26 is presented. In this regard, three buses are randomly selected
considering the situation of first and sixth sensitivity analysis. With the changing
of the PL sitting, the difference between maximum profit occurs in the single-
level model and bi-level model.
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4.6 Conclusions

With modeling the EVs and the solar system and considering the private owner for
the PLs (with two programs, i.e. controlled charging mode and smart charging/
discharging mode), a new non-linear bi-level model was suggested for the opera-
tional scheduling of the SDN. The profit maximization of the SDNO and minimizing
the cost of the PLs owner were the objective functions of each level. By using of
KKT condition and the dual theory as well as the Fortuny-Amat and McCarl
linearization method, the non-linear bi-level model was converted to single-level
and linear models. Further, by supposing that the SDNO is the owner of the PLs, the
single-level model was also proposed with the goal of profit maximization of the
SDNO. Also, due to the uncertainties, three different strategies for risk management
were introduced to evaluate the effect of the risk on the operational scheduling of the

Table 4.24 The revenue and cost of the SDNO in the three models of risk ($)

Model Bi-level model Single-level model

Income

Energy sold to customer Risk-seeker 24256.64 24256.640

Risk-neutral 24256.64 24256.640

Risk-averse 24256.64 24256.640

Energy sold to the EV owners
by the solar system

Risk-seeker – 149.803

Risk-neutral – 171.676

Risk-averse – 282.169

Energy sold to the EV owners or
the PL owner by the SDNO

Risk-seeker 1906.865 2300.071

Risk-neutral 1826.865 2233.900

Risk-averse 1807.415 2223.475

Cost

Energy purchased from the WM Risk-seeker 18154.402 18191.885

Risk-neutral 18344.192 18435.302

Risk-averse 18326.522 18431.262

Battery depreciation Risk-seeker – 243.123

Risk-neutral – 223.345

Risk-averse – 249.266

Energy purchased from the EV
owners or the PL owner
(discharging power)

Risk-seeker 955.103 1134.576

Risk-neutral 865.213 1042.280

Risk-averse 936.124 1163.243

Energy purchased from the PL owner
(power generated of the solar system)

Risk-seeker 215.413 –

Risk-neutral 189.853 –

Risk-averse 170.093 –

Profit

Profit Risk-seeker 6838.587 7136.930

Risk-neutral 6684.246 6961.287

Risk-averse 6631.316 6894.798
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Table 4.25 Sensitivity analysis of the affecting factors on the maximum profit of the SDNO

No EVs no.
Battery
capacity (kWh)

Rated power of the
solar system (kW)

Maximum profit

Single-level
model

Bi-level
model

1 500 50 400 6961.287 6684.246

2 500 24 400 6564.702 6303.117

3 500 50 500 7016.687 6751.966

4 1000 50 400 7662.344 7440.848

5 1000 24 400 6961.061 6693.670

6 1000 50 500 7721.598 7490.227

Table 4.26 Evaluation of the effect of the PL sitting on the maximum profit of the SDNO

Sensitivity analysis No. The bus of the PL

Maximum profit

Single-level model Bi-level model

1 20 6961.287 6684.246

1 4 6999.619 6707.128

1 24 6943.316 6645.155

6 20 7721.598 7490.227

6 4 7813.149 7549.778

6 24 7237.194 7150.823
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SDN. By introducing a Conditional Value-at-Risk (CVaR) index, the risk-based
model was defined.

After presenting these models, the simulations on the IEEE 33-bus distribution
system were tested over a 24-hours for proving the effectiveness of the model. The
maximum profit of the SDNO, the customers’ demand, charging/discharging power
of the EVs and the power purchased from the WM were evaluated in each mode.
Also, for investigation of risk level, the amount of revenue and cost of the SDNO in
three models of risk were presented. Finally, the sensitivity analysis was performed
by changing some parameters. The main results were achieved from the case studies
as follows:

1. The maximum profit of the SDNO in the single-level model was higher than the
bi-level model. The reason in controlled charging and charging/discharging
schedule can be seen in several factors:

• The higher price of the energy sold to the EV owners in the single-level model
(in both section)

• More revenue from the energy sold to the EV owners during the off-peak/mid-
peak hours due to power generated of the solar system in the single-level
model (in both section)

• More revenue from the less power purchased from the WM during the on-peak
hours due to power generated of solar in the single-level model (in the
charging/discharging schedule)

• Less revenue from the energy sold to the PL owner in the bi-level model due to
minimizing the cost (in the charging/discharging schedule)

2. The charging schedule and even charging/discharging schedule of the EVs were
correctly done. So that the EVs’ charging happened during the off-peak/mid-peak
hours. Moreover, the EVs’ discharging occurred during the on-peak hours. Of
course, during the off-peak/mid-peak hours when the difference between the
electricity price of the WM and the energy sold to the EV owners or the PL
owner was negative or zero, discharging did not happen. Also, during the on-peak
hours, the electricity price of the WM and the purchasing energy price from the
EV owners or the PL owner were the main reason for the decision of the SDNO
for purchasing energy. Therefore, most of the energy purchased from the EV
owners or the PL owner was performed at 16:00 or 17:00. At this time, the energy
purchased from the WM was the highest value.

3. By increasing the level of risk, the SDNO was more conservative done the
charging/discharging schedule, so the SDNO was obtained the lowest profit in
the risk-averse model. In fact, in the risk-averse model, since the EVs were less
involved in charging/discharging schedule, the SDNO more power was pur-
chased from the WM, and less profit was achieved.

4. Increasing the EV’s battery capacity and increasing the number of EVs as well as
the rated power of the solar system was brought more profit to the SDNO. Also,
with the changing of sitting of PL, in some cases, there was a difference between
the profit of the SDNO.
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5. The results of the single-level and bi-level models were proved the effectiveness
of these models. For solving the bi-level model, the dual theory, the KKT
conditions, and the Fortuny-Amat and McCarl methods were applied. So, the
non-linear bi-level model was transformed into a single-level and linear model
that can be easily solved by the optimization solver.

Appendix A: Linear Power Flow

In this chapter, a linear power flow is used based on [20, 30]. This power flow is used
only in radial distribution networks. For this purpose, a term is considered as a block
to avoid nonlinearities. Note that the EVs in the PLs act as a source at the on-peak
hours and as a load at the off-peak or mid-peak hours. The active and reactive power
balance in this power flow is shown in Eqs. (4.A.1) and (4.A.2). Of course in the
single-level model, instead of the expected value of the charging/discharging power
and the output power of the solar system in Eq. (4.A.1), their scenario values are
replaced.

PWh2G
sb,t � ηTrans þ bPSolar

PL,t þ
X
EV

bPdch

PL,EV ,t �
X
EV

bPch

PL,EV ,t �
X
b0

Pþ
b,b0,t,s � P�

b,b0,t,s

� �
þ Rb,b0 I2b,b0,t,s

h i
þ
X
b0

Pþ
b0,b,t,s � P�

b0,b,t,s

� �
� PL

b,t ¼ 0 8t, s

ð4:A:1Þ

QWh2G
sb,t �

X
b0

Qþ
b,b0,t,s � Q�

b,b0 ,t,s

� �
þ Xb,b0 I2b,b0,t,s

h i
þ
X
b0

Qþ
b0 ,b,t,s � Q�

b0 ,b,t,s

� �
� QL,

b,t

¼ 0 8t, s ð4:A:2Þ

Note that I2 refers to an auxiliary variable linearly representing the squared
current flow I2 in a given branch. At most one of these two positive auxiliary
variables, i.e., Pb,b,t,s and Qb,b,t,s, can be different from zero at a time. This condition
is again implicitly enforced by optimality. Moreover, Eqs. (4.A.3) and (4.A.4) limit
these variables by the maximum apparent power for the sake of completeness.

0 � Pþ
b,b0 ,t,s þ P�

b,b0 ,t,s

� �
� VRated � I max ,b,b ð4:A:3Þ

0 � Qþ
b,b0,t,s þ Q�

b,b0,t,s

� �
� VRated � I max ,b,b0 ð4:A:4Þ
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Equation (4.A.5) is presented for the balancing of voltage between two nodes. It
should be noted that V2 in Eq. (4.A.5) is an auxiliary variable representing the
squared voltage relation.

V2b,t,s � V2b0 ,t,s � Z2
b,b0 I2b,b0 ,t,s � 2Rb,b0 Pþ

b,b0 ,t,s � P�
b,b0 ,t,s

� �
� 2Xb,b0 Qþ

b,b0 ,t,s � Q�
b,b0 ,t,s

� �
¼ 0 ð4:A:5Þ

Equation (4.A.6) is employed for linearizing the active and reactive power flows
that appear in the apparent power expression.

V2Ratedb I2b,b0,t,s ¼
X
f

2f � 1ð ÞΔSb,b0ΔPb,b0,f ,t,s
� 	

þ
X
f

2f � 1ð ÞΔSb,b0ΔQb,b0,f ,t,s
� 	 ð4:A:6Þ

For the piecewise linearization, Eqs. (4.A.7), (4.A.8), (4.A.9), (4.A.10), and (4.
A.11) are represented. The number of blocks required to linearize the quadratic curve
is set to 10 according to [20], which strikes the right balance between accuracy and
computational requirements. Further descriptions, justifications, and derivations of
the network model used in this chapter can be found in [30].

Pþ
b,b0 ,t,s þ P�

b,b0 ,t,s ¼
X
f

ΔPb,b0 ,f ,t,s ð4:A:7Þ

Qþ
b,b0 ,t,s þ Q�

b,b0 ,t,s ¼
X
f

ΔQb,b0 ,f ,t,s ð4:A:8Þ

0 � ΔPb,b0 ,f ,t,s � ΔSb,b0 ð4:A:9Þ
0 � ΔQb,b0 ,f ,t,s � ΔSb,b0 ð4:A:10Þ

ΔSb,b0 ¼ VRated � I max ,b,b0

f
ð4:A:11Þ

Appendix B: Converting the Bi-Level Model
to the Single-Level Model

The presented non-linear bi-level model by using the KKT conditions and the dual
theory is converted into a linear single-level model. Firstly, by using of KKT
optimization conditions (which a series of equal and unequal constraints that are
inherently non-linear) a single-level model will be achieved. The presence of
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complementary constraints is caused by the model to be non-linear. These series of
constraints by the Fortuny-Amat and McCarl method which include binary vari-
ables, and a very large positive integer will be linear. Then, by using dual theory, the
non-linear objective function becomes linear. When the bi-level model is converted
to a single-level model, the main objective function of the final model is the linearly
objective function of the upper level. Also the constraints of this model are the upper
and lower level constraints, KKT’s optimization constraints and linearly KKT’s
complementary constraints.

Converting Controlled Charging the Bi-Level Model
to the Single-Level Model

At first, the constraints of the lower-level are described as Eqs. (4.I.1), (4.I.2), (4.I.3),
(4.I.4), (4.I.5), (4.I.6), (4.I.7), (4.I.8), and (4.I.9):

C1 ¼ SOEmax
EV � SOEPL,EV ,t,s � 0 8PL, EV, t, s λ1PL,EV,t,s ð4:I:1Þ

C2 ¼ Pch�grid
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þ Pch�Solar
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� 0 8PL, EV, tmid=off�peak , s λ2PL,EV,tmid=off�peak ,s ð4:I:2Þ
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� 0 8PL, EV, tmid=off�peak, s λ3PL,EV,tmid=off�peak ,s ð4:I:3Þ
C4 ¼ Pch�solar

PL,EV ,ton�peak ,s � 0 8PL, EV, ton�peak, s λ4PL,EV,ton�peak ,s ð4:I:4Þ
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PL,EV ,ton�peak ,s � 0 8PL, EV, ton�peak, s λ5PL,EV,ton�peak ,s ð4:I:5Þ

SOEPL,EV,t,s � SOEPL,EV,t‐1,s � Pch�grid
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� �
� ηch

� �
¼ 0 8PL, EV, t � tarv, s λ6PL,EV,t�tarv,s ð4:I:6Þ

SOEPL,EV,t,s � SOEarv
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PL,EV ,t,s þ Pch�Solar
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� �
� ηch

� �
¼ 0 8PL, EV, tarv, s λ7PL,EV,tarv ,s ð4:I:7Þ

SOEPL,EV ,t,s � SOEdep
EV ¼ 0 8PL, EV, tdep, s λ8PL,EV,tdep,s ð4:I:8ÞX

EV

Pch�Solar
PL,EV ,t,s � PSolar

PL,t,s ¼ 0 8PL, EV, t, s λ9PL,EV,t,s ð4:I:9Þ

So, the Lagrangian function can be achieved by Eq. (4.I.10):
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Due to the decision variable in this model, KKT conditions are explained in
Eqs. (4.I.11), (4.I.12), and (4.I.13):

∂L

∂Pch�grid
PL,EV ,t,s

¼ PrG2PLtmid=off�peak � λ2PL,EV,tmid=off�peak ,s þ λ3PL,EV,tmid=off�peak ,s

þ ηch � λ6PL,EV,t,s t�tarvj� �þ ηch � λ7PL,EV,t,s t¼tarvj� � ¼ 0

ð4:I:11Þ

∂L
∂Pch�solar

PL,EV ,t,s

¼ �λ2PL,EV,tmid=off�peak ,s þ λ3PL,EV,tmid=off�peak ,s � λ4PL,EV,ton�peak ,s þ λ5PL,EV,ton�peak ,s

þ ηch � λ6PL,EV,t,s t�tarvj� �þ ηch � λ7PL,EV,t,s t¼tarvj� �� λ9PL,EV,t,s ¼ 0

ð4:I:12Þ
∂L

SOCPL,EV ,t,s
¼ λ1PL,EV,t,s þ λ6PL,EV,tþ1,s t�tarvj � λ6PL,EV,t,s t�tarvj

�λ7PL,EV,t,s t¼tarvj � λ8PL,EV,t,s t¼tdep



 ¼ 0
ð4:I:13Þ

The dual variables of unequal constraints are equal or greater than zero, and the
dual variables whose constraints are equal to zero are unrestricted in sign. For
Eqs. (4.I.1), (4.I.2), (4.I.3), (4.I.4) and (4.I.5), the complementary constraints are
as follows, i.e. Eqs. (4.I.14), (4.I.15), (4.I.16), (4.I.17), and (4.I.18).

0 � SOEmax
EV ‐SOEPL,EV ,t,s⊥λ1PL,EV,t,s � 0 ð4:I:14Þ
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0 � Pch�grid
PL,EV ,tmid=off�peak ,s

þ Pch�solar
PL,EV ,tmid=off�peak ,s⊥λ2PL,EV,tmid=off�peak ,s � 0 ð4:I:15Þ

0 � Pmax � Pch�grid
PL,EV ,tmid=off�peak ,s

þ Pch�Solar
PL,EV ,tmid=off�peak ,s⊥λ3PL,EV,tmid=off�peak ,s � 0 ð4:I:16Þ

0 � Pch�solar
PL,EV ,ton�peak ,s⊥λ4PL,EV,t,s � 0 ð4:I:17Þ

0 � Pmax � Pch�solar
PL,EV ,ton�peak ,s⊥λ5PL,EV,t,s � 0 ð4:I:18Þ

The linearization of complementary constraints is performed by Fortuny-Amat
and McCarl linearization method by Eq. (4.I.19) [21]. Then, Eqs. (4.I.20), (4.I.21),
(4.I.22), (4.I.23), and (4.I.24) are obtained.

0 � F1⊥F2 � 0

0 � F1 � U �M

0 � F2 � 1� Uð Þ �M

Uε 0, 1½ �

ð4:I:19Þ

0 � SOEmax
EV � SOEPL,EV ,t,s � U1

PL,EV ,t,s �M1

0 � λ1PL,EV ,t,s � 1� U1
PL,EV ,t,s

� ��M2
ð4:I:20Þ

0 � Pch�grid
PL,EV ,tmid=off�peak ,s

þ Pch�solar
PL,EV ,tmid=off�peak ,s � U2

PL,EV ,tmid=off�peak ,s �M1

0 � λ2PL,EV,tmid=off�peak ,s � 1� U2
PL,EV ,tmid=off�peak ,s

� �
�M2

ð4:I:21Þ

0 � Pmax � Pch�grid
PL,EV ,tmid=off�peak ,s

� Pch�solar
PL,EV ,tmid=off�peak ,s � U3

PL,EV ,tmid=off�peak ,s �M1

0 � λ3PL,EV,tmid=off�peak ,s � 1� U3
PL,EV ,tmid=off�peak ,s

� �
�M2

ð4:I:22Þ
0 � Pch�solar

PL,EV ,ton�peak ,s � U4
PL,EV ,ton�peak ,s �M1

0 � λ4PL,EV,ton�peak ,s � 1� U4
PL,EV ,ton�peak ,s

� �
�M2

ð4:I:23Þ

0 � Pmax � Pch�solar
PL,EV ,ton�peak ,s � U5

PL,EV ,ton�peak ,s �M1

0 � λ5PL,EV,ton�peak ,s � 1� U5
PL,EV ,ton�peak ,s

� �
�M2

ð4:I:24Þ

The obtained model is a non-linear single-level model, which must be linearized
using the dual theory. So, firstly, the dual objective function of the lower-level model
is formed as Eq. (4.I.25):
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Maximize

þ
XNs
s¼1

ρs
XNPL

PL¼1

XNEV

EV¼1

X24
t¼1

� SOEmax
EV � λ1PL,EV ,t,s

� �� Pmax � λ3PL,EV,tmid=off�peak ,s

� �
� Pmax � λ5PL,EV,ton�peak ,s

� �
þ SOEarv

EV � λ7PL,EV,tarv ,s
� �

þ SOEdep
EV � λ8PL,EV,tdep,s

� �
þ PSolar

PL,t,s � λ9PL,EV,t,s
� �

0BBBBB@

1CCCCCA
ð4:I:25Þ

According to the strong dual theory, the objective functions of the original and
dual problems are equal at the optimal point of the decision variables of the two
problems; therefore, the non-linear section of the objective function is linear
according to Eq. (4.I.26).

XNs
s¼1

ρs
XNPL

PL¼1

XN
n¼1

X24
t¼1

Pch
PL,n,tmid=off�peak ,s � PrG2PLtmid=off�peak

 !
¼

XNPL

PL¼1

XNEV

EV¼1

X24
t¼1

bPch�grid

PL,EV ,tmid=off�peak � PrG2PLtmid=off�peak

� �
¼

¼
XNs
s¼1

ρs
XNPL

PL¼1

XNEV

EV¼1

X24
t¼1

� SOEmax
EV � λ1PL,EV ,t,s

� �� Pmax � λ3PL,EV,tmid=off�peak ,s

� �
� Pmax � λ5PL,EV,ton�peak ,s

� �
þ SOEarv

EV � λ7PL,EV,tarv,s
� �

þ SOEdep
EV � λ8PL,EV,tdep,s

� �
þ PSolar

PL,t,s � λ9PL,EV,t,s
� �

0BBBBB@

1CCCCCA
ð4:I:26Þ

Converting Charging/Discharging Schedule the Bi-Level
Model to the Single-Level Model

At first, the constraints of the lower-level are described as Eqs. (4.II.1), (4.II.2), (4.
II.3), (4.II.4), (4.II.5), (4.II.6), (4.II.7), (4.II.8), (4.II.9), and (4.II.10):

C1 ¼ SOEPL,EV ,t,s � SOEmin
EV � 0 8PL, EV, t, s λ1PL,EV,t,s ð4:II:1Þ

C2 ¼ SOEmax
EV � SOEPL,EV ,t,s � 0 8PL, EV, t, s λ2PL,EV,t,s ð4:II:2Þ
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C3 ¼ Pch�grid
PL,EV ,tmid=off�peak ,s

þ Pch�Solar
PL,EV ,tmid=off�peak ,s

� 0 8PL, EV, tmid=off�peak, s λ3PL,EV,tmid=off�peak ,s ð4:II:3Þ

C4 ¼ Pmax � Pch�grid
PL,EV ,tmid=off�peak ,s

� Pch�Solar
PL,EV ,tmid=off�peak ,s

� 0 8PL, EV, tmid=off�peak, s λ4PL,EV,tmid=off�peak ,s ð4:II:4Þ
C5 ¼ Pdch

PL,EV ,ton�peak ,s � 0 8PL, EV, ton�peak , s λ5PL,EV,ton�peak ,s ð4:II:5Þ
C6 ¼ Pmax � Pdch

PL,EV ,ton�peak ,s � 0 8PL, EV, ton�peak , s λ6PL,EV,ton�peak ,s ð4:II:6Þ

SOEPL,EV,t,s � SOEPL,EV,t‐1,s þ
Pdch
PL,EV ,t,s

ηdch

 !

� Pch�grid
PL,EV ,t,s þ Pch�Solar

PL,EV ,t,s

� �
� ηdch

� �
¼ 0 8PL, EV, t � tarv, s λ7PL,EV,t�tarv,s ð4:II:7Þ

SOEPL,EV,t,s � SOEarv
EV þ Pdch

PL,EV ,t,s

ηdch

 !
� Pch�grid

PL,EV ,t,s þ Pch�Solar
PL,EV ,t,s

� �
� ηch

� �
¼ 0 8PL, EV, tarv, s λ8PL,EV,tarv,s ð4:II:8Þ

SOEPL,EV ,t,s � SOEdep
EV ¼ 0 8PL, EV, tdep, s λ9PL,EV,tdep ,s ð4:II:9ÞX

EV

Pch�Solar
PL,EV ,tmid=off�peak ,s � PSolar

PL,tmid=off�peak ,s

¼ 0 8PL, EV, tmid=off�peak , s λ10PL,EV,tmid=off�peak ,s ð4:II:10Þ

Based on the previous part, Eqs. (4.II.11), (4.II.12), (4.II.13), (4.II.14), (4.II.15),
(4.II.16), (4.II.17), (4.II.18), (4.II.19), (4.II.20), (4.II.21), (4.II.22), (4.II.23), (4.
II.24), (4.II.25), (4.II.26), and (4.II.27) is showing the single-level steps:
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L ¼

XNs
s¼1

ρs

PNPL

PL¼1

PNEV

EV¼1

P24
t¼1

Pch�grid
PL,EV ,tmid=off�peak ,s

� PrG2PLtmid=off�peak

þ PNPL

PL¼1

PNEV

EV¼1

P24
t¼1

Pdch
PL,EV ,ton�peak ,s � 0:5PrPL2Gt þ Ccd

� �
0BBB@

1CCCA
� SOEPL,EV ,t,s � SOEmin

EV

� �
λ1PL,EV ,t,s

� SOEmax
EV � SOEPL,EV ,t,s

� �
λ2PL,EV ,t,s

� Pch�grid
PL,EV ,tmid=off�peak ,s

þ Pch�Solar
PL,EV ,tmid=off�peak ,s

� �
λ3PL,EV,tmid=off�peak ,s

� Pmax � Pch�grid
PL,EV ,tmid=off�peak ,s

� Pch�Solar
PL,EV ,tmid=off�peak ,s

� �
λ4PL,EV,tmid=off�peak ,s

� Pdch
PL,EV ,ton�peak ,s

� �
λ5PL,EV,ton�peak ,s � Pmax � Pdch

PL,EV ,ton�peak ,s

� �
λ6PL,EV,ton�peak ,s

�
SOEPL,EV ,t,s � SOEPL,EV ,t�1,s � Pch�grid

PL,EV ,t,s � ηch
� �

� Pch�Solar
PL,EV ,t,s � ηch

� �þ Pdch
PL,EV ,t,s

ηdch

 !
0BBB@

1CCCAλ7PL,EV,t�tarv ,s

�
SOEPL,EV ,t,s � SOEarv

EV � Pch�grid
PL,EV ,t,s � ηch

� �
� Pch�Solar

PL,EV ,t,s � ηch
� �þ Pdch

PL,EV ,t,s

ηdch

 !
0BBB@

1CCCAλ8PL,EV,tarv,s

� SOEPL,EV ,t,s � SOEdep
EV

� �
λ9PL,EV,tdep,s

�
X
EV

Pch�Solar
PL,EV ,tmid=off�peak ,s � PSolar

PL,tmid=off�peak ,s

 !
λ10PL,EV,tmid=off�peak ,s

ð4:II:11Þ

∂L

∂Pch�grid
PL,EV ,t,s

¼ PrG2PLtmid=off�peak � λ3PL,EV,tmid=off�peak ,s þ λ4PL,EV,tmid=off�peak ,s

þ ηch � λ7PL,EV,t,s t�tarvj� �þ ηch � λ8PL,EV,t,s t¼tarvj� � ¼ 0

ð4:II:12Þ

∂L
∂Pch�Solar

PL,EV ,t,s

¼ �λ3PL,EV,tmid=off�peak ,s þ λ4PL,EV,tmid=off�peak ,s þ ηch � λ7PL,EV,t,s t�tarvj� �
þ ηch � λ8PL,EV,t,s t¼tarvj� �� λ10PL,EV,tmid=off�peak ,s ¼ 0

ð4:II:13Þ

∂L
Pdch
PL,EV ,t,s

¼ 0:5PrPL2Gton�peak
þ Ccd � λ7PL,EV,t,s

ηdch t�tarvj
 !

� λ8PL,EV,t,s
ηdch t¼tarvj

 !
�λ5PL,EV,ton�peak ,s þ λ6PL,EV,ton�peak ,s ¼ 0

ð4:II:14Þ
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∂L
SOCPL,EV ,t,s

¼ λ7PL,EV,tþ1,s t�tarvj � λ7PL,EV,t,s t�tarvj � λ8PL,EV,t,s t¼tarvj
�λ9PL,EV,t,s t¼tdep



 � λ1PL,EV,t,s þ λ2PL,EV,t,s ¼ 0
ð4:II:15Þ

0 � SOEPL,EV ,t,s � SOEmin
EV ⊥λ1PL,EV,t,s � 0 ð4:II:16Þ

0 � SOEmax
EV � SOCPL,EV ,t,s⊥λ2PL,EV,t,s � 0 ð4:II:17Þ

0 � Pch�grid
PL,EV ,tmid=off�peak ,s

þ Pch�Solar
PL,EV ,tmid=off�peak ,s⊥λ3PL,EV,tmid=off�peak ,s

� 0 ð4:II:18Þ

0 � Pmax � Pch�grid
PL,EV ,tmid=off�peak ,s

� Pch�Solar
PL,EV ,tmid=off�peak ,s⊥λ4PL,EV,tmid=off�peak ,s � 0 ð4:II:19Þ

0 � Pdch
PL,EV ,ton�peak ,s⊥λ5PL,EV,ton�peak ,s � 0 ð4:II:20Þ

0 � Pmax � Pdch
PL,EV ,ton�peak ,s⊥λ6PL,EV,ton�peak ,s � 0 ð4:II:21Þ

0 � SOEPL,EV ,t,s � SOEmin
EV � U1

PL,EV ,t,s �M1

0 � λ1PL,EV ,t,s � 1� U1
PL,n,t,s

� ��M2
ð4:II:22Þ

0 � SOEmax
EV � SOEPL,EV ,t,s � U2

PL,n,t,s �M1

0 � λ2PL,EV ,t,s � 1� U2
PL,n,t,s

� ��M2
ð4:II:23Þ

0 � Pch�grid
PL,EV ,tmid=off�peak ,s

þ Pch�Solar
PL,EV ,tmid=off�peak ,s � U3

PL,EV ,tmid=off�peak ,s �M1

0 � λ3PL,EV,tmid=off�peak ,s � 1� U3
PL,n,tmid=off�peak ,s

� �
�M2

ð4:II:24Þ

0 � Pmax � Pch�grid
PL,EV ,tmid=off�peak ,s

� Pch�Solar
PL,EV ,tmid=off�peak ,s � U4

PL,EV ,tmid=off�peak ,s �M1

0 � λ4PL,EV,tmid=off�peak ,s � 1� U4
PL,EV ,tmid=off�peak ,s

� �
�M2

ð4:II:25Þ
0 � Pdch

PL,EV ,ton�peak ,s � U5
PL,EV ,ton�peak ,s �M1

0 � λ5PL,EV,ton�peak ,s � 1� U5
PL,EV ,ton�peak ,s

� �
�M2

ð4:II:26Þ

0 � Pmax � Pdch
PL,EV ,ton�peak ,s � U6

PL,EV ,ton�peak ,s �M1

0 � λ6PL,EV,ton�peak ,s � 1� U6
PL,EV ,ton�peak ,s

� �
�M2

ð4:II:27Þ

The non-linear part of the objective function can be converted to a linear part with
two equations i.e. (4.II.28) and (4.II.29).
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Maximize

XNs
s¼1

ρs
XNPL

PL¼1

XNEV

EV¼1

X24
t¼1

SOEmin
EV � λ1PL,EV ,t,s

� �� SOEmax
EV � λ2PL,EV ,t,s

� �
� Pmax � λ4PL,EV,tmid=off�peak ,s

� �
� Pmax � λ6PL,EV,ton�peak ,s

� �
þ SOEarv

EV � λ8PL,EV,tarv ,s
� �þ SOEdep

EV � λ9PL,EV,tdep ,s

� �
þ PSolar

PL,tmid=off�peak ,s � λ10PL,EV,tmid=off�peak ,s

� �

0BBBBBBBBB@

1CCCCCCCCCA
ð4:II:28Þ

XNs
s¼1

ρs
XNPL

PL¼1

XN
n¼1

X24
t¼1

Pch�grid
PL,n,tmid=off�peak ,s

� PrG2PLtmid=off�peak

� �
þ Pdch

PL,n,ton�peak ,s � 0:5PrPL2Gton�peak þ Ccd
� �� �

0B@
1CA

¼
XNs
s¼1

ρs
XNPL

PL¼1

XNEV

EV¼1

X24
t¼1

SOEmin
EV � λ1PL,EV ,t,s

� �� SOEmax
EV � λ2PL,EV ,t,s

� �
� Pmax � λ4PL,EV,tmid=off�peak ,s

� �
� Pmax � λ6PL,EV,ton�peak ,s

� �
þ SOEarv

EV � λ8PL,EV,tarv ,s
� �þ SOEdep

EV � λ9PL,EV,tdep ,s

� �
þ PSolar

PL,tmid=off�peak ,s � λ10PL,EV,tmid=off�peak ,s

� �

0BBBBBBBBB@

1CCCCCCCCCA
So :XNs
s¼1

ρs
XNPL

PL¼1

XNEV

EV¼1

X24
t¼1

Pdch
PL,EV ,ton�peak ,s � PrPL2Gton�peak ¼

XNPL

PL¼1

XNEV

EV¼1

X24
t¼1

bPdch

PL,EV ,tmid=off�peak � PrG2PLtmid=off�peak

� �
¼

¼ 2�
XNs
s¼1

ρs
XNPL

PL¼1

XNEV

EV¼1

X24
t¼1

SOEmin
EV � λ1PL,EV ,t,s

� �� SOEmax
EV � λ2PL,EV ,t,s

� �
� Pmax � λ4PL,EV,tmid=off�peak ,s

� �
� Pmax � λ6PL,EV,ton�peak ,s

� �
þ SOEarv

EV � λ8PL,EV,tarv,s
� �þ SOEdep

EV � λ9PL,EV,tdep,s

� �
þ PSolar

PL,tmid=off�peak ,s � λ10PL,EV,tmid=off�peak ,s

� �
� Pdch

PL,EV ,ton�peak ,s � Ccd
� �

� Pch�grid
PL,EV ,tmid=off�peak ,s

� PrG2PLtmid=off�peak

� �

0BBBBBBBBBBBBB@

1CCCCCCCCCCCCCA
ð4:II:29Þ

124 S. M. B. Sadati et al.



Appendix C

The nomenclature is shown below.

Indices

b, b0 Index for branch or bus

EV Index for EV number

F Index for linear partitions in linearization

s Index for scenarios

sb Index for slack bus

t, t0 Index for time (hour)

Parameters
Ccd Cost of equipment depreciation ($/kWh)

Imax Upper limit of branches’ current (A)

Imax, b, b0 Maximum current of branch b, b0 (A)
M Sufficiently large constants

PL The demand of customers (kW)

Pmax Nominal rate of charging/discharging of EVs (kWh)

PSolar Power generated of the solar system (kW)

PrL Electricity price for the customer ($/kWh)

PrWh2G The wholesale market electricity price ($/kWh)

R b, b0 Resistance between branch b, b0 (Ω)
QL Customer’s reactive power (kVAR)

SOEarv Initial SOE of the EVs (kWh)

SOEdep Desired SOE of the EVs (kWh)

SOEmax Upper limit of SOE (kWh)

SOEmin Lower limit of SOE (kWh)

tarv Arrival time of the EVs to the PL

tdep Departure time of the EVs from the PL

V Rated Nominal voltage (V)

Vmax Maximum allowable voltage (V)

Vmin Minimum allowable voltage (V)

X b, b0 Reactance between branch b, b0 (Ω)
Z Impedance (Ω)
ηch Charging efficiency (%)

ηdch Discharging efficiency (%)

ηTrans Transformer efficiency (%)

ρ Probability of each scenario

α Confidence level

β Risk aversion parameter

ΔS Upper limit in the discretization of quadratic flow terms (kVA)

Variables
B Profit in each scenario

I,I2 Current flow (A), squared current flow (A2)

(continued)
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Indices

Pch-grid Charging power of the EVs by the SDNO (kW)

Pch-solar Charging power of the EVs by the power generated of the solar system (kW)bPch�grid The expected value of charging power of the EVs by the SDNO (kW)

bPsolar The expected value of the power generated of the solar system (kW)

Pdch Discharging power of the EVs (kW)bPdch The expected value of discharging power of the EVs (kW)

PLoss SDN’s losses (kW)

PWh2G Purchasing power from the wholesale by the SDNO (kW)

P+ Active power flows in downstream directions (kW)

P� Active power flows in upstream directions (kW)

PrG2PL Charging tariff of the EVs ($/kWh)

PrPL2G Discharging tariff of the EVs ($/kWh)

QWh2G SDN’s reactive power (kVAR)

Q+ Reactive power flows in downstream directions (kVAR)

Q� Reactive power flows in upstream directions (kVAR)

SOE State of energy (kWh)

U Binary variable

λ Dual variable ($/kWh)

η Auxiliary variable for calculating CVaR

ξ Value-at-risk
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Chapter 5
Optimal Utilization of Solar Energy
for Electric Vehicles Charging in a Typical
Microgrid

Mohammad Saadatmandi and Seyed Mehdi Hakimi

Abbreviation

AER All electric range
BCG Binary conventional generation
CG Conventional generation
ECPM Energy consumption per mile
EV Electric vehicle
HEV Hybrid electric vehicle
HGC Home general controller
PEN Percentage of energy needed
PHEV Plug-in hybrid electric vehicle
PNNL Pacific Northwest National Laboratory
SOC State of charge
TGC Transformer general controller
V2G Vehicle to grid

5.1 Introduction

The modernization of power grids has been the chief issue for power industry in
different countries. As well as, the lack of energy and the growth of the electrical
energy consumption are the major threats to the countries’ economy. Thus
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increasing grid security during use of renewable energy, reduce the greenhouse gas
emissions, and reduce losses in power transmission are the effective ways in order to
be a smart power grid [1].

There are three main purposes of the smart grid: (i) improved reliability,
(ii) optimal usage of distributed production resources, and (iii) energy efficiency.
Demand response is one of the most important program in the energy efficiency
issue, which is designed to change the pattern of consumers’ consumption and load
management. On the other hand, using demand response program and raise the
generation efficiency by assuming creating smart grid will be reduced the load and
the pollution caused by energy generation [2].

The used PHEV that is one of the electrical devices with charging feature through
grid connection. The PHEV’s batteries have high capacity, so needed to much
energy to recharge them. It causes a peak load in the distribution grid and reduces
the penetration of renewable resources into residential distribution grid. Demand
response programs, PHEVs charging management can be solved such challenges.
The aim of load managing is to change the PHEVs charging into other hours that
decreases the received power from the conventional generation and increases the
renewable resources consumption.

Additionally, the chapter is examined a residential grid model to optimize the use
of renewable resources through of the plug-in vehicles charging & discharging
management on 24 h. The residential grid consists of 5 smart houses which each
of them has 14 photovoltaic panels to produce require power for houses. The loads of
these houses are divided into static loads and Flexible loads. The smart home is
equipped with the planned intelligent charging device for PHEV with able to
exchange energy into a distribution grid through two ways [3].

Due to the static loads time of residential consumers the meteorological data are
extracted of one-year period for renewable resources modeling. In addition, the cars
features are derived from the manufactures cars as the flexible loads. so, the
researcher used of Monte Carlo simulation algorithm with taking into account the
uncertainty the mileage by the car owners during daytime, the initial capacity of the
battery, and the time of the vehicle usage at different hours of the day; as well as used
of the (PSO) algorithm to optimize the issue.

The aim of conduct this chapter is to increase the use of renewable energy
resources by consumers. Hence, the objective function defined through minimized
potential received from the conventional power grid. The results showed that, the
received energy from conventional power grid is reduced significantly of control
charging by use of the proposed method through transfer the time of the vehicle
charging to hours with maximum renewable resource access. Moreover, the cost of
consumers had decreased significantly by adding V2G and discharge control without
reducing the comfort of the car owners, which indicates the effectiveness of this
method.
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5.2 Renewable Energy Resources

Since the beginning of the design and construction of power systems has always
been raised the issue of uncertainty in the failure of units and equipment or the error
in forecasting of demand. Nowadays with the advent of renewable energy especially
solar energy, the uncertainty in the utilize of power systems has intensified. Hence
the energy policy makers hope that the new energies will have a significant impact in
supplying needed human energy. There has been proposed solar energy more than
other types of energies, thus must take be considered an important role for planning
and operating power systems. The uncertainty in output is one of the most important
features of this energy so it must be considered properly in the planning of power
systems generation; A smart home with solar panels, smart appliances and an electric
vehicle shows as Fig. 5.1.

5.2.1 Solar Energy

In recent year, the process of using solar energy has been growing and evolving, in a
way that technology has become more advanced in use of solar energy and it has an
acceptant efficiency. The generation of solar systems depends on the amount of solar
radiation. Some of the advantages of using solar panel as follows:

Fig. 5.1 Residential smart grid
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1. Simple technology
2. The conversion of solar radiation into electrical energy directly
3. Low noise
4. Low cost and high efficiency through the advancement of science

5.2.2 Math Model of Solar Energy Output Power

The output power of solar panels is obtained by Eq. (5.1) [3]:

Ppv ¼ N� Gt

1000
� Pmpv ð5:1Þ

Where PPV is the output power of solar panels (w), Pmpv is the nominal power of
each panel in terms of Gt ¼ 1000, N is the number of solar panel, and Gt is the solar
radiation intensity w=m2ð Þ.

5.3 Electrical Vehicle

Due to the reduction of fossil fuel resources and high environmental pollution by the
high consumption of the vehicles as cars, motorcycles, and etc., that has attracted
more attention to the use of equipment that use of other energy sources. The result of
studies has shown that if the energy consumption continues to exist, the emission of
carbon dioxide rate will be expected to double by 2050 than in 2005 which is not
acceptable in terms of environmental perspective. According to global plans by
2050, this rate must be halved in the level of CO2 in 2005.

To this end, the safest methods as the use of distributed generation of energy,
simultaneous generation of electricity and warm, and use of motor vehicles that their
driving forces supplied from electric power grid or batteries. The use of motor
vehicles has been more important in all countries especially in developed countries
such as united states and japan, or China and India that have made significant
advances in this regard.

PHEVs are the electric vehicle whose use at least two types of energy resources
to drive. The new generation of hybrid vehicles, two fuel and electric motors
provide the required driving force to drive. But why used of two engines to drive
these vehicles? The internal combustion engine (gasoline or gasoil) generates a bit
power in the low engine rpm engine that has the higher efficiency, in contrast, the
electric engine generates high torque with high efficiency in a low engine rpm.
Therefore, simultaneous use of both engines can be reduced fuel consumption
meanwhile achieving enough power to drive and accelerate. One of the most
important features of an PHEV is that if the internal combustion engine generates
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more force driving than needed, its battery will recharge by utilizing power engine
directly during braking or moving downhill then provide the required power. All
PHEVs have three factors: management, electronic and smart balance of engines
connection. Hybrid vehicles are the progressed pure-electric vehicles that have
modified somewhat defects of pure-electric vehicles and internal combustion
engines vehicles. The main benefits of these vehicles than the internal combustion:
(i) the function in the stable load and rpm and operating at the optimal point, which
will be caused raise the engine efficiency, reduce pollution, and reduce fuel
consumption; (ii) the energy store electrically in the battery during braking or
negative accelerating which will be reduction of the combustion engine efficiency
and thus reduce pollution and reduce fuel consumption, for instance, the Toyota
Prius consumes 2.4 L fuel on per 100 km with the capacity of 1500 cc and four-
cylinder engine; (iii) high mileage per battery charge. Although hybrid vehicles
have different structures, but they must include of a power transmission system, a
power generation unit, and an energy storage system. The initial choices for the
energy storage system are the batteries, capacitors, and flywheels. Batteries are the
first energy storage device due to their cheapness, being commercial, and lack of
movable parts, but the major shortcoming is their short lifespan. However, the
batteries are very expensive in new technology but today they are developing. So
due to the fact that batteries are the major choice in this field, the research has
started on other energy storage fields. The components of a hybrid vehicle are
shown in Fig. 5.2.

Internal Combustion Engine

Electric Generator

Power Electronic Unit

Battery Pack

Electric Motor

Mechanical link
Electrical link

Fig. 5.2 The components of a hybrid vehicle
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5.3.1 The Components of a Hybrid Vehicle

5.3.1.1 Gasoline Engine

The nature of the gasoline engine in this car resembles to ordinary gasoline engines
with two main differences: the higher technology and the smaller engine which
reduces pollution and increases performance.

5.3.1.2 Electric Engine

Electric engine is very progressed in hybrid vehicles so it can operate as a generator
and engine. For instance, whenever the engine is required, it will be able to provide
the desired acceleration by using batteries and when the electric engine is not
required (moving on a downhill) be able to restore the power to the battery as a
generator.

5.3.1.3 Electric Generators

The engine and the generator are almost similar in the construction, but the generator
just has the duty to provide the electricity required by the engine. The generator is
used series in most hybrid vehicles.

Types of the hybrid systems were explained in more detail in the next sections.

5.3.1.4 Battery

The batteries are an energy storage device for the electric engine in the hybrid
vehicle. Not only electric engine can be transferred fuel to the gasoline engine
such as the gasoline in the tank (a one-way transfer from the fuel tank to the gasoline
engine), but it can be restored energy to the battery which the gasoline engine cannot
do that.

5.3.1.5 Comparing of the Efficiency of the Pure-Electric Vehicles
and Hybrid Vehicles

Although electric vehicles have been introduced as the first way to reduce pollution,
but due to the fact they did not succeed in long driving cycles thus was a failed
product. The hybrid electric vehicles have such advantages than pure-electric vehi-
cles. Due to the use of two sources of energy for the stimulus driving system
generation has been minimized the pollution and fuel consumption issues and
resolved the problems caused by pure-electric vehicles.
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5.3.2 Performance of Hybrid Electric Vehicles

The gasoline engines of vehicles have a main problem. In order to drive at high
speeds on highways, the cars have been designed to maximize their power. So the
cars efficiency decreases when they barely move in heavy traffic. To this end, dual-
engine hybrids vehicles are designed to use of the low-power electric engine in
situations that low power is required, and use of the gasoline engine where needs to
high power. The engines switching is automatically.

The gasoline engine simply turns off in the red lights and is often designed to
operate on a limited range of power, thereby increasing its efficiency. The vehicle’s
battery is recharged by a gasoline engine. The generators are connected to the brake
for convert some of the braking momentum (which is usually lost as heat) into
electricity in order to recharge the battery.

5.3.3 Introducing Electric Vehicles

Electric vehicles are generally divided into three categories:

1. Electric vehicles (EV)
2. Hybrid electric vehicles (HEV)
3. Plug-in hybrid electric vehicles (PHEV)

5.3.3.1 Electric Vehicles (EV)

These vehicles have an electric engines and some batteries to provide electric energy
that the energy of the batteries is used as the propulsion of the vehicles’ electric
engine and to provide the necessary energy for other equipment. The batteries could
be recharged through power grid connection, the vehicle’s braking power, and even
of off grid electrical resources like solar panels.

The main advantages of electric vehicles:

• Completely free from greenhouse gas emissions
• very low-noise pollution
• Much higher efficiency than internal combustion engines
• Cheaper electrical engine
• The main defect of these vehicles is dependence on the battery (whose capacity

and energy density is not comparable to fossil fuels)

5.3.3.2 Hybrid Electric Vehicles (HEV)

The vehicles have both fuel and electric engines with the proper battery capacity
(1–3 kWh) that has the energy storage capability from the engine and the brakes.
At the time of need, vehicles’ batteries aid to generate the auxiliary force power or at
low speeds by shutting off fuel engine provide vehicle propulsion.
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In the past decade almost 1.5 million hybrid electric vehicles were sold. In
developed countries including United States, the hybrid electric vehicles account
for around 3% of all vehicles.

The disadvantages of these vehicles:
• Non-rechargeable batteries of the power grid
• Dependence on the fossil fuels engine (inability to move the vehicle by using only

the electric engine)

5.3.3.3 Plug-in Hybrid Electric Vehicles (PHEV)

PHEVs are designed to eliminate the defects of hybrid electric vehicles so
rechargeable from the grid thus need to more batteries than HEVs (about 5�).
PHEVs have a complete fossil fuel engine system. The main difference between
PHEV and HEV’s batteries is that the PHEV batteries must have rapid dis/charging
capability, while HEV batteries are usually keep fully charged and are rarely
discharged.

The cost of PHEV batteries ranged between 1.3 to 1.5 times than EV batteries
which due to fewer batteries, the total cost of PHEVs’ batteries will be less than EVs.

The following can be mentioned for these vehicles:

• With the abundant battery production, the costs of battery may be reached to
750 dollars per kilowatt-hour so the total of its cost will be about 6000 dollars for
each all electric range vehicle (40 k with 8 kWh battery capacity).

• If the car’s life span is 200,000 km, the amount of the savings in the cost of fuel
would be about 4000 dollars which is less than the cost of battery.

• Reducing the cost of the battery to 500 dollars per kilowatt-hour will be created
the competition between plug-in hybrid electric vehicles and gasoline vehicles.

5.3.3.4 Comparing PHEV and HEV

The HEVs is a good start for changing the fuel of electric vehicles, but the mileage
possible on one charge is limited. Hence, the PHEVs were raised which have the
ability to connect to grid at the point where the electrical energy output is embedded.
They have a battery and internal combustion engine. In general, most of PHEVs
provide the required energy through electrical energy, but the internal combustion
engine is also used when battery is not enough.

5.3.3.5 The Effect of PHEVs Performance on the Power Grid

Whenever the PHEVs are not used, the energy be received from the power grid to
recharge them. The widespread use of PHEVs will bring challenges to the power
grid because they have high electrical energy consumption and could be
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connected to the distribution grid at any hours to charge. As well as, the distribu-
tion grid is usually used at their maximum capacity then the stability of the
system will be compromised by the added load caused by improper use of electric
vehicles.

In other words, the PHEVs should be charged at non-peak times or at other times
such as energy storage devices.

5.3.4 Mathematical Model of the Electric Vehicles Battery

The battery capacity is the main factor to determining the mileage by a PHEV in the
electrical mode. The PNNL1 Institute has shown the power consumption per mile for
all types of PHEV with a capacity of 33 miles and AER2 ¼ X in Table 5.1.

As it mentioned that AER determines the probable distance with the PHEV and
the battery with fully charged. So the battery capacity is obtained of ECPM3

multiplication in AER.

C ¼ ECPM � AER ð5:2Þ

Where C is the applied capacity of PHEV [4].
The Table 5.2 is shown the battery capacity for PHEVs with 30, 40, and 60 miles

AERs based on the above-mentioned equation. Due to the table, there can be said
that the PHEVs have the domain size of batteries from 7.8 to 27.6 kWh. Since the
required energy to charge the PHEV depends on the capacity of the battery, so
determining the types of AERs and PHEVs to analysing the impact of such vehicles
is essential [5].

Table 5.1 Consumption and battery capacity of various PHEVs

Vehicle type ECPM (kWh/Mile) PHEV (33-mile Battery) (kWh)

Compact Sedan 0.26 8.6

Mid-size Sedan 0.30 9.9

Mid-size SUV 0.38 12.5

Full-size SUV 0.46 15.2

1Pacific Northwest National Laboratory
2All electric range
3Energy consumption per mile
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5.3.5 The Stored Energy in PHEVs’ Batteries

SOC4 is the amount of stored energy in the battery. Although it is assumed that
PHEVs use of the charging system on the electric mode, but the combination of the
function of the electric engine and the internal combustion engine is appropriate.
Thus, PHEVs can be operated at any mode based on their required energy so they
receive some part of energy from the battery at the lack of energy in the battery
mode. In order to analyse all functions of PHEVs battery is used of the parameter λ
for each PHEV. λ is the maximum mileage of a PHEV in the electric mode so
λ ¼ AER. Then SOC o a PHEV is obtained through of the Eq. (5.3).

SOC ¼
λ� d
λ

� �
� 100 d < λ

0 d � λ

8><
>: ð5:3Þ

Where λ is the AER and d is the total mileage by the car, hence the usable
capacity of the battery is completely consumed in d � λ mode and the SOC is
zero [6].

Whenever the vehicle has travelled all the distance in electric mode the Eq. (5.3)
be applied. In order to determine the battery capacity (SOC) in simultaneous use of
both electrical and internal fuel consumption, a parameter should be introduced to
determine the vehicle’s mileage percentage in electric mode. There is assume that α
represents this issue, in this case SOC is obtained of Eq. (5.4) [5].

SOC ¼
1� αd

AER

� �
� 100 αd < AER

0 αd � AER

8><
>: ð5:4Þ

Table 5.2 The size of PHEV batteries with various AERs [5]

Vehicle type
PHEV 30 mile
AER (kWh)

PHEV 40 mile
AER (kWh)

PHEV 60 mile
AER (kWh)

Compact Sedan 7.8 10.4 15.6

Mid-size Sedan 9 12 18

Mid-size SUV 11.4 15.2 22.8

Full-size SUV 13.8 18.4 27.6

4State of charge
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5.3.6 The Amount of the Energy Required to PHEVs’ Battery
Charging

PEN5 is the percentage of energy needed to fully charge the battery. The percentage
of energy required to PHEVs’ battery charging after the last time span is determined
based on the SOC.

Such energy is obtained through the Eq. (5.5) to fully charge the battery.

PEN ¼ 100� SOC ð5:5Þ

The PEN is the energy needed to fully charge the battery.
As regards the efficiency of the converters to charge the battery is not 100% so the

amount of energy that the grid should provide to charge the battery is achieved by
follow equation.

PENR ¼ PEN
ɳ

ð5:6Þ

The ɳ is the efficiency of the battery converter charger and PENR is the actual
energy needed to fully charge the battery which should be transferred from the grid
to the battery. In References [7–9], the battery efficiency is assumed to be 88%, 90%,
and 90%, respectively.

In other words, there supposed that a PHEV is a type of mid-size SUV with
AER ¼ 40 (mile). As Table 5.3 shown that a PHEV battery capacity must be equal
to 2.15 kWh. If the vehicle mileage is 6.25 per day, then the SOC is calculated
through the formula (5.4) 36% and the PEN should be equal to 73.9 kWh.
According to Eq. (5.6), if assumed that the charging efficiency is 88%, PENR

will be equal to 11.06.

Table 5.3 Electrical specification of vehicles of various companies

Vehicle
name

Type of
battery

Battery
capacity

Full
charge
time

Power
charge

Maximum
electrical
distance

Electrical
function

Chevy Volt Lithium-
ion

16 kWh 4 h-
240 V

3.3 kW 64 km-40 miles 0.25 kWh/km

0.4 kWh/mile

Renault
Fluence Z.E

Lithium-
ion

22 kWh 6–9 h-
240 V

3.5 kW 185 km-
115 miles

0.11 kWh/km

0.19 kWh/mile

Toyota Prius Lithium-
ion

4.4 kWh 1.5 h-
240 V

3.3 kW 23 km-14 miles 0.19 kWh/km

0.31 kWh/mile

Ford C-max Lithium-
ion

7.6 kWh 3 h-
240 V

3.3 kW 32 km-20 miles 0.23 kWh/km

0.38 kWh/mile

5Percentage of Energy Needed
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5.3.7 Required Time to Fully Charge

The required time to complete the vehicles battery charging depends on the amount
of SOC battery at time t and the battery’s efficiency. Due to the battery specification
can be calculated required time through Eq. (5.7).

T� charging ¼ capacity� PENR

charging power
ð5:7Þ

The capacity and the vehicle charging power is shown in the Table 5.3.

5.3.8 Technical Specifications of Electric Vehicle Battery

The private vehicles are often used to commuting miles between home, work,
shopping, and entertainment. In Table 5.3 presented some of the vehicles’ features,
such as charging specifications and AER. However, it is possible to charging a
vehicle in the home, work place, and large public places such as theatres or chain
stores, but assumed that consumers charge their vehicles at home.

The energy demand of each PHEV depends on the specification of the vehicle’s
battery and the driving habits of each user in the vehicle charging process. Generally,
the battery determines a maximum level “emax” and a minimum level “emin” of
energy. The level of energy is a part of the full capacity of the battery at the initial
charge mode and the vehicle connection to grid which depends on the vehicle
mileage. Furthermore, the initial mode of vehicle charging can be provided as
Eq. (5.8) which is the function of the vehicle mileage [3].

E Dð Þ ¼
emax D ¼ 0

emax � Dξð Þ 0 < D < dmax

emin D � dmax

8><
>: ð5:8Þ

dmax is the maximum distance that the PHEV can travel based on their electrical
specification. D is the vehicle mileage before connecting to grid, ξ is the electrical
performance of the vehicle (the energy consumption of the battery per unit of
mileage).

In this research investigated Chevy volt with the specified features in the
Table 5.3 [10].
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5.3.9 PHEV Charge Battery

The battery charging rate determines the speed of filling the battery that it depends
on the charging place and the user. The various mode of the battery was discussed in
the next sections. According to SAE J1772, in charging an electric vehicle connects
to the power grid in order to energy transfer to charge the battery and for exchange
the control information between vehicle and source. Generally, the charging process
has three operations: one mechanical and the rest electrically. The electrical grid
sends the electrical energy at different nominal voltage. The electric vehicle battery
is a DC device that can operate based on the nominal voltage of the battery and the
dis/charging rates at the variable voltages.

In the first electrical operation, AC is converted to DC, which is known as a
rectifier. The second electrical operation, control and regulate of the source voltage
in that the battery charge rate is compromised to the battery specification (voltage,
capacity and other parameters). The mechanical operation is the physical coupler as
it performs by the user.

Home charging system with charge rates shown in Table 5.4 which can be used in
accordance Fig. 5.3.

Table 5.4 Voltage values and the authorized current for two level 1 and 2 of charge

Charging method Nominal voltage power supply Highest current rates

AC Level 1 V AC 120– single phase A 16 – A 12

AC Level 2 V AC 240- 208- single phase A 80 >

Fig. 5.3 Schematic of charge battery by two levels of charge
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5.3.9.1 Charge Level 1

The charge level 1 uses a standard single-phase-120 V, 12 A or 16 A. In fact, this is
the lowest voltage level in residential areas in the United States. In the level 1 pro-
vides a less power (1.44 kW) to charge the battery so the batteries with a capacity
greater than 10 kWh are charged at the over longer time which causes customers
dissatisfaction. Therefore, Level 1 is just a basic voltage level and not the ultimate
solution to the battery charging issue.

5.3.9.2 Charge Level 2

The charge level 2 uses a single-phase voltage 240–220 V with a maximum current
80 A and it is preferred due to the less charging time than the previous method. Due
to the small size of the existing vehicles batteries, some chargers are limited to the
level 2 with 15 A which the maximum charge power is 3.6 kW.

5.4 Related Study

In reference [3], the researchers presented a charging management program based on
the availability of PHEVs in the distribution grid due to the renewable energy
resources. The results show that the proposed program in addition to prevent of
transformer overload, but also increase the dependence of subscribers on the use of
renewable sources.

Paper [11], Modifying PEV parking behaviour due to exchange with solar energy
sources. In this paper, a model has been proposed to illustrate the effects of different
RERs on the profit and behaviour of PEV parking. Parking participation in different
markets was modelled by considering energy and energy sources, as well as the
uncertainty of PEV behaviour. Numerical results show that the parking behaviour
changes in the participation in the electricity market by using different RERs [12].

In a study [13], the planning of a micro grid in the vision of EV was studied. The
purpose is to decrease the electricity costs and optimize the charging of EV. The
article [14] was aimed at intelligent grid optimization features that included renew-
able energy sources, which were carried out by a large number of EV parked in
intelligent parking that has a V2G capability. In another study, the use of a Monte
Carlo simulation to reduce the cost of consumers in managing the charging of PHEV
is used to obtain charging patterns without vehicle management [15].

In the research [16], PHEV charging introduced as a way for Demand Side
Management (DSM) problem and the researchers have proposed the methods to
solve this problem: Multi-Agent Systems (MAS) and Quadratic Programming (QP).
The second degree of planning has able to smooth the peak load optimization and
appropriate charging vehicles, but not scalable; however, MAS solution is scalable
adapted to complete and unanticipated information. The researchers are investigat-
ing the impact of the cars on micro grids with renewable resources [17].
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The research [18] proposed that a home energy management system with the aim
of reduce electric energy consumption, Peak to Average Ratio (PAR) and increase
the consumers’ welfare. The researchers used of an optimization Hybrid Bacterial
Harmony algorithm (HBH) that consists of two algorithms: Bacteria Foraging
Algorithm (BFA) and Harmony Algorithm Search (HAS). Their findings showed
that it is possible to reduce the price of electric energy for consumers and increase the
consumers’ welfare by provide a coordinated program and in line with the generated
electrical energy information of grid in order to use of appliances.

The researchers in article [19] proposed an Intelligent Residential Energy
Management System (IREMS) for smart residential buildings that its benefits
showed in a case study. The main object of IREMS was decrease in electricity,
costs while less than the maximum power demand is limited to the various param-
eters such as the operation of residential loads and renewable energy resources.
Moreover, the researchers used the battery as a suitable solution to reduce the loss of
the power generation of renewable resources.

The research [20] provided an optimal overall framework for energy efficiency
management and its components, which include a smart house with storage, the
PHEV and photovoltaic. The aim of the researchers was to increase home profits
provided that demand response and supply the energy required for PEV. in addition
to that, the Battery Energy Storage System (BESS) is used in this model. In this
project, according to different optimization times analysed the cost of the home
battery energy storage system, the types and various modes of PEVs control, the
parameters of the BESS and the electricity costs of in a systematic way. Their results
showed that with the implementation of the CP (Convex programming) control
program in V2H and H2V modes, the houses with a battery energy storage system
will not purchase electricity at peak load hours.

In research [21], a home energy management system including photovoltaic
panels and battery energy storage system was investigated. The researchers have
examined the following items: (i) the effect of the electricity price mechanism using
the Time-Of-Use pricing (TOU), the Real-Time Pricing (RTP), and the Stepwise
Power Tariff (SPT); (ii) the impact of solar panels; and (iii) the variability of solar
panels in different seasons. The management plan presented in this study was also
programmable in the GAMS.

Research [22] examined the use of the Fuel Cell as an energy carrier to use in off
grid mode. In this research, an Energy Management Algorithm (EMA) is used for
Alternative Energy Sources (AES) in smart home systems. The fuzzy control logic is
used to this purpose and is simulated in MATLAB.

5.5 Smart Charge

Normal charge is a mode where the vehicle is connected to the power to supply to
fully charge the battery with the maximum power possible, or charge it until it is
plugged in. The required time to charge a battery 10 kWh will be between 2 to 5 h
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based on the infrastructure of introduced charge. Since such vehicles don’t need to
much time to charge and most of them are charged at night so timing flexibility can
be used to reduce the peak grid along with providing the vehicle owner’s needs
which is the smart charge. In fact, the smart charge not only is charge transfer to
low-load times but is proper control charge per vehicle in order to provide the
vehicle owner’s needs (for example, prevent a high increase in peak distribution
grid). There is a fact that a PHEV can be used of fossil fuels except the batteries so
it has a high flexibility in the charging. Because it uses of fossil fuel when the
vehicle is required and the battery is not fully charged.

Whenever the vehicle charging is carried out by the controller, the charge rate is
unstable and the battery can be charged at various times and levels.

5.6 Determine the PHEV Specifications for Study

The PHEV specification is derived from reference information [23] and depends on
the vehicle owner’s usage which consists of mileage per day, start charging time, the
number of appliances in each house and its type. The reference [24] assumes that
PHEV owners charge the vehicle immediately upon arrival to home so the start
charging time is the completion of driving and arrive to the destination. The data and
arguments is needed to analyse this issue include the level of PHEV penetration,
AER, daily load profile, home grown load. All data is needed to investigate the
impact of PHEV on the distribution system in this model [5].

5.6.1 PHEV Charge Specification

5.6.1.1 Estimate the PHEVs Load Charge on a Large Scale

The charge and PHEVs capacity should be thoroughly investigated in order to
coordination of the PHEVs large-scale. There is supposed that 1 day is evenly
divided into T time and the number of considered PHEVs is N that each of them
is independent. Thus, it is possible that the charged PHEV loads per day is equal to
the total of each PHEV charge. As is shown in Eq. (5.9).

LPHEV tð Þ ¼
XN

i¼1
Pi tð Þ ð5:9Þ

LPHEV(t) is the total charged loads (N) of PHEV at t time and Pi(t) is the power
of each PHEV that is obtained through Eq. (5.10).

PCHi tð Þ ¼ CRi tð Þ � Pi tð Þ ð5:10Þ
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Pi(t) is the charging power that used to charge the PHEV, CRi(t) is the PHEV
charging mode that can be zero or one (assumed that each PHEVs charge at their
nominal power). The charging method is usually determined in accordance with
the power grid of each country or region which includes predetermined voltage and
current parameters. For instance, the authorized charging method in the Chinese
government network has three main levels: level 1 (slow charge), level 2 (regular
charge), and level 3 (fast charge). The period starts charging until its completion
(tstart to tend) is the charging process. There assumed that a PHEV requires to K
times per day recharged, the PHEV arrival time to charging process is recognized
by tki,start and the ending time of charge by tki,end which K ¼ 1, 2, 3,. . ., k so charging
mode of SOC at the tki,start and t

k
i,end time are SOCk

i,start and SOC
k
i,end respectively. The

various charging modes including un/coordinated charge will be estimated in the
following.

5.7 Random Charge

In the uncoordinated charge mode supposed that each PHEV enters the charging
process at a desired time or immediately after entering the home so each PHEV
charged based on SOCk

i,start of the battery tki,start
�

) and the plug of PHEV is discon-
nected of the power grid at their SOCk

i,end or at tki,end
�

) time. The time of PHEV
dis/charging recognize by its nominal power. Each PHEV is connected to power grid
for start charging process at tki,start � t � tki,end time and disconnected at t < tki,start, t >
tki,end time.

CRi tð Þ ¼
1 tki,start � t � tki,end

0 t < tki,start , t > tki,end
K ¼ 1, 2, . . . , K

(
ð5:11Þ

The charging time shows as dki that can be obtained by the Eq. (5.12):

dki ¼
SOCk

i,end � SOCk
i,start

� �� Bi,c

Pi � ɳ ch
k ¼ 1, 2, . . . , k, i ¼ 1, 2, . . . , N ð5:12Þ

Bi, c is the battery capacity of each PHEV and ɳch is the charge efficiency. The
uncoordinated charging scenario has two modes: full charge which each PHEV is
fully charged and the charging is constantly increasing.

SOCk
i,end ¼ SOCk

i,max ð5:13Þ

SOCk
i,max is for the time that the charge is completed. The ending time of charge is

obtained through Eq. (5.14).

tki,end ¼ tki,start þ dki ð5:14Þ
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In the continuous charge increase mode, the PHEV is charged at the
predetermined constant time by the consumer. The start charging time should be
predetermined and be available on the charge pattern chart. The charging process
stops at the ending time of charge regardless of whether the PHEV is fully charged or
not. The probability distribution functions of random variables in this field of the
study can be derived from the official traffic reports.

5.8 Managed Charge

In order to investigate and control the status of PHEV loads, the coordinated
charging scenario is provided that is based on the relationship between domestic
load consumption and the amount of the renewable resources generation. The
PHEVs is considered as the main factor of overloads and the penetration of renew-
able resources controller in this research. Hence, the coordinated charging scenario
and time management of vehicle charging are presented to change in charging time
to other times to the balance between load consumption and renewable resources
generation. In this scenario, the priority of charging vehicles is possible in two ways
that in accordance to their account and the load profile: (1) fast charge, (2) delayed
charging.

The fast charge belongs to vehicles that when enter into the charging process the
difference between renewable resources generation and load consumption is at the
lowest level. Since, due to the fact that the urban power grid may be used to provide
part of the required vehicles energy then the cost of consumers may be increased.
This option is listed as the charging with priority time.

The second way delays charging time to hours with high renewable resources
generation and to avoids of extra charge that can be lead to further financial savings;
although, the vehicle will be charged in a longer time. This option is listed as the
charging without priority time.

The choice of one of the two modes depends on whether consumer desire to save
money through preventing of charging the vehicle at the times with a shortage of
solar energy resources than consuming or trying to finish as soon as possible the
process of charging battery and increasing the costs of energy.

The coordinated charging scenario relies on two basic subsystems:

• Home general controller (HGC)
• Transformer general controller (TGC)

Basically the HGC’s performance is as follows: (i) increase demand energy of
home loads to the demand energy of existing vehicle at a fixed time; (ii) checking the
generated energy by renewable resources (solar), combination of two sources of
generation, and estimate the amount of generated energy; (iii) calculating the
differences in the total generation of the total consumption in which if the demanded
energy exceeds of the amount of generation, the power grid will be compensated its
shortages, otherwise their residue will be transferred to the power grid; (iv) after
processing, all HGC’s data will be presented as a report.
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This report contains some information on PHEV’s terms:

• Whether connected to the grid or not?
• Demand energy by PHEV
• Energy in the PHEV battery
• Whether the PHEV has the priority for charging?

The HGC implements the coordinated charging scenario through this
information.

The function of HGC is presented as flowchart in Fig. 5.4.
Ep represents the demanded energy by the vehicle and Eh is the energy of the

home loads. Er shows the total renewable resources generation (solar), Ed is the
energy of vehicle discharge.

<

HGC

Energy demanded of
home appliances

Energy generated by
Renewable sources

HA?PHEV? Solar? Wind?

Total energy demanded by
a home

Eh=Ep=EH

Feed-in difference
to the grid

Eh

Eh

Er

Er=

Er?

YES

NO

Ei=Eh-Er

Report to transformer
*Energy demanded by the PHEV’s
*Current energy in PHEV’s battery
*PHEV current Y/N
*Priority in charging PHEV’s: Y/N

TGC

Fig. 5.4 the flowchart of the vehicle charging management by HGC [3]
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The HGC grid sends the report to the TGC, then TGC combines the report with
the total available loads seen by the current transformer in order to determine the
conditions of the residential grid.

There is a comparison between overall load and the nominal power of the trans-
former then if not exceed this capacity, the transformer provides the required energy of
each home. On the other hands, if the overall load is greater than the nominal power,
the TGCwill enable coordinated charging algorithm in order to recognize vehicles and
delay to charging them or discharging battery of some of the vehicles at a time interval.
Charging vehicle causes overloads so this load should be managed and transferred to
other time. The flowchart is the coordinated charging scenario on the TGC as it
presented in the Fig. 5.5, (The target grid is supposed for 5 houses).

HGC 3

HGC 3

HGC 4

HGC 4

HGC 5

HGC 5

HGC 2

HGC 2

HGC 1

HGC 1

TGC

Total required energy of
a transformed per hour

L=   Ehi

Total renewable power generation
per hour
P=   Eri

Supply of the energy
for each home

Activate the coordinated mechanism by using the adopted policy:
The load of the total energy in the transformer

The energy in the PHEV’s battery

PHEV Charge priority: Y/N

PHEV Discharge priority: Y/N

Output: vehicles must stay awaits to charging priority

Provided report to home:
Energy cost devoted energy to home

Allow to charging PHEV: Y/N

YES

NO
L > P?

Per hour

Fig. 5.5 the flowchart of the vehicle charging management by TGC [3]
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5.9 The Coordinated V2G Mode

In managed V2G mode, the PHEV can be considered as a grid energy storage unit
and a controller. Each PHEV has three modes: charge, deactivated and discharge that
the optimal coordination PHEV dis/charging modes can be reduced the peak load as
well as increases the penetration of renewable resources in the grid.

In any mode, the require to the charging and discharging PHEV should be
considered.

The aim of this project is respond to consumer needs and minimize the total peak
load through controlling CRi(t) and DCRi(t).

The subject has such limitations:
There is no charge and discharge in the outside of the dis/charging period. For

example, dis/charging mode should be zero:

CRi tð Þ ¼ 0 t =2 tki,start, t
k
i,end

� �
i ¼ 1, 2, . . . , N; k ¼ 1, 2, . . . , K ð5:15Þ

DCRi tð Þ ¼ 0 t =2 tki,start, t
k
i,end

� �
i ¼ 1, 2, . . . , N; k ¼ 1, 2, . . . , K ð5:16Þ

Charge power should be as:

CRi tð Þ 2 0, 1f g t 2 tki,start, t
k
i,end

� �
i ¼ 1, 2, . . . , N; k ¼ 1, 2, . . . , K ð5:17Þ

Charge power should be as:

DCRi tð Þ 2 0,�1f g t 2 tki,start, t
k
i,end

� � ð5:18Þ

The PHEV mode could be charging, discharging, or deactivated, as a result
CRi(t) and DCRi(t) cannot be active at the same time.

CRi tð Þj j þ DCRi tð Þj j � 1 t ¼ 1, 2, . . . , T; i ¼ 1, 2, . . . , N ð5:19Þ

And SOC should not be less than the specified value:

SOCi tð Þ � Bl ð5:20Þ

The Bl is the lower limit of the SOC which it is set to 20% in this program.
In the V2G mode, the car is not allowed to discharge when the battery capacity

reached to this value.
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5.10 Mathematical Model of the Issue

The aim of this project is to increase the renewable resources usage in the smart grid
and to reduce the use of the conventional generation (CG). To this end, there should
be obtained the power differences between the required energy for PHEVs charging,
the amount of consumers’ consumption, and above all the renewable energy
resources. For doing this, the Eq. (20.3) is used.

So, the V2G process and discharge mode are considered to reduce the peak load
in this equation.

Ej tð Þ ¼ PG
j tð Þ �

XN

i¼1
Pi

j tð Þ � CRi tð Þ þ DCRi tð Þð Þ� �
� PL

j tð Þ t ¼ 1, 2, . . . , T; j ¼ 1, 2, . . . , m
ð5:21Þ

The variables that used in the Eq. (5.21):

• The Ej(t) is the energy differences between renewable resources generation and
consumption at t time.

• “j” represent the considered house 8j 2 (1, m)
• The PG

j(t) is the total of the renewable resources generation, which equal the
generation of the solar resources, it obtains through below equation:

PG
j tð Þ ¼ Ppv ð5:22Þ

• Pi
j(t) � (CRi(t) + DCRi(t)) expresses the amount of consumption of PHEV

charging power or V2G in discharging mode. Therefore, due to the Eqs. (5.17)
and (5.18) equations, the value may be positive or negative.

• PL
j(t) is static load consumption by consumer that include all furniture, regard-

less vehicle energy.

According to Eq. (5.21), if Ej(t) is obtained a positive value so the renewable
resources more than of the consumer consumption which the load response is
completed without any problems in the distribution grid. Otherwise, if Ej(t) is
obtained a negative value, the power should be transferred of conventional genera-
tion (CG) into the house in order to supply required energy of consumer which the
received energy from CG is obtained by Eq. (5.23):

CGj tð Þ ¼ PLj tð Þ þ
PN
i¼1

Pij tð Þ � CRi tð Þ þ DCRi tð Þð Þ� �� PGj tð Þ Ej tð Þ < 0

0 Ej tð Þ � 0

8><
>:

ð5:23Þ

The difference in consumer demand energy is equal to the renewable resources.
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5.10.1 Optimization of the Issue

The minimizing the received power from conventional generation is the main factor
of the objective function which contains such limitations:

Min
XT
t¼1

Xm
j¼1

CGt,j ð5:24Þ

1. The value of Ej(t) must be smaller than zero, otherwise CGt, j is equal to zero.

Ej tð Þ < 0 ð5:25Þ

2. In order to completing load response, the total resources generation that consist of
renewable resources and conventional generation should be higher than or equal
to the total consumer load.

PG
j tð Þ þ CGt,j‐

XN

i¼1
Pi

j tð Þ � CRi tð Þ þ DCRi tð Þð Þ� �� PL
j tð Þ � 0 ð5:26Þ

3. The received energy of the power grid has the following limitation. BCG6 is a
binary number that indicating whether the energy is received of the conventional
generation or not CG 2 {0, 1}.

CGmin:BCG � CG � CGmax:BCG ð5:27Þ

4. The vehicle capacity i at t time is equal to the vehicle capacity i at (t� 1) time and
the amount of received power for charge or discharge [6].

SOCi,t ¼ SOCi,t�1 þ Pi,t � CRi tð Þ þ DCRi tð Þð Þð ð5:28Þ

5. The limitation of the charge and discharge power are determined by the
Eq. (5.29) [6].

DCRi,t:Pi,tmin � Pi,t � CRi,t:Pi,tmax ð5:29Þ

6. Finally, the battery capacity has some limitations [6].

6Binary Conventional Generation
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20% � SOCi,t � 100% ð5:30Þ

The SOCimax is considered 100% in the Eq. (5.30) and there is not allowed to
discharge the vehicle with the capacity of less than 20%. This limitation is consid-
ered to increase battery life.

5.11 Multiple Results of Exploitation of the Studied Grid

The main purposes of this research chapter are discovering a suitable, automatically,
and optimized way to managing PHEV charging, for minimize received energy from
CG, and to increase energy consumption from renewable resources by using of PSO
algorithm. In addition to Monte Carlo simulation used to obtain random variables
and probability function. The result of PHEV charging program is generally seen on
the grid for every home. As maintained above regarding smart homes, the houses
equipped with the planned smart charging devices for their PHEVs and consumers
declare the allowed time for their PHEVs charging. The allowed charging time for
each of PHEV is assumed which is equal to time of return to home after the last travel
and the start of first trip on the next day.

In the previous section provided an objective function which related to the
operation of the proposed network, and all components were modelled separately.
Then, the uncertainty mileage by cars during the day, the battery capacity of the
vehicle at the first time, and also the absence of cars in the house is described. It is
necessary to achieve optimum operation conditions of this grid by use of suitable
tool. For do this, PSO algorithm is selected to optimize objective function. This
algorithm optimized scenarios generated scenarios by Monte Carlo method.

It is simulated in the MATLAB program. A grid of solar and wind units with
PHEVs as flexible loads also a transformer with the identified capacity to exchange
houses energy with upstream grid is considered. Figure 5.1 Indicates sample grid of
this work which consists of five smart houses with equipment for the renewable
generation [3]. Next, is considered the effect of PHEVs charging in three modes:
unmanaged charge, managed charge, and managed charge V2G, then the study will
analyse the results of the simulation.

In order to managing energy is provided an initial scenario as well as used of
Monte Carlo simulation to find a consistent driving pattern with current situation.
For doing this, it is assumed that each house has a PHEV. The houses 1 and 2 use of
their vehicle for commuting to workplace while the houses 3, 4, and 5 use of public
transport vehicles and do not have a timing plan to use of their vehicles.
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5.11.1 Charging without Vehicle Management and V2G
Capability

A distribution grid consists of five house with specified features. The loads of the
houses are divided into two categories: static loads (such as lighting, cooling and
heating systems; household appliances like washing machines, dishwashers, and
electrical appliances) and flexible loads (such as electric vehicle battery). The
Fig. 5.6 shows the static loads per house [25].

As it shown in the Fig. 5.6, the static load curve of the distribution grid represents
the all of five houses, regardless of the loads of charging vehicle. The investigated
grid is powered by a transformer that has the power 22.75 kW and is a ranged
between 25 to 75 kVA per phase. (it is a standard power to supply between 4 to
7 houses) [3].

In Fig. 5.7 the daily generation of renewable resources with household consump-
tion regardless of the load of charging PHEV were compared. In charging mode
without management, vehicle owners are connected to the grid regardless of the grid
status and the amount of the generation of renewable resources at the return time to
home. This charging method has some problems: charging a large number of vehicle
at the same time and creating a peak load in the distribution grid, which will be
increased the load and consumers’ cost. The lack of the amount of available
renewable resources leads to a loss of electricity generated resources and increasing
the conventional generation usage. The load curve without vehicle charging man-
agement shown in Fig. 5.8.

In Fig. 5.8, the amount of the generation of renewable resources with the curve of
the household load were compared by take into account to PHEV charging. As it can
be seen in the figure, there is no charging at the time with the maximum generation of

Fig. 5.6 The household consumption curve
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the renewable resources that increases demand energy of power grid and increases
consumers’ cost so the importance of PHEV charging management is revealed.

In Fig. 5.9, the use of photovoltaic panels and high-temperatures of the sun at
8–18 PM, the renewable resources generation is at its highest level which decrease at
night. It is not taken into consideration in unmanaged electric vehicle charging so the
vehicles enter to the charging process at the minimum level of renewable resources
generation, which increases the demand energy from the power grid.

Fig. 5.7 The ratio of the generation of the renewable resources to static load consumption in the
distribution grid

Fig. 5.8 The curve of household load without charging management
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The Fig. 5.10 presented the house demand energy of power grid. There is
indicated that the vehicles enter to charging process at late in the day with low
level of renewable resources generation which increases peak load in the distribution
grid and the costs. It’s assumed that when two vehicle go back to home will be
connected to the grid, but in order to complete the capacity of the battery, some of the
vehicles enter to charging process at the end of day. For this reason, the rate of the

Fig. 5.9 The curve of the comparison of the generation of renewable resources and unmanaged
loads

Fig. 5.10 The amount of received energy of the power grid in the unmanaged charge scenario
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renewable energy permeability drastically reduces at this time moreover the received
energy from conventional generation increase to 80 KWh during 24 h. The effect of
the management on the amount of received energy from the conventional generation
before and after the managing will be discussed by applying vehicle charging
management program.

5.11.2 Vehicle Managed Charging without V2G Capacity

In order to investigate and control the status of PHEV loads, the coordinated
charging scenario is provided that is based on the relationship between domestic
load consumption and the amount of the renewable resources generation. The
PHEVs is considered as the main factor of overloads and the penetration of renew-
able resources controller in this research. Hence, the coordinated charging scenario
and time management of vehicle charging are presented to change in charging time
to other times to the balance between load consumption and renewable resources
generation. In this scenario, the priority of charging vehicles is possible in two ways
that in accordance to their account and the load profile: (1) fast charge, (2) delayed
charging (Sect. 5.7).

According to Sect. 5.9, the curve of the load of the grid is presented in Fig. 5.11
through implementing the vehicle charging management program.

In Fig. 5.12, the loads compered in random and managed charge with the curve of
generation of the renewable resources. The effect of charge management on the more
efficiency of renewable resources is recognized.
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Fig. 5.11 The curve of the grid load with vehicle charging management
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According to Fig. 5.13, the charging process of some of vehicles that are not in a
priority of charge is transferred to 9 and 18 PM. through implementing charging
management. As well as due to the high level of the renewable resources generation
at these hours, the demanded energy from conventional generation is reduced to
58 kWh which the majority of this energy was cheaper-rate electricity at 3–5
A.M. Certainly, charging management program diminishes the consumers’ charges.
Figure 5.14 shown received energy from the power grid.
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Fig. 5.13 The comparison of generation with domestic load curves in two managed and random-
ized modes
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Figure 5.15 is shown the difference in received energy from the power grid with
vehicle no/charge management.

5.11.3 Managed Charge with V2G Capacity

In V2G mode, the PHEV may be considered as a grid energy storage system. Every
PHEV has three modes: charge, deactivated and discharge that the optimal PHEV
dis/charging modes can be reduced the peak load as well as increases the renewable
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Fig. 5.14 The amount of received energy of power grid in managed and without V2G capacity
modes
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resources penetration in the grid. The main purpose of current project is to minimize
the received energy from conventional generation respond in accordance with the
consumer needs. The curve of the load grid by use of this feature is presented in
Fig. 5.16.

There is compared the new load curve with the amount of renewable generation.
After adding V2G to the grid, some of the vehicle’s owner are desire to participate in
the discharging process at the times with the lower renewable resources generation
which increases the penetration of the renewable resources in load response. Fig-
ure 5.17 is shown the functionality of the program through comparing generation,
load, and V2G capability.

There can be discharged the vehicles depending on the time constraints and the
consumers’ welfare in use of vehicles which not only reduces received energy from
conventional generation, but also increases financial saving for costumers. Consid-
ering the vehicle power transmission to grid, the conventional energy generation
reduce to 29 kWh. Figure 5.18 shown the conventional generation ratio in two
managed and unmanaged modes with V2G capability.

In order to represent the effect of charging management and V2G capability in
grid on randomized charge, the graph of the received energy of grid is divided into
three modes: (1) unmanaged vehicle charging, (2) managed vehicles charging
without V2G capacity, (3) managed cars charging by consideration of V2G capacity
with other and the generation of renewable resources curves (Fig. 5.19).

The correlation is used to indicate accuracy of the applied management. Corre-
lation is the statistical indicator which describes the relationship between two
dependent variables in other word, it is an statistical indicator that determines various
degree of relationship between two dependent variables in a fixed and limited scale.
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The Eq. (5.31) indicates correlation between two set of statistic data x and y. The
correlation between renewable generation and all household loads in both random-
ized and managed modes increased from 0.29 to 0.74.
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Fig. 5.18 The difference of received energy of grid before and after load management
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The increased correlation confirms the performance of the vehicle charging
management program.

Corr Renewable Energy, Load Unmanagedð Þ ¼ 0:29

Corr Renewable Energy, Load managedð Þ ¼ 0:6821

Corr Renewable Energy, Load managed with V2Gð Þ ¼ 0:7474

5.12 Conclusion

Due to optimize the use of the renewable energy resources, a model to more efficient
of the residential grid usage through the managing PHEV dis/charging during 24 h
was provided. The grid consists some smart houses which has photovoltaic panels
for generate needed home power. The loads are divided into static loads and flexible
loads. As well as, the houses equipped with the smart charge planning system for the
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PHEVs that has double-sided energy exchange capabilities with distribution grid. It
worth mentioning that a 25 kV transformer powered to the homes.

In the modelling of renewable resources generation, meteorological information
was extracted over a period of 1 year based on the time of information used of the
static loads of residential consumers’ information. On the other hand, the used
specifications of the vehicles as the flexible loads in this modelling are extracted
from the relevant automotive companies.

The considerable points in this research are the uncertainty on vehicle mileage per
day, the use of vehicle at the different time, and the initial capacity of the battery.

For this purpose, used of Monte Carlo simulation algorithm to cover a variety of
probable situations then provided a probabilistic variable for each of the decision
variables. Additionally, particle swarm optimization is used to optimize grid utili-
zation in this research. In the depend environment, the performance of the issue with
the high number of decision-making variables was acceptable and in a relatively
short time reaches to the optimal point. The problem with the high number of
decision variables and function well in a relatively short time is relative to the
optimal point.

• In order to optimize the grid utilization, various scenarios and plans have simu-
lated and is examined that the model presented in this research.

• Carrying out a charge and discharge management plan to cover renewable energy
changes that can be reduced consumer costs.

• Decrease the costumers’ cost and reduce their dependency to conventional
generation through administrating the PHEV discharging and charging
management.

• Due to the dependence of this program on people’s driving patterns, the use of a
definitive planning method is not appropriate and the possible method should
be used.

• Drastically decrease the costumers’ dependency to generated energy of fossil
fuels which is essential for the environmental.

• Increase the grid security through preventing the creation of peak-loads in the grid
and transferring the vehicles charging time which prevents of the overload on a
distribution transformers and power grid outage.

Acknowledgments Special thanks to department of research and technology of the Islamic
Azad University, Damavand branch for their valuable support throughout all the phases of this
research.
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Appendix

Indexes
N Number of solar modules

J Considered house

I Considered car

t Time interval (24 h)

CRi(t) Charging mode

DCRi(t) Discharging mode

BRi(t) Binary of charge sum discharge

Constants
Ppv Solar generation (kW/m2)

Pmpv max power of solar module (kW/m2)

Gt solar radiation intensity (kW/m2)

SOC State of charge (%)

λ maximum distance mileage in electric mode (mile)

d total distance mileage by the car (mile)

PG
j(t) total generation of renewable resources (kW)

Pi
j(t) Power consumption of PHEV charging or discharging (kW)

PL
j(t) static load (kW)

CGj(t) conventional generation (kW)
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Chapter 6
Integration of Electric Vehicles and Wind
Energy in Power Systems

Morteza Shafiekhani and Ali Zangeneh

6.1 Introduction

The most important task of EVs is to meet transportation requirements of their
owners. Besides, these vehicles can be used as energy storage units. By optimal
charge and discharge of the EVs, energy can be stored in their batteries in some
hours (usually off-peak hours) not only to be used as the prime mover of the vehicles
but also to discharge energy to the grid in the necessary conditions (usually peak
hours).

Many changes will occur in the load profile of distribution systems with the
increasing number of the EVs. Various charge strategies and their impacts at load
profile of Australian electricity grid are assessed in [1]. The obtained results denote
that the appropriate management of EVs charge increases the distribution network
capacity. There is no need to install new power plants to supply the additional power
for EVs charging if the EVs are coordinately charged during off-peak hours. Similar
results are presented in [2] that shows the load curve changes with the variation of
the charge pattern.

Tarroja et al. define various scenarios to investigate the effects of EVs charge
strategy on the load profile [3]. They indicate that how non-intelligent charge of EVs
can increase the power demand in peak hours and intensify the distribution network
stress. On the contrary, the coordinated charge of EVs smooth the load curve by
filling the valleys. Authors of [4] address the management of EVs in the presence of
renewable-solar and wind-powered units, and have shown that by applying the V2G
feature of the vehicles, the operation performance of the distribution network has
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been improved in the presence of renewable generation uncertainties. In [5], the use
of renewable energy sources in the presence of electric vehicles has been explored.
The results indicate that although the use of electric vehicles as a storage unit
requires many costs, there are a lot of benefits to supporting renewable energy in
the power system.

By increasing penetration level of EVs in power systems, their effects cannot be
ignored. As an example, replacing a quarter of US vehicles with the electric ones
would increase the power demand beyond the capacity of existing US power
plants [6].

The impact of the transportation system in the presence of electric vehicles has
been investigated using the data available in the transportation system. It has been
shown that V2G technology has led to an increase in the flexibility of the power
system and more optimal utilization of the wind unit [7]. In [8], four different models
of charging EVs have been investigated. The obtained results indicate that the smart
charging and discharging of EVs lead to increased capacity and reduced costs.

Kiviluoma and Meibom [9] assess the impact of smart and non-smart charging of
EVs in the future power system using a model that optimizes the scheduling of EVs
participation. The results indicate that the smart charging of EVs is economical in
comparison with the non-smart charging.

Furthermore, the coordinated charge and discharge of EVs have some technical
benefits such as loss reduction, peak shaving, frequency regulation and load follow-
ing. The impact of electric vehicles on investment and distribution network losses
are investigated in [10]. The results of the study on two different urban and rural
areas indicate that the charging of EVs in peak-hours will increase the expansion
investment costs of the distribution network by 19%, while charging EVs in other
times reduce costs by 70%. In the worst-case scenario, charging EVs increased the
loss of distribution network by 40%. It has been shown in [2, 11, 12] that the use of
EVs batteries to save energy and deliver it back to the network at some hours along
with renewable energy has resulted in more flexible operation of these units. As
shown in Fig. 6.1, EVs can be used as consumer (in charge mode) alongside other
consumers. On the other hand, they can generate electric power (in discharge mode)
and be considered in the power producer side with renewables and non-renewables
producers.

Fig. 6.1 Integration of EVs and wind units
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6.2 Problem Formulation

Stochastic programming of dispatchable units with the goal of maximizing profits in
the presence of wind and electric vehicles is in the form of the following equations.
Equation (6.1) represents the final profit of the problem, which is obtained from the
revenue minus the cost. Equation (6.2) represents the revenue obtained by
dispatchable units, wind and electric vehicles. Equation (6.3) represents the opera-
tion cost, which includes the fuel cost of units, start-up and shut-down cost. The
operating cost function of units is a nonlinear expression, so the linear equivalent of
that is described as follows:

Max, Profit ¼
X
t

X
w

πt,w Revenue t,wð Þ � Cost t,wÞð Þð ð6:1Þ

Revenue t,wð Þ ¼
X
g

Pg,t,wλt þ PWind
t,w λþ RevenueEVt,w ð6:2Þ

Cost t,wð Þ ¼
X
g
FCg,t,w þ SUCg,t,w þ SDCg,t,w ð6:3Þ

6.2.1 Linear Equivalent of the Cost Function

For this purpose, the cost function, which is a second-order expression, is approx-
imated in a number of lines as shown in Fig. 6.2. The equations related to the
linearization of the cost function are Eqs. (6.4, 6.5, 6.6, 6.7, 6.8, 6.9, 6.10, 6.11 and
6.12). The higher the number of lines, the better approximation will be. z represents

Fig. 6.2 Cost function
linearization
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the number of cost function intervals that indicate the number of these lines, too.
Each interval has an initial power and a final power, which is represented by Pz

g,in and
Pz
g,fi respectively. P

z
g,t represents the generated power in each of these intervals. The

expression ΔPz
g represents the ratio of the power variations of each unit to the

number of desired intervals. Hz
g represents the ratio of cost variations to power

variations in each interval [13].

0 � Pz
g,t,w � ΔPz

gαg,t,w,8z ¼ 1 : n ð6:4Þ

ΔPz
g ¼

PMax
g � PMin

g

n
ð6:5Þ

Pz
g,in ¼ z� 1ð ÞΔPz

g þ PMin
g ð6:6Þ

Pz
g,fi ¼ ΔPz

g þ Pk
g,in ð6:7Þ

Pg,t,w ¼ PMin
g αg,t,w þ

X
z
Pz
g,t,w ð6:8Þ

Costzg,in ¼ ag Pz
g,in

� �2
þ bgP

z
g,in þ cg ð6:9Þ

Costzg,fi ¼ ag Pz
g,fi

� �2
þ bgP

z
g,fi þ cg ð6:10Þ

Hz
g ¼

Costzg,fi � Costzg,in
ΔPz

g
ð6:11Þ

FCg,t,w ¼ ag PMin
g

� �2
þ bgP

Min
g þ cgαg,t,w þ

X
z
Hz

gP
z
g,t,w ð6:12Þ

6.2.2 Problem Constraints

There are various constraints in this problem, including technical and economic
constraints, which are described as follows:
• Ramp rate constraints:

The production capacity of units has a minimum and a maximum at any time
interval. Pg,t and Pg,t represent minimum and maximum, respectively, which are not
necessarily equal to PMin

g and PMax
g . Equations (6.13, 6.14, 6.15, 6.16 and 6.17)

represent the ramp-up and ramp-down constraints of dispatchable units.
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Pg,t � Pg,t,w � Pg,t ð6:13Þ
Pg,t � PMax

g αg,t,w � γg,tþ1,w

� �þ SDgγg,tþ1,w ð6:14Þ
Pg,t � Pg,t�1,w þ RUgαg,t�1,w þ SUgβg,t,w ð6:15Þ

Pg,t � PMin
g αg,t,w ð6:16Þ

Pg,t � Pg,t�1,w � RDgαg,t,w � SDgγg,t,w ð6:17Þ

In the above equations, αg, t, w shows the on/off status of the unit g at period t and
scenario w. βg, t, w and γg, t, w also indicate start-up/shut-down status of the unit g at
period t and scenario w.
• Minimum up and down time constraints:

βg,t,w � γg,t,w ¼ αg,t,w � αg,t�1,w ð6:18Þ
βg,t,w þ γg,t,w � 1 ð6:19Þ

βg,t,w, γg,t,w, αg,t,w 2 0, 1f g ð6:20Þ

The minimum up time (MUTg) and the minimum down time (MDNg) of unit g are
described as Eqs. (6.21) and (6.22) [14].

XMUP

t¼1

αg,tþ1,w � 1 � MUTg8βg,t,w ¼ 1 ð6:21Þ

XMDN

t¼1

1� αg,tþ1,w � MDNg8γg,t,w ¼ 1 ð6:22Þ

• Start-up and shut-down cost:

The start-up and shut-down cost of the unit g at period t and scenario w are
Eqs. (6.23) and (6.24), respectively. The values of CSg and SDg are given in
Table 6.1.

SUCg,t,w ¼ CSgβg,t,w ð6:23Þ
SDCg,t,w ¼ SDgγg,t,w ð6:24Þ

• Power Balance constraint:

The total power produced by the dispatchable units, the wind unit and the
discharge of EVs should be equal or greater than sum of the charge of EVs and
loads per hour. This Equation is represented as Eq. (6.25).
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X
g

Pg,t,w þ PWind
t,w þ

X
ev

Pdch
ev,t,wηev �

X
ev

Pch
ev,t,w

ηev
� PDem

t ð6:25Þ

6.2.3 Modeling of Wind Unit

The Weibull probability distribution function [15] is used to model wind speed as
shown in Eq. (6.26). In this Equation, k is the shape parameter, C is scale of the shape
and v is wind speed. The information about related parameters and wind speed are
provided in [16].

f wind vð Þ ¼ k
c

v
c

� �k�1
exp � v

c

� �k
� �

, 0 < v < 1 ð6:26Þ

Based on Weibull function 10 scenarios are produced for hourly wind speeds and
accordingly, hourly wind outputs are determined based on Eq. (6.27).

PWind
vaw

¼

0 0 � vaw � vci
Prated

vaw � vci
vr � vci

vci � vaw � vr

Prated vr � vaw � vco
0 vco � vaw

8>>>><
>>>>:

ð6:27Þ

6.2.4 Modeling of Electric Vehicles

Electric vehicles are as a consumer in charge mode and as a producer in a discharge
mode. As long as these vehicles are present in the parking lot, their equations are
Eqs. (6.28, 6.29, 6.30, 6.31, 6.32, 6.33 and 6.34). Equation (6.28) shows the
revenue/cost of electric vehicles in the parking lot. Equation (6.29) shows the
amount of energy stored in batteries of vehicles, which depends on the energy of
the previous hour and the amount of charge and discharge of the vehicle. The
charging and discharge limits of vehicles are modeled according to Eqs. (6.30) and
(6.31). Equation (6.32) shows the minimum and maximum charging limits of
vehicles. Equation (6.33) indicates that charging and discharging do not occur
simultaneously, and Eq. (6.34) indicates that vehicles have their maximum charge
at the departure time from the parking lot [17].
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RevenueEVt,w ¼
X
ev

Pch
ev,t,wλ

ch
t � Pdch

ev,t,wλ
dch
t ð6:28Þ

EEV
ev,t,w ¼ EEV

ev,t�1,w þ Pch
ev,t,w � Pdch

ev,t,w ð6:29Þ
Pch
ev,t,w � Pch,Max

ev,t αcht,w ð6:30Þ
Pdch
ev,t,w � Pdch,Max

ev,t αdcht,w ð6:31Þ
EEV ,Min
ev � EEV

ev,t,w � EEV ,Max
ev ð6:32Þ

αcht,w þ αdcht,w � 1 ð6:33Þ
Xt¼DT

t¼AT

Pch
ev,t,w � Pdch

ev,t,w þ EEV
ev,0 ¼ EEV

ev,cap ð6:34Þ

6.3 Simulation Results

Generation scheduling of dispatchable units are studied in the presence of wind
turbines and electric vehicles in three different case studies. The typical distribution
system includes 10 dispatchable generation units presented in Table 6.1 as well as a
wind farm, which its aggregated power is obtained through Weibull distribution
function in 10 scenarios. Moreover, 1000 EVs are considered in the distribution
network with some simplified assumption as follows:

The arrival and departure time of the EVs to/from the parking is 5:00 pm and
7:00 am respectively. The capacity of each EV is considered 10 kWh and it is
assumed that all EVs arrive to the parking with the state of charge equal to 40% of
their maximum capacity. In order to encourage EVs owners to participate in V2G
mode, the cost rate of charging as shown in Fig. 6.3 is considered 2% higher than
their charging price that is equal to electricity market price. The maximum and
minimum permissible energy stored in each EV are assumed to be 0.9 and 0.3 of its
capacity, respectively. Furthermore, the battery charge and discharge rate of each EV
is considered 10% of its stored energy capacity. The amounts of network load and
day ahead market price are assumed as a parameter. Figure 6.4 depicts the power
demand of distribution network. The values of vci, vr and vco in wind unit modeling
are 5, 15 and 45 m/s, respectively.

The stochastic behavior of the aggregated wind turbines is modeled in 10 scenar-
ios using Weibull distribution function shown in Fig. 6.5. The scenarios of WTs
power generation are presented in Fig. 6.6.

To investigate the effect of the stochastic generation of WTs on EVs, three
difference case studies are defined as follows:
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6.3.1 Case Study 1: The Stochastic Generation of WTs
Without EVs Participation

In this case, there are only dispatchable generation units and wind turbines, while no
EV is considered in the generation scheduling problem. The problem is solved for
10 generation scenarios of wind turbines. To compare different case studies with
each other, the output of all case studies are investigated in the fifth scenario.

Figure 6.7 shows the output of the dispatchable generation in the fifth scenario.
As shown in this figure as well as Table 6.1, only units 2–5 are generating power at
the beginning of the planning period. According to the cost coefficients presented in
Table 6.1, the third unit is the most expensive unit among the four generating units.
Thus, it will be turned off after its minimum continues working time (3 hours). The
first unit has been off at the beginning of the scheduling period and is started
5:00 am. Since the marginal cost of wind turbines are approximately zero, the output

Fig. 6.3 The price of EV charge and discharge
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generation of dispatchable units are reduced by increasing the generation of wind
turbines. For example, by significantly increasing the output of wind turbines in the
fifth scenario on 8:00 am, the power generation of the fourth dispatchable units
reduces. The dispatchable generation units have the largest participation from 7:00 to
13:00 due the peak load conditions of the demand curve. Since the second generating
unit is the cheapest one, it generates power at its maximum capacity all day.
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6.3.2 Case Study 2: The Stochastic Generation of WTs
with the Participation of the Uncoordinated EVs

In this case, the total number of EVs are considered 1000 with the uncoordinated
charge and discharge characteristics. Figure 6.8 shows the net values of the EVs
charge and discharge that are considered as known parameters in the generation
scheduling problem. Moreover, it is assumed that EVs are in the parking from 7:00

Fig. 6.7 The output power of the dispatchable generating units and the aggregated generation of
wind turbines in scenario 5 of the case study 1

Fig. 6.8 The net values of the uncoordinated charge and discharge of the aggregated EVs
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to 17:00. The uncoordinated behavior of EVs disrupts the optimal generation
scheduling of the dispatchable units and reduces the total profit.

Figure 6.9 shows the output generation of the dispatchable units and aggregated
wind turbines in scenario 5 of the second case study. Since approximately 18 MW
are discharged at the first hour into the system, the unit 4 starts with a lower
generation value with respect to the previous case study. At the second hour, the
unit 8 starts its generation due to the 10 MW power demanded by the system to
charge EVs. However, this unit did not have any generation all day in the previous
case study. Since at hours 5 and 6 much power is required in the system, the
generation of most dispatchable units has increased. From hours 7:00 to 17:00, the
EVs are out of the parking and thus there is no need to charge or discharge, therefore,
the generation of dispatchable units are significantly decreased. The high discharge
rate at 18:00 as well as the increasing generation of the wind turbines lead to a sharp
decline in the generation of the unit 4. In the contrary, the generation of the units are
increased at hours 22 and 23 due to the high power demanded to charge EVs.

6.3.3 Case Study 3: The Stochastic Generation of WTs
with the Participation of the Coordinated EVs

In this case study, EVs are charged and discharged based on the coordinated
scheduling program. The aggregated power in the charge and discharge mode is
significant so that it may affect the generation of the dispatchable units. Since the
power demand is low at the hours 1:00 and 2:00, the amount of power generation by
dispatchable units is also low and the EVs are charged as shown in Fig. 6.10. On the
other hand, when EVs arrive at the parking lot at 18:00, the power demand is low
(shown in Fig. 6.4) and EVs starts charging. At the end of the day (hours 23:00 and

Fig. 6.9 The output power of the dispatchable generating units and the aggregated generation of
wind turbines in scenario 5 of the case study 2
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24:00), EVs start discharging due to no generation of the wind turbines and low
amount of the power available at the power system.

The hourly power generation of the dispatchable units as well as aggregated wind
turbines are shown in Fig. 6.11. In the first 2 hours, the units 4 and 5, which are
cheaper than the others, increase their generation to provide required energy for EVs
charging. By slightly increasing the output power of wind turbines and EVs
discharging after that time, the unit 4 reduces its generation. In the mid-day, most
units reduce their generation because all EVs are out of the parking lots as well as the
output generation of wind turbines are high. At the hours 18:00 and 20:00, the unit
4 increases its generation to participate in charging EVs. Eventually, in the last
2 hours, all units either reduce or stop their generation due to the significant amount
of EVs discharge. Table 6.2 summarizes the cost, income and profit of the system
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Fig. 6.10 The net values of the coordinated charge and discharge of the aggregated EVs
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operator in the three case studies. As it can be observed in the table, the profit and
efficiency of the power system are increased in the presence of EVs, operating in the
coordination with the other units, i.e. dispatchable generation units and wind tur-
bines. Contrarily, the un-coordinated operation of EVs imposes the addition cost to
the system operator. The dramatic increase of the cost in the case study
2 (un-coordinated EVs) is such that the profit of the system operator in this case is
even lower than the case study 1 (without the presence of EVs). This indicates that
un-coordinated charging of EVs can add operation cost of the system as well as the
need to build new generation plants, which in turn will increase the pollution.

Wind units generate different powers in different scenarios. When generated
power is low, vehicles with discharging power cause adjusting load curve and
maximizing their profit. This process is evident in the third scenario at 23 and
24 hours. On the other hand, at hours 18–20, when wind power generation is high,
EVs are heavily charged to adjust the load curve and increase their profit. The effect
of vehicle coordination with the wind unit on profit is shown in Table 6.2. As it can
be seen from this table, the amount of profit in the third case where there is a
coordinated charge is much higher than in the first case. In the first case, there are no
EVs in the structure.

6.4 Conclusion

In this chapter, a model is presented for optimal operation of electric vehicles in the
presence of wind turbines and dispatchable generation units. EVs can be charged/
discharged in two ways: coordinated and un-coordinated. The stochastic generation
of the wind turbines are modeled using Weibull probability distribution function in
10 different scenarios. The generation scheduling of the dispatchable units in the
presence of the wind turbines and EVs are conducted in three case studies. In the first
case study, it is assumed that no EV is connected to the power system and the
dispatchable units are scheduled under the stochastic generation of the wind tur-
bines. The obtained results show that increasing generation of wind turbines
decrease the generation of the units. In the case study 2, it is assumed that there
are some EVs connected to the grid but they are not coordinated in the operation with
other units. The lack of coordination led to an increase in the generation of
dispatchable units, an increase in the costs and eventually a reduction in the profits
of the system operator. In the last study (case study 3), EVs are charged and
discharged in coordination with the other units of the system. The coordinated
scheduling of EVs led to the charging at times that the generation of wind turbines

Table 6.2 Comparing
different cases

Case 1 Case 2 Case 3

Revenue ($) 51174.098 51460.191 53608.679

Cost ($) 43901.241 44576.020 44767.097

Profit ($) 7272.858 6884.172 8841.582
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are large or the power demand of the system is low. Contrary, in the peak hours when
the power demand is high or power generation is low, the stored energy is discharged
into the grid. The coordinated charge and discharge increase the system efficiency
and reduce the total cost. An important point is that the un-coordinated operation of
EVs not only does not increase the profit but also can increase the power system
stress.

Appendix A

Nomenclature

Indices
t Index for time period

w Index for wind scenario

g Index for dispatchable units

ev Index for Electric Vehicles in parking lot

Parameters

PWind
t,w Wind power generation in scenario w of period t

πt, w Probability of scenario w in period t

vaw Average wind speed in scenario w

Prated Rated power of wind unit

vci Cut-in wind speed

vr Rated wind speed

vco Cut-out wind speed

λt Day-ahead Market price

λcht Charging price in period t

λdcht
Dis-charging price in period t

ηev Efficiency of EVs

MUTg Minimum up time of unit g

EEV ,Min
ev Minimum allowed energy stored in EV

Pdch,Max
ev,t Maximum allowed energy stored in EV

EEV
ev,0 Remained stored energy in EV at arrival hour

MDNg Minimum down time of unit g

SUCg, t, w Start-up cost of unit g in period t and scenario w

SDCg, t, w Shut-down cost of unit g in period t and scenario w

PMin
g Minimum limit of power generation of unit g

PMax
g Maximum limit of power generation of unit g

Pg,t Minimum time-dependent operating limit of unit g in period t

Pg,t Maximum time-dependent operating limit of unit g in period t

PDem
t Demand power in period t

Variables
Pg, t, w Power produced by unit g in day-ahead market in period t and scenario w

(continued)
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Nomenclature

Pch
ev,t,w Power Charge of EV in period t and scenario w

Pdch
ev,t,w Power Dis-charge of EV in period t and scenario w

FCg, t, w Cost of unit g in period t and scenario w

Cost(t,w) Total cost of problem in period t and scenario w

Revenue(t,w) Total revenue of problem in period t and scenario w

Profit Total profit of problem

EEV
ev,cap Stored energy in EV in period t and scenario w

αcht,w Binary variable for EV related to charge status in period t and scenario w

αdcht,w Binary variable for EV related to dis-charge status in period t and scenario w

αg, t, w Binary variable, 1 if unit g is on, 0 otherwise

βg, t, w Binary variable, 1 if unit g starts up

γg, t, w Binary variable, 1 if unit g shuts down
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Chapter 7
Distributed Charging Management
of Electric Vehicles in Smart Microgrids

Reza Jalilzadeh Hamidi

7.1 Introduction

The unmanaged connection of Electric Vehicles (EVs) into power grids possibly
results in several problems such as overcurrents, undervoltages, growth in power
losses, reduction in power quality, and so forth [1–4]. The mentioned problems
occur mainly due to the fact that Distribution Networks (DNs) were designed to
supply a specific amount of load. However, the connection of EVs provokes a
substantial increase in the aggregate demand, which cannot be readily supplied.
Hence, control and management systems are indispensable for governing EV inter-
action with DNs to reduce their adverse effects. For the formation of EV-charging
control and management systems, various control methods have been utilized that
can be broadly divided into two groups as,

(i). prediction-based methods in which the time of EV connection and disconnec-
tion, electricity demand, etc. are predicted according to different data such as
the driving patterns of the EVs. Then, proper times and perhaps charging rates
for the charging or discharging of the EVs are determined [5–20]. Scholars
have utilized various parameters to predict different aspects of EV charging.
The most common input parameters, objectives, and methodologies for pre-
dictions are summarized in Table 7.1 based on [3–20]. Different devices and
technologies, including smartphones, The Internet, power line carriers (PLCs),
and GPS trackers are often used for collecting the data used for predictions.

(ii). non-prediction-based control methods are essential in Smart Microgrids
(SMGs) since, despite the advances in the prediction-based methods, the pre-
dictions are still far from high precision, considering that the number of EVs
with different features is increasing [17]. At the same time, the technologies for
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Photovoltaic- (PV) and wind-based generation developed into a mature stage,
and they are commercially available to domestic customers.

As a consequence, the renewable generation capacity in residential areas is
increasing, and the homeowners often install the small-scale distributed generations
(DGs) without alerting the utility operator. The main drawback of renewable-based
DGs is that their output powers are in nature variable and unpredictable to some
extent. This raises the uncertainty level in SMGs and exacerbates the predictions.
Furthermore, contingencies (e.g., faults, generation outage, transmission line outage,
etc.) are rarely predictable. Thus, although the prediction-based methods are bene-
ficial in the long run [3, 21, 22], they fail to protect the DNs against contingencies
and prediction inaccuracy. Accordingly, a control framework must be capable of
managing unpredictable situations [23]. Thus, real-time (also referred to as non-
prediction-based or myopic) controllers have been designed and introduced in the
prior literate. The real-time or semi-real-time control and management systems only
consider the present-time state of the system. The real-time controllers do not rely on
predictions (i.e., preceding state in the system) although predictions might be
valuable for finding optimal or more preferable solutions.

Referring to Fig. 7.1, control frameworks can be broadly divided into the
following three categories with respect to their architecture as follows:

(i). Centralized (Central): A single control center governs all the EVs in the DN to
charge or discharge according to the data coming from the power network as

Table 7.1 The usual inputs, objectives, and prediction methods for prediction-based EV-charging
management

Input Parameters Prediction Objectives Prediction Method

Daily driving distance
Driving cycle (vehicle speed pro-
file versus time)
Road grade cycle (road grade pro-
file versus time)
Traffic flow data
Electricity price profile (temporal
variations of electricity cost)
Electricity demand profile (tempo-
ral variations of electricity con-
sumption)
Local generation profile (temporal
variations of local electricity
production)

Minimization of load vari-
ance
Peak shading
Valley filling
Charging cost minimiza-
tion
Household electricity-cost
minimization
Optimal dispatch schedule
Lowering electrical asset
decay
Temporal EV availability
Aggregate Power Capacity
(APC)
Probability distribution
functions for EV’s state of
charge
Prediction of space-time
distribution of EVs’ charg-
ing load

Time series analysis (e.g.,
ARIMAa)
Monte Carlo simulations
ANNb forecasting algorithms
Hierarchical or
non-hierarchical model pre-
dictive controls
k-nearest neighbor (kNN)
and weighted kNN
Nonparametric diffusion-
based kernel density estima-
tor (DKDE)
Stochastic dynamic pro-
gramming method

aARIMA stands for Auto-Regressive Integrated Moving Average
bArtificial Neural Network
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well as EVs, as shown in Fig. 7.1. This control architecture demands reliable
and advanced communications. The control center requires managing all the
received information in a reasonable time. Therefore, it must be computation-
ally able. If communication links disconnect, the corresponding agents will no
longer follow the control objectives, and the entire system may collapse.

(ii). Decentralized (Decentral) Controllers: In decentralized control methods, sev-
eral smaller control centers collaborate on achieving the system goals. Each
group of the EVs is under the jurisdiction of one small control center, and the
control centers communicate with one another, as depicted in Fig. 7.1. The
charging or discharging rates are determined at each control center based on
the received data from the neighboring centers and EVs. In this type of
controllers, intelligence is dispersed throughout the network to some extent,
and if the link between two centers is cut, the whole system may be able to
continue functioning toward fulfilling the control objectives as two separate
smaller systems [1]. Less computation-ability and less complicated commu-
nications are needed in comparison to the centralized control architectures. It is
noteworthy that hierarchal decentralized control methods are widely in use and
belong to a subcategory of decentralized controllers. In hierarchal control
methods, the centers are ranked and the centers of a higher rank can send
control signals to the lower rank centers. However, the inferior centers can
only send information to their superiors, but do not commands [24, 25].

(iii). Distributed Controllers: In distributed control systems, the intelligence is fully
shared among all the agents (also referred to as stations). A small portion of the
system is observable to each agent (i.e., an EV charger). Then, an agent makes
its own decision solely based on the observable portion and the received data
from the neighboring agents as Fig. 7.1 shows. Thus, the control system
requires only sparse communications to enable each agent receiving its neigh-
bors’ information [1, 22]. If communication links are cut, there is a good
chance for the distributed controllers to keep following the control goals. Each
station should be equipped with a local controller; however, the local control-
lers are far less able in terms of computation and communications compared to

Fig. 7.1 Control architectures
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the control centers. The connection of the new stations to the whole system is
most facilitated in distributed control systems. Thus, they are largely-scalable,
and well-suited for SMGs as a random number of DGs and EVs connect to and
disconnect from the SMG at any given time. Moreover, the characteristics of
EVs and DGs can be widely dissimilar that highlights the plug-&-play feature
of distributed controllers, in that diverse types of EVs and DGs can readily
connect to the SMG regardless of their different specifications.

Table 7.2 qualitatively compares the foregoing control architectures, and it is
concluded that the features of distributed control systems fit the needs in the SMGs.
Additionally, they can be established at minimal costs. Therefore, distributed con-
trollers seem to be a promising choice for SMGs and a significant body of research
looks into decentralized and distributed EV-charging management methods.

In decentralized charging and discharging control methods, an aggregator
receives the information from the DN and EVs. It decides whether EVs charge or
discharge, considering Distribution System Owner’s/Operator’s (DSO) suggestion,
Transmission System Operator’s (TDO) suggestion, and the electricity market, as
shown in Fig. 7.2. The aggregator broadcasts its decision throughout the DN, and
each EV finds out its operating mode taking into account the aggregator’s decision.
Figure 7.2 depicts a general schematic for decentralized control methods. It is
noteworthy that each EV must be equipped with a local decision-making unit. The
communications between the EVs and the aggregator can be either unidirectional or
bidirectional. Some examples of decentralized controllers in the previous literature
are as follows: The authors of [26] proposed a controller which relies on the
Lagrangian decomposition for scheduling EV charging. This method also compen-
sates the total reactive power demand in the SMG. This method is decentralized
since a coordinator or aggregator finds the optimal solution and the EVs using the
solution and local data determine their operating modes. Some other decentralized
methods are proposed in [27–30] in that EVs send their demands to the aggregator.
The aggregator may also receive some information about the voltages and currents in
the DN. Then, the aggregator solves an optimization problem and finds an optimal or
approximately optimal solution to the EV-charging problem. The outcomes then will
be sent to all the EVs, and it is up to the EVs’ local controllers to select their
operating modes among charging, discharging, and idle modes. This method is also
decentralized since the aggregator together with the local controllers find the appro-
priate answer to any given situation in the SMG. In [31], it is assumed that the
charging rates of all the EVs are identical. Then, the aggregator determines the
number of EVs to charge and announce it to all the EVs in the SMG. At this moment,
any of the EVs makes its own decision to charge or become idle. In some of the
decentralized methods, such as [23, 32], the aggregator along with EVs solve an
optimization problem in an iterative way. In that, EVs’ data transfer to the
aggregator, and the optimization problem is solved for one iteration utilizing the
most recent data. Then, the results are sent back to the EVs to update their operating
modes accordingly. These methods are able to find the optimal solution gradually
while the EVs contribute to solve the problem and adjust their modes in step with the
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convergence of the optimization problem. However, sophisticated and reliable
communications must support the management system as a tremendous amount of
data transfers between the aggregator and EVs in every single iteration.

With reference to Fig. 7.3, there is no aggregator(s) or control center(s) in
distributed charging control systems. All the intelligence, calculation, and decision-
making-ability are shared among the EVs in the DN. Each and every EV must be
equipped with a local controller, which transmit the data between the EV and its
neighbors. The local controllers may also receive sensory data from the DN. It is
possible that critical data such as the occurrence of an emergency or electricity price

Fig. 7.3 General structure
for distributed EV-charging
management

Fig. 7.2 General setup of aggregators for EV-charging coordination
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is broadcasted throughout the DN for local controllers. The local controllers are able
to process the received data and determine whether the related EV charges, dis-
charges, or becomes idle.

Less number of publications addressed the distributed architecture for
EV-charging management compared to the decentralized methods. The authors of
[33, 34] developed distributed game theory-based control systems that minimize the
charging costs to EV owners. In some works such as [35], the contribution of
renewable energies in EV charging is maximized. In [36], a cooperative control-
based method is proposed to minimize voltage deviations and balance the generation
and demand of distributed generations and EVs in DC grids. The authors of [37]
proposed a distributed control method that enables EVs to serve as emergency
supplies in islanding mode. The charging or discharging rates of EVs are coordi-
nated by a distributed controller to minimize the power flow at the Point of Common
Coupling (PCC) in [38, 39]. Therefore, the power flow fluctuations caused by VERs,
loads, and EVs at the PCC will be mitigated [40]. Besides, the SMG becomes
independent of the bulk power system, to some extent. The main grid’s power
quality enhances, as well. Moreover, SMG’s ride-through-ability rises since during
the islanding mode, the contribution of EVs to supplying the demand becomes
maximum. Hence, EVs together with the energy storage system (ESS) will be able
to respond to the electricity demand in a DN for a longer time.

In the rest of this chapter, firstly, the need for electric vehicles, as well as their
battery and chargers are described. Secondly, the challenges toward the pure
renewable-based supply of SMGs are addressed. Thirdly, the control objectives
are elaborated. Fourthly, the control design and requirements are explained, and
finally, the conclusion is provided.

7.2 Electric Vehicles and Electrical Networks

An electric motor, as an alternative to an internal combustion engine, powers up
electric cars. Mostly the limited driving range and long charging time historically
inhibited the proliferation of electric cars (also referred to as EVs or Battery Electric
Vehicles (BEVs)). As the battery technology continuously improves, the capacity
and charging speed drastically increases, while battery cost substantially decreases.
Considering the current trend, together with several Socio-Techno-Economic-Polit-
ical (STEP) factors, the number of commercially manufactured EVs is significantly
growing. The main STEP parameters are as follows:

• Performance benefits: Electric motors, instead of gas engines in conventional
cars, function quietly and smoothly, while providing stronger acceleration and
requiring less maintenance compared to the gas engines [41].

• Energy efficiency: EVs are able to convert 59–62% of the electrical energy to
power at the wheels, while the conventional cars are able to convert as low as
17–21% of the gas energy [41].
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• Environmentally friendly: EVs emit zero exhaust pipe pollutants [42]. However,
the controversy has arisen that the electricity generated at the power plants for
charging EVs is environmentally pollutant. In response to the argument, EVs can
be charged based on clean energy resources such as wind, hydro, and solar. Thus,
the net pollution caused by EVs is far less than conventional cars if green power
plants largely supply power systems [42, 43].

• Energy dependence: The U.S. alone used almost nine billion petroleum barrels
in 2018. Two-third of such a massive fossil fuel utilized for transportation.
Therefore, oil shortages and oil-price spikes make economic growth vulnerable.
Accordingly, EVs help reduce the reliance on fossil fuels since they can be
supplied by renewable energy resources [44].

• Technical aspects: EVs are beneficial to the power system resilience and energy
efficiency on condition that an expert control and management system coordi-
nates the charging and discharging of EVs in a DN [44].

In the rest of this section, technical features of EV batteries and chargers are
elaborated.

7.2.1 Batteries

It is preferable that EV batteries are light, unexplosive, environmentally safe, and
inexpensive. They should be also durable, reliable, high-capacity, and able to
provide a high power rate if high-acceleration is needed. Lead-acid, NiMH, and
Li-ion are commonly utilized in EVs. Zero Emissions Batteries Research Activity
(ZEBRA) batteries (also known as Sodium Nickel Chloride or molten salt) are also
limitedly used in EVs since it requires an operating temperature as high as 270–350
degrees Celsius. Although Nickel Cadmium (NiCd) and Nickel Metal Hydride
(NiMH) batteries provide a higher power and energy density, their high internal-
or self-discharging makes them improper for EVs. The life-cycle of batteries shows
how many time a battery can be fully charged and discharged. As a study by
Department of Energy’s (DOE’s) National Renewable Energy Laboratory (NREL)
shows EV batteries typically last 12–15 years in moderate climates, but they only
last for 8–12 years in adverse climates [41].

The other parameter that affects the charging and auxiliary applications of EVs is
the charge and discharge rate of the batteries, which is indicated with current rate or
C-rate. The batteries with a higher C-rate are able to participate more flexibly in
charging coordination. The battery C-rate is effective on its life. Therefore, several
methods have been proposed for canceling out the negative influence of high-rate or
inconsistent charging. In this regard, Battery Management Systems (BMS) are
introduced, which are electronic systems interfaced between the charger and the
batteries in EVs. They are recently equipped with large supercapacitors for accepting
high charging currents, and then feeding each battery cell with the optimal current
rate according to its features, state of charge, temperature, etc. as shown in Fig. 7.4.
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7.2.2 Chargers

Several different types of chargers compatible with different distribution voltage
levels and with different output powers have been developed. The breakthrough in
EV charging is EV Supply Equipment (EVSE), which is a sophisticated external
(off-board) charger station. As shown in Fig. 1.4, it communicates via specific
protocols with the EV to determine the maximum current that the EV can receive.
On the other hand, the EVSE is able to communicate with DSO and power market to
find the optimal charging rate. An EVSE maintains the EV safe during charging
since it checks if a charger cable is correctly plugged into the EV. It also ensures that
there are no hardware faults. Therefore, EVSEs not only charge the batteries
optimally fast, but they also prevent electrical short circuits and damages to the
batteries.

The chargers are categorized in several different ways. One way of categorization
is their output current in terms of being AC or DC. In this way, the chargers are
divided into AC and DC groups.

• AC chargers: The output current of AC chargers is AC and as Fig. 7.4 shows, an
onboard charger/rectifier is required for converting the AC current to DC current
to be compatible with batteries. As the size and weight of onboard chargers are
restricted, their capacities are limited.

• DC chargers: As the output of the charger is DC, an onboard charger/rectifier is
not required, and it can be directly used for charging the batteries. As shown in
Fig. 7.4, DC chargers are external and can be advantageous of communications
and smart technologies. They are capable of adjusting their charging rates based
on the EV, DN, and power market parameters.

The installation location of the chargers is another basis for categorizing them
into household chargers and charger stations.

• The output power of household chargers is mainly limited by the distribution
transformer secondary configuration. In the US, the households are supplied by
split-phase transformers that provide two 120-volt lines with a 180-degree phase

Fig. 7.4 Onboard and off-board chargers and EVSEs
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difference, as depicted in Fig. 7.5. Therefore, it is capable of supplying the loads
at 120 or 240 V. The household outlets are connected to one line and neutral that
produces 120 V. However, larger appliances such as ovens and air conditioners
are connected to lines for being supplied at 240 V. Thus, the maximum power of
household chargers is limited to less than 10 kW.

• On the other hand, charger stations can be fed by different transformers connected
to DN that enables them to charge EVs at considerably higher rates.

Several different institutions (e.g., DOE, Society of Automotive Engineers
(SAE), and International Electrotechnical Commission (IEC)) categorized the char-
gers into three main groups.

• DOE, as one of the most well-known institutions, categorized the chargers as
provided in Table 7.3, [45, 46].

• SAE J1772 Committee developed J1772-plug or J-plug definitions with the
specifications given in the below table. It divides the chargers based on their
output currents into two main groups, AC and DC charging systems. In AC

120 V

120 V

240 V

Line 1

Line 2

Neutral

SecondaryPrimary

Fig. 7.5 Split-phase
topology

Table 7.3 DOE’s description of charging levels and their characteristics

Level
Installation
Location

Input
Voltage
[V]

Required DN
Topology

Output Power
up to [kW]

Output Voltage
up to [V]

Level-1 Household 120 US 1-Pb 1.4 120 AC

Level-2 Household/
Station

240 1-P or SP P-Pc 9.6 240 AC

Level-3a Station 480 3-Pd 62.5 600 DC

DC
Super-
Fast

Station NF NF NF NF DC

aAlso known as DC Fast Charger or CHAdeMO charger
b1-P means single phase
cSplit-phase, phase to phase connection
d3-P indicates three phase
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charging systems, there must be an onboard (internal) charger for rectifying AC to
DC. However, in DC chargers, the charger is off-board (external) and supplies the
car with DC current, [47] (Table 7.4).

• The International Electrotechnical Commission (IEC) also provided a standard
and terminology for the EV chargers as given in Table 7.5, [48, 49].

7.2.2.1 EV Charging Future

It is anticipated that nearly 500 million EVs will be in use until 2030 [50]. Therefore,
efficient infrastructure for EV integration is the key factor to make this transition
smooth. To this end, the following technologies are coincidently developing:
vehicle-to-grid (V2G), renewable charging, and on-road charging. Bidirectional
EV chargers are necessary for V2G concept in that EVs are mainly utilized for
stabilizing the power grid, improving the power quality, and reducing electricity
costs. EV renewable charging paves the way for sustainable and net zero CO2
emission in e-transportation. On-road EV charging alleviates range anxiety issues
[51, 52]. California leads the way in the US with 5% of brand-new vehicle sales,

Table 7.4 SAE definitions and terminology

AC
Charging Specifications

DC
Charging Specifications

Level-1 Input: 120 V, 1-P AC
Output Current: up to 16 A (typically lim-
ited to 12 A)
Output Power: up to 1.9 kW.

Level-1 Input: 200–450 V DC
Output Current: up to
80A
Output Power: up to
36 kW

Level-2 Input: 240 V, 1-P AC
Output Current: up to 80 A (typically lim-
ited to 32 A)
Output Power: up to 19.2 kW.

Level-2 Input: 200–450 V DC
Output Current: up to
200A
Output Power: up to
90 kW

Level-3 Input: 3-P
Output Current: More than Level 2
Output Power: up to 43 kW.

Level-3 Input: 200–600 V DC
Output Current: up to
400A
Output Power: up to
240 kW

Table 7.5 IEC definitions and terminology

Charging
Mode Description

Mode 1 slow charging, household-type socket-outlet

Mode 2 slow charging, household-type socket-outlet with an in-cable protection device

Mode 3 slow or fast charging, specific EV socket-outlet with installed control and pro-
tection functions

Mode 4 fast charging, external charger
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while 58% of new cars are EVs in Norway and the situation is almost the same in the
other European countries. Hence, the US adopts EVs relatively slowly. Considering
the fast-growing use of EVs in Europe, the future transportation is electric-based in
Europe. However, the US needs to pass a long way to this end mostly by investing
on on-road charging, which is proper for long travel distances in the US [53].

7.2.3 Aggregators

Aggregators are recently-introduced entities in electrical utilities or networks that
perform as mediators among end users, smart components (e.g., smart meters,
switches, chargers, etc.), and the utility operator or owner. Aggregators possess the
software and hardware technologies necessary to perform their tasks. A wide range
of duties have been defined for aggregators in different areas such as demand-
response management, electricity market, network voltage and frequency stability,
EV charging management, renewable generation, and so on [54, 55].

7.3 Auxiliary Services for EVs

The proliferation of bidirectional chargers along with advanced charging manage-
ment algorithms provide great potential for addressing the challenges in SMGs.
However, before defining the control objectives for solving the issues in SMGs, the
undesirable situations in SMGs, and reasons for employing the EVs as an Energy
Storage System (ESS) are described.

7.3.1 Stand-Alone Micro-Grids

SMGs must be able to work in both

• Grid-connected mode: when an SMG is connected to the main grid.
• Islanded mode: when an SMG is not connected to the main grid.

In grid-connected mode, the voltage and frequency of an SMG are governed by
the main grid, and there is no need for stabilizing them. During islanded mode (also
known as stand-alone or autonomous) the voltage and frequency of SMGs must be
locally controlled to be in the normal range. If EVs are supposed to contribute to
supplying the loads during islanded mode, their output should not unstabilize
the DN.
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7.3.2 Variable Renewable Energies

The SMGs heavily supplied by VREs, such as wind or solar generation, are
unreliable since it is not guaranteed that the loads are supplied at any given time.
In addition, large shares of VREs in SMGs result in power system instability and low
power quality due to the fluctuations in VREs’ outputs [56]. One of the most
effective ways for solving such unpreferable issues is to utilize ESSs as they,
canceling out the fluctuations, can make SMGs reliable.

7.3.2.1 Electric Vehicles as Distributed ESSs

Although ESSs improve the resilience of SMGs, it seems that DSOs are reluctant to
install ESSs due to their high prices. Fortunately, EVs are equipped with batteries
and all the battery capacity is not necessarily required all the time. Therefore, the
surplus battery capacities can be utilized in line with enhancing DNs as
distributed ESSs.

7.4 Charging/Discharging Management of EVs

As one of the promising control methods, the applications of the cooperative control
to myopic, technical, and economical EV-charging coordination is addressed in this
section. The successfully achieved control objectives are listed and discussed. Then,
in the next chapter, the control design and requirements for fulfilling the objectives
are detailed.

The cooperative control is selected for setting up the distributed control frame-
work since it is fully distributed, in that each EV receives only local and neighboring
data [4, 22], and determines its charging rate accordingly. Figure 7.6 shows a typical
SMG with EVs. All EVSEs are equipped with a local controller, which will be
elaborated in details later, that receives

• local and neighboring data
• electricity price for reducing charging costs
• voltage, current, and frequency measurements from some places in the DN for

stabilizing the DN as well as increasing its power quality and ride-through-ability.

However, particular note should be taken that the DN measurements are sent to at
least one of the EVSEs, and it does not make a critical difference which EVSE
receives it. The EVSEs utilize the received measurements to determine their charg-
ing rates that can be positive, negative, and zero for charging, discharging, and idle
operating modes. Also, the measurements are used by EVSEs for adjusting their
output frequencies and voltages in discharging mode.
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7.4.1 Fair Charging/Discharging Rate

As mentioned above, there are various charger types with different powers (e.g.,
Level-1, Level-2, DC Fast Charging, etc.). It is wise that the charging rates of EVs
decrease in case of a shortage in the generation or vice versa. It is also reasonable that
every single charger changes its output proportional to its capacity. For example,
when there are only two 1.4 kW and 6.6 kW chargers (8 kW in total) in the system
and the power supply reduces in half from 8 kW to 4 kW, then both chargers are
responsible for reducing their charging rates. Therefore, if they cut their charging
rates in half, which are respectively 0.7 kW and 3.3 kW, it will be fair. This concept
is called “Fair Charging Rates” [4, 37–39], in that the ratios of the “preferable”
outputs of the chargers to their maximum capacities will be identical after the system
has reached to its equilibrium. This fair charging concept is mathematically defined
below, [4, 21, 37, 57].

P1

PMax
1

¼ P2

PMax
2

¼ P3

PMax
3

¼ � � � ¼ Pi

PMax
i

,8i ¼ 1, 2, 3, . . . ,m ð7:1Þ

Q1

QMax
1

¼ Q2

QMax
2

¼ Q3

QMax
3

¼ . . . ¼ Qi

QMax
i

,8i ¼ 1, 2, 3, . . . ,m ð7:2Þ

where Pi [pu] and Qi [pu] are the i-th EVSE’s preferable active and reactive output
powers, respectively. PMax

i [pu] and QMax
i [pu] indicate the capacity (maximum

output power) of the i-th EVSE, and m is the total number of the EVSEs in the DN.

Fig. 7.6 A typical SMG with necessary components for establishment of the cooperative control-
based EV-charging management
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7.4.2 Reducing SMG Dependency on the Main Grid

One of the objectives that can be realized utilizing the cooperative control is to lower
the dependency of an SMG on the main grid and to raise its dependency on the local
renewable generation. With reference to Fig. 7.6, the power at the Point of Common
Coupling (PCC) should be ideally negative, PPCC � 0, where PPCC [W] is the power
flow from the main grid to the SMG at the PCC. Then a negative PPCC denotes that
the SMG sends power to the main grid, and zero PPCC shows that there is no power
flow between the main and smart grids. However, this objective is not always
possible due to the intermittency in renewable generation. Yet, it is preferable to
decrease the unnecessary EV charging in SMGs in case of an electricity shortage in
the main grid. To this end, the Boolean variable LD and the following objective are
defined.

Pi ! Pj : PPCC � 0, 8 i, jð Þ ¼ 1, 2, 3, . . . ,m if LD ¼ 0On0 ð7:3Þ

where LD becomes ‘on’ when the DSO detects a shortage in the generation.

7.4.3 Improving Power Flow Fluctuations at PCC

The volatile output of VERs causes deviations in the power flow at the PCC that is
shown in Fig. 7.6 with PPCC. A change in PPCC can be detected by the derivative of
PPCC with respect to time, dPPCC(t)/dt. The charging rates of EVs can be changed to
suppress the power flow deviations. This objective is mathematically defined as,

Pi ! Pj :
dPPCC tð Þ

dt
! 0, 8i 6¼ j, 8 i, jð Þ ¼ 1, 2, 3, . . . ,m ð7:4Þ

where the symbol ‘!’ indicates that the left side approaches the right side, and the
symbol ‘:’ means ‘such that’.

7.4.4 Frequency Stability

The frequency of an SMG must be locally controlled during islanded mode since the
main grid no longer governs it. Therefore, the output frequencies of all EVSEs
should be adjusted to match the reference for the frequency ωref [rad/s], which is set
at the distribution substation.
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ωi ! ωMainGrid ,8i ¼ 1, 2, 3, . . . ,m ð7:5Þ

where ωi [rad/s] denotes the output frequency of the i-th EVSE.

7.4.5 Voltage Stability

The same as the DN frequency during islanding mode, the voltage must also be
controlled to stay in the acceptable range. In addition to that, if a large number of
EVs are charging at the same time even in grid-connected SMGs, the ends of the
feeders are vulnerable to experience an undervoltage. Therefore, the EVSEs reactive
power consumption or generation must be adjusted to retain the system voltage as,

Qi ! Qj : V
Min � Vi � VMax,8i 6¼ j, i, jð Þ ¼ 1, 2, 3, . . . ,m ð7:6Þ

Vi [pu] is the output voltage of the i-th EVSE. VMin [pu] and VMax [pu] are the
minimum and maximum acceptable voltages in the DN, which are usually 0.95
[pu] and 1.05 [pu] in most of the standards, respectively.

7.4.6 Prevention of Overcurrents

When a significant number of EVs are simultaneously charging, the sending ends of
the feeders may experience an overcurrent. The commonsense solution to that is to
reduce the charging rates of the EVSEs as expressed below,

Pi ! Pj : Ik � IMax
k ,8i 6¼ j, i, jð Þ ¼ 1, 2, 3, . . . ,m,8k ¼ 1, 2, 3, . . . , n ð7:7Þ

where Ik [pu] is the measured current passing through the k-th location, IMax
k [pu] is

the maximum allowable current at the k-th location, and n is the number of current
sensors in the DN.

7.4.7 Consideration of Minimum SoC

EV owners will not participate in ancillary services if it results in becoming charged
less than a preferable level. Thus, no EV should discharge to the SMG when its SoC
is less than the minimum required. Either the EV owner or an intelligent system can
determine the minimum required SoC (SoCmin). The charging coordinator must
secure the SoC against falling less than SoCmin. This control objective is
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Pi � 0 if SoCi < SoCMin
i , 8i ¼ 1, 2, 3, . . . ,m ð7:8Þ

where Pi � 0 indicates that the EVSE’s output-power direction is from the SMG to
the EV, SoCMin

i [%] is the minimum acceptable SoC for the i-th EV.

7.4.8 Emergency Charging

In addition to stopping discharging when the SoC of an EV is less than SoCMin, if the
EV is in need of charge for functioning, it might be allowed to charge regardless of
the DN’s situation. This type of charging is defined as emergency charging and it is
obvious that the owner should compensate for that. In regard to this objective, the
Boolean variable EC is defined and the EV owner is able to set it on or off. The
objective of emergency charging is defined as,

Pi ¼ PMax
i if ECi ¼ 0On0 and SoCi < SoCMin

i ,8i ¼ 1, 2, 3, . . . ,m ð7:9Þ

where PMax
i is the capacity of i-th charger, ECi is the emergency charging option for

the i-th EV that can be set as on or off since it is a Boolean variable.

7.4.9 Increasing System Ride-through-ability

Referring to Fig. 7.6, the EVs can contribute to supplying the loads together with the
SMG’s ESS when the SMG is islanded. To this end, the EVSEs start to reduce their
charging rates, and if possible, start discharging to the SMG until the output of the
ESS becomes zero.

Pi ! Pj : IESS ! 0 if PESS < 0, 8i 6¼ j, i, jð Þ ¼ 1, 2, 3, . . . ,m ð7:10Þ

where IESS [pu] is the output current of the ESS and PESS < 0 shows that the ESS is
supplying the SMG.

7.4.10 Decreasing Charging Costs

It is possible to decrease the charging costs to the EV owners utilizing distributed
control methods. In essence, the myopic methods for reducing the charging costs
compare the current electricity price with the present charging cost. If the present-
time electricity cost is less than the present charging cost, then the EV starts charging
and vice versa. As the participation of an EV in the power market may not be
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attractive to its owner, therefore, another Boolean variable RCC (abbreviation for
‘reduce charging costs’) is defined that enables or disables the EV to take part in the
electricity market. Regarding economical charging, the following objective is
defined,

ACCi t2ð Þ < ACCi t1ð Þ,8 t2 > t1, ið Þ if SoCi � SoCMin
i ð7:11Þ

where ACCi(t) is the i-th EV’s average cost of charge at time t, and it is explained in
the next chapter. This economic objective not only reduces the charging costs, but it
also results in valley filling and peak shifting, and if enough aggregate surplus charge
is available, it leads to peak shaving as well.

7.5 Controller Requirements and Design

The special needs and requirements for the establishment of the controller are
described in this section. First, the control requirements and then cooperative control
design and formulation are detailed.

7.5.1 Control Requirements

The cooperative control is mainly structured on sparse and intermittent communi-
cations. Each agent (i.e., EVSE) must be able to exchange data with its direct
neighbors. As the system manages the discharge rates of the EVs, the chargers
must be bidirectional with a controllable charging and discharging rate. As shown in
Fig. 7.7, if the reduction of charging costs is considered as a control objective, the
EVSEs should be equipped with a receiver to become aware of the electricity price.
This can be realized using a unidirectional price signal, which is announced
throughout the DN once a while by the DSO or utility owner.

Furthermore, every EVSE must be equipped with a droop controller to respond to
sudden changes in generation and demand in a DN to secure the generation-demand
balance as depicted in Fig. 7.7. The droop controller is formulated as,

ω�
i ¼ ωref i � κpi POi � Pref i

� �
V�
i ¼ Vref i � κQi

QOi
� Qref i

� �
(

ð7:12Þ

where ω�
i [pu] and V�

i [pu] are respectively the frequency and voltage commands to
the i-th bidirectional EVSE when it is discharging. POi and QOi

are the measured
active and reactive power outputs of the i-th EVSE, respectively. ωref i and Vref i are
the references for frequency and voltage that are updated via the cooperative control-
based controller for stabilization of the DN. κpi and κQi

are the droop gains.
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7.5.2 Cooperative Control Formulation

The state equation of the cooperative control is generally presented as [22],

_x ¼ �Lxþ Bu ð7:13Þ

In that, x indicates the state vector, _:ð Þ is the first derivative with respect to time, B
is the control input matrix, u is the control input vector, and L ¼ [lij] is called the
Laplacian matrix, which is built premised on communications between the agents
as [37],

lij ¼
�1, 8j 2 Ni

Nij j, j ¼ i

0, else

8>><
>>:

ð7:14Þ

where Ni is a set comprising the i-th EVSE’s neighbors (i.e., the EVSEs that directly
send their data (i.e., state) to the i-th EVSE). |Ni| denotes the in-degree of the i-th
EVSE (i.e., the incoming communication links). The value of each state is updated
through an integrator as x ¼ k

R
_xdt, and k is the gain factor for the integrator that

must be between zero and one, 0 < k < 1).
Active power, reactive power, frequency, and voltage each must be separately

controlled through different communication links, sensory measurements, and con-
trol inputs as shown below.

Fig. 7.7 The high-level structure of the local controller
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xP ¼ kp

Z
_xP dt, _xP ¼ �LpxP þ BESSuESS þ BIuI þ BFlucuFluc þ BLDuLD ð7:15Þ

xQ ¼ kQ

Z
_xQ dt, _xQ ¼ �LQxQ ð7:16Þ

xω ¼ kω

Z
_xω dt, _xω ¼ �Lωxω þ Bωuω ð7:17Þ

xV ¼ kV

Z
_xVdt, _xV ¼ �LVxV þ BVuV ð7:18Þ

where kp, kQ, kω, and kV are the gain factors smaller than one for updating their
corresponding sates. Lp, LQ, Lω, and LV are graph Laplacian matrices based on the
communication topology for active, reactive, frequency, and voltage. xP, xQ, xω, and
xV are the state vectors defined as follows:

xP ¼ P1

PMax
1

,
P2

PMax
2

,
P3

PMax
3

, . . . ,
Pi

PMax
i

� �T
ð7:19Þ

xQ ¼ Q1

QMax
1

,
Q2

QMax
2

,
Q3

QMax
3

, . . . ,
Qi

QMax
i

� �T
ð7:20Þ

xω ¼ ωref 1 ,ωref 2, . . .,ωref i

� �T ð7:21Þ

xV ¼ Vref 1 ,Vref 2 , . . . ,Vref i

� �T ð7:22Þ

where (.)T means matrix transposition. The other variables are previously defined.
The inputs to the above state equations are detailed as follow,

uESS ¼
� IESS
IMax
ESS

if PESS < 0

0 if PESS � 0

8><
>: ð7:23Þ

uI ¼
IMax
k � Ik
IMax
k

if Ik > IMax
k

� �

0 if Ik � IMax
k

� �

8><
>: ð7:24Þ

uFluc ¼ � S
Sþ ωc

PPCC ð7:25Þ

uLD ¼
�PPCC

PMax
PCC

if Ik > IMax
k

� �

0 if LD ¼ 0ð Þ

8><
>: ð7:26Þ
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uω ¼ ωMainGrid ð7:27Þ

uV ¼
VMax � V if V > VMax

� �
V � VMax if V � VMax

� �
(

ð7:28Þ

where IMax
ESS [pu] is the maximum current of the ESS, ωc [rad] is the cut frequency of

the low-pass filter that supresses the noise in PCC power. The rest of the variables
are defined before. The control input vectors related to the state equations are
presented as follows,

BESS ¼ bESS1, bESS2, bESS3, . . . , bESSi½ �T ð7:29Þ
BI ¼ bI1, bI2 , bI3 , . . . , bIi½ �T ð7:30Þ

BFluc ¼ bFluc1 , bFluc2 , bFluc3 , . . . , bFluci½ �T ð7:31Þ
BLD ¼ bLD1 , bLD2 , bLD3 , . . . , bLDi½ �T ð7:32Þ

BFluc ¼ bFluc1 , bFluc2 , bFluc3 , . . . , bFluci½ �T ð7:33Þ
Bω ¼ bω1 , bω2 , bω3 . . ., bωi½ �T ð7:34Þ
BV ¼ bV1 , bV2 , bV3 . . ., bVi½ �T ð7:35Þ

In all of the above control input vectors (B’s), if any EVSE receives a control
input (u), the corresponding element (b) in the input vector is one, or else the element
is zero.

In order to decrease the charging costs to the EV owners, the variable ACC was
defined in [4] as a new property of EVs. ACC stands for Average Charging Cost, and
it indicates the cost which is already paid for the present amount of charge (i.e., SoC).
It is calculated by the moving average of the electricity price and mathematically
expressed as below [4],

ACCi tð Þ ¼

ACCi t1ð Þ � SOCi t1ð Þ � BCi þ
R t
t1
Pi τð Þ � EP τð Þdτ

SOCi t1ð Þ � BCi þ η
R t
t1
Pi τð Þ � dτ

, for charging

ACCi t1ð Þ � SOCi t1ð Þ � BCi �
R t
t1
Pi τð Þ � EP τð Þdτ

SOCi t1ð Þ � BCi � 1=ηð ÞR t
t1
Pi τð Þdτ , for discharging

8>>>>><
>>>>>:

ð7:36Þ

where ACCi(t) [$/kWh] is the i-th EV’s ACC at a given time t, t1 shows the beginning
of a charging/discharging, BCi [kWh] is the capacity of the i-th EV’s battery, Pi(τ)
[kW] is the charging rate, EP(t) [$/kWh] is the electricity price that is announced by
the DSO or electricity market as shown in Figs. 1.6. and 1.8. Finally, η indicates
EVSE efficiency. The below numerical example is provided for the elaboration of
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the ACC concept. Please assume that an EV is connected to a DN. Its features are
given in Table 7.6. The EV’s battery capacity is 20 kWh (i.e., BC ¼ 20 kWh). The
charging process starts at t1 ¼ 0 and takes long for 2 hours. Utilizing the parameters
given in Table 7.6, ACC 2ð Þ ¼ 0:12� 0:1� 20þ R 2

0 1� 0:08 dt=0:1� 20þ
0:9

R 2
0 1 dt ¼ 0:105 $/kWh, [4]. Therefore, the EV’s ACC lessens by

0.12 � 0.105 ¼ 0.015 $/kWh. Now, EP rises by $0.004 and becomes 0.12 $/kWh.
Therefore, as the SoC of the EV is greater than its SoCMin, it is able to discharge and
sell electricity for making financial benefits. After 1.62 hours of discharging, the
EV’s SoC decreses to 10% which is identical to its SoCMin. At this moment, the EV
stops discharging since it is not desired to deplete the batteries to a level less than the
minimum acceptable amount (SoCMin). During this charging and discharging cycle,
the EV started charging from an SoC equals 10% and again discharged to the
same SoC. However, the new ACC is
ACC 3:62ð Þ ¼ 0:105� 0:19� 20� R 3:62

2 1� 0:12 dt=0:19-

�20� 1=0:9ð ÞR 3:62
2 1 dt ¼ 0:102 $/kWh. As the new ACC is less than its initial

value (at t1¼ 0) for the same amount of charge, the EV contribution in the electricity
market was economically beneficial to its owner.

The active-power output equation of the controller is

Pref ¼ hp x,SoC,SoCMin,EC,PMax,EP, LD
� � ð7:37Þ

where Pref ¼ Pref 1,Pref 2, . . . ,Pref i

� �T
is the control output vector for active power,

which consists of the power references for the local droop controllers. The active
power references are determined by the function hp(.) that is described in Table 7.7.
SoC ¼ [SoC1, SoC2, . . ., SoCi]

T is a vector that consists of all the EVs’
SoCs. SoCMin ¼ SoCMin

1 , SoCMin
2 , . . . , SoCMin

i

� �T
is a vector comprising the mini-

mum SoCs of the EVs in the DN. PMax ¼ PMax
1 ,PMax

2 ,PMax
3 . . .,PMax

i

� �T
is the vector

of all the EVSEs’ capacities. The control output function (hp) is formulized in
Table 7.7.

The reactive-power output equation of the controller is

Table 7.6 The situation and parameters for a typical EV

Charging Process Discharging Process

ACC(0) [$/kWh] 0.120 ACC(2) [$/kWh] 0.105

ACC(2) [$/kWh] 0.105 ACC(3.62) [$/kWh] 0.102

SoC(2) [%] 19 SoC(3.62) [%] 10

SoC(0) [%] 10 SoC(2) [%] 19

P [kW] 1 P [kW] 1

EP [$/kWh] 0.080 EP [$/kWh] 0.120

ηc [%] 90 ηd [%] 90
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Qref ¼ hQ x,QMax
� � ð7:38Þ

where Qref ¼ Qref 1
,Qref 2

, . . . ,Qref i

h iT
is the control output vector for setting the

reactive-power references in the local droop controllers, hQ(x) ¼ xQ
J

QMax is the
control reactive-power function in which

J
means elementwise matrix

multiplication.
The output equation of the controller for the voltage and frequency are respec-

tively Vref ¼ xV,and ωref ¼ xω, where Vref ¼ vref 1, vref 2, . . . , vref i
� �T

is the control
output vector for the voltage references that are applied to the local droop controllers.
ωref ¼ ωref 1,ωref 2, . . . ,ωref I

� �T
is the control output vector for the frequency

references which are applied to the local droop controllers.

7.6 Conclusion

As an enormous number of Electric Vehicles (EVs) will be in service in future, the
current electric networks should be developed in a way that they can host EVs. This
chapter, having compared prediction-based and myopic (also referred to as real-time
or non-prediction-based) EV charging coordination methods, focused on the myopic
methods for EV charging as the predictions are to some extent inaccurate and also
the fact that contingencies are hard to predict. The control architectures are divided

Table 7.7 The control output
function for active power

if (ECi ¼ ¼ 0On0 & SoCi < SoCMin
i )

Pref i ¼ PMax
i ; % Charging Mode %

elseif (ECi ¼ ¼ 0Off0 or (ECi ¼ ¼ 0On0 &
SoCi > SoCMin

i ))

if (LD ¼ 0On0 & SoCi > SoCMin
i )

Pref i ¼ �PMax
i ; % Discharging Mode %

elseif (LD ¼ 0Off0 & SoCi < SoCMin
i )

Pref i ¼ xi � PMax
i ; % Charging Mode %

elseif (LD ¼ 0Off0 & SoCi > SoCMin
i )

if (ACCi > EP)

Pref i ¼ xi � PMax
i ; % Charging Mode %

elseif (ACCi < EP)

Pref i ¼ �PMax
i ; % Discharging Mode %

endif
else

else
Pref i ¼ 0; % Idle Mode %

end
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into the following three categories in terms of communication topology: centralized,
decentralized, and distributed. These architectures were compared in this chapter and
the pros and cons of each were discussed in line with the Smart Microgrids’ (SMGs)
requirements. Accordingly, it is concluded that the distributed control architectures
are well-suited for SMG setups since they are:

• Highly scalable
• Plug-&-playable
• Less costly
• More robust against communication failures and cyber attacks

Among the distributed architectures, greedy (e.g., Game Theory) and consensus
algorithms (e.g., Cooperative Control) are compared. As the parameters such as the
Distribution Network (DN) frequency are identical throughout SMGs, all the agents
must follow the same objective. In addition, the objectives such as increasing the
system ride-through-ability are realized only when all the EVs recognize the control
objectives prior to their individual benefits. Thus, consensus algorithms are proper
for EVs’ ancillary services. Hence, the cooperative control was selected for the
establishment of the controller. The control objectives, including technical and
economic ones, were defined, considering the abilities of the cooperative control,
EVs, and EV Supply Equipment (EVSE). Then, the requirements for setting up the
control framework were discussed. Finally, the control design was elaborated.

Appendix A

The nomenclature is shown below.

Pi i-th EVSE’s preferable active output power

Pj j-th EVSE’s preferable active output power

PMax
i Maximum active output power of the i-th EVSE

Qi i-th EVSE’s preferable reactive output power

Qj j-th EVSE’s preferable reactive output power

QMax
i Maximum reactive output power of the i-th EVSE

m Number of the EVSEs existing in a DN

ωi i-th EVSE’s output frequency

ωMainGrid Main grid frequency

VMin Minimum acceptable voltage in a DN

VMax Maximum acceptable voltage in a DN

Vi Output voltage of the i-th EVSE

Ik Measured current passing through the k-th location

IMax
k Maximum allowable current at the k-th location

n Number of current sensors in a DN

SoCi i-th EV’s state of charge

(continued)
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SoCMin
i Minimum state of charge for the i-th EV

EC Emergency charging

IESS Output current of the energy storage system

PESS Output power of the energy storage system

ACCi Average cost of charge

ω�
i Frequency command from the i-th local controller to the i-th charger

ωref i Frequency reference for the i-th droop controller

κpi Droop gain for active power-frequency

Pref i Active power reference for the i-th droop controller

POi i-th EVSE measured active output power

V�
i Voltage command from the i-th local controller to the i-th charger

Vref i Voltage reference for the i-th droop controller

κQi
Droop gain for reactive power-voltage

Qref i Reactive power reference for the i-th droop controller

QOi
i-th EVSE measured reactive output power

L Laplacian matrix

x State vector

B Control input matrix

u Control input vector

Ni i-th EVSE’s neighbors

|Ni| Indegree of the i-th EVSE

PPCC Active power flow at PCC

k Integrator gain for updating controller’s states

PMax
PCC Maximum active power flow at PCC

LD Boolean variable defined for reducing the SMG dependency on the main grid

xP State vector for active power

xQ State vector for reactive power

xω State vector for frequency

xV State vector for voltage

Lp Laplacian matrix for active power

LQ Laplacian matrix for reactive power

Lω Laplacian matrix for frequency

LV Laplacian matrix for voltage

kp Integrator gain for active power

kQ Integrator gain for reactive power

kω Integrator gain for frequency

kV Integrator gain for voltage

ωc Cut frequency of the derivative of the power flow at PCC

ωMainGrid Frequency reference for the grid in islanded mode

EP Electricity price

Pref Control output vector composed of active power references for the local droop
controller

SoC Vector consisting of all the EVs’ SoCs

SoCMin Vector consisting of all the minimum acceptable EVs’ SoCs

(continued)
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EC Vector comprising the EVs’ emergency charging choice

PMax Vector of the maximum active power output of EVSEs

Qref Control output vector of reactive power references for the local droop controller

QMax Vector of the maximum reactive power output of EVSEs

Vref Control output vector consisting of voltage references for the local droop controller

ωref Control output vector containing frequency references for the local droop controller
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Chapter 8
Optimal Energy and Reserve Management
of the Electric Vehicles Aggregator
in Electrical Energy Networks Considering
Distributed Energy Sources and Demand
Side Management

Mehrdad Ghahramani, Morteza Nazari-Heris, Kazem Zare,
and Behnam Mohammadi-ivatloo

Nomenclature
Indices Index for:

t Time

j DG

i PHEV

k WT

Parameters

Pk
R The supplied power of kth WT at the rated speed of the wind

Pk,t
W

The supplied power of kth WT at time t

Vk
c

The lower bound of speed for kth WT

Vk
R The nominal speed of kth WT

Vk
F The upper bound of speed for kth WT

Vt The predicted speed of wind at tth time

Pp,t
PV

The manufactured power of PV p at tth time

ηp Arrays efficiency for PV

sp Surface size of PV
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Indices Index for:

Ta Temperature of ambient of the PV

Gt Radiation on the surface of PV

a j,b j The coefficients of supplied power cost of DG j

Pj
LDG, max

The upper bound of power supply of DG j

Pj
LDG, min

The lower bound of power supply of DG j

MUTj/MDTj Minimum up/down-time for DG j

tj,tON , t
j,t
OFF

Time interval of continuous on/off status of the jth DG at time t

UDCj Startup Cost of the jth DG

RDj,RUj The rate of increase/decrease of the jth DG

ψ j,t
LDG

The spinning reserve cost of DG j at time t

ψ i,t
EV

The spinning reserve cost of EV i at time t

TU j, n/TDj, n The minimum on/down-time of jth DG

πtUG The energy cost of UG at time t

NEv The amount of EVs parked in the EVs aggregator

Pmax
UG The exchangeable energy between the DN and the UG

Δt Time for computing available EV in the EVs aggregator

Pi
Ch, max /

Pi
Dch, max

The maximum amount of charge/ discharge of charger i

SOCi
max/

SOCi
min

The max/min amounts of SOC for the EV i

ΔSOCi
max The upper bound of allowable charging/discharging rate of EV i

Ti
p Estimated time of presence EV i in the EVs aggregator

πiCh,Ev The optimal EV charging price in the EVs aggregator

πiDch,Ev The optimal cost of discharging for ith EV in the EVs aggregator

ηV2G The efficiency of discharging EV battery

ηG2V The efficiency of charging EV battery

SOCi,t
Arrival

The initial SOC for ith EV at leaving from EVs aggregator at time t

Nmax The upper restriction for switching among the states of charge/discharge

ωW The forecasted error of wind speed

ωPv The forecasted error of solar radiation

loadt0 The base load at time t

Mi, t A binary variable that is equal to 1 if the EV i is in the EVs aggregator at time
t otherwise it is 0

α The ratio of the EV discharged power participating in spinning reserve market

tia Approximate entrance time of ith EV to EVs aggregator

tid Approximate leaving time of ith EV from EVs aggregator

Variables

Pt
UG Power exchange between DN and UG

Cj,t
LDG

Power supply by DG j

SCj,t
LDG

Startup cost of DG j

SRj,t
LDG

Scheduling of spinning reserve of DG j at time t

(continued)
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Indices Index for:

Pi,t
Ch,Ev

The charge power of EV i at time t

Pi,t
Dch,Ev

The discharge power of EV i at time t

SRi,t
Ev

The scheduling of EV i spinning reserve at time t

Pj,t
LDG

The scheduled power of DG j at time t

SOCi, t SOC of ith EV at tth time

ΔSOCi, t Energy change between two consecutive time intervals

SOCi,t
Departure

Final SOC of the EV i when leaving the EVs aggregator

Upj, f/Dnj, f Auxiliary variables for linearization modelling of DG j minimum up/down-time

loadt The load considering effect of DRP

DRt The participation value of DRP at time t

idrt Shifted demand from a time to another one

loadtinc The value of increased demand at time t

inct The size of increased demand at time t

U j, t Binary variable that is equal to 1 if DG j is on at time t otherwise it is 0

Wi,t
ch

Binary variable that is equal to 1 if the EV i in the EVs aggregator is in charging
mode

Wi,t
Dch

Binary variable that is equal to 1 if the EV i in the EVs aggregator is in
discharging mode

SRSi, t Binary variable that is equal to 1 if the EV i participates in spinning reserve at
time t otherwise it is 0

8.1 Introduction

The power generation and transmission companies were legislators of the electricity
industry in traditional power grids. In fact, electricity consumers were only interested
in getting electricity at fixed prices without considering the volatility of the electric-
ity market. In addition to the reduction of efficiency and system performance,
environmental pollution and an increase in the average global temperature forced
policymakers to restructure the power systems [1–3]. Some strategies have been
selected in the field of restructuring electricity industry to performance modification
and the environmental pollution reduction, which can be noted as practical ways in
making smart DNs and PHEV parking lots [4, 5].

DRP is known as an effective instrument to create the possibility of load-side
coordination in optimal scheduling of the electricity grid. It has facilitated the
involvement of loads in critical condition in order to decrease network load in a
short time [6]. Two types of DRP used in this chapter are incentive-based programs
[7]. Incentive DRPs offer money to consumers for decreasing their consumption or
shift it to none-peak periods.

A series of challenges such as the increasing requirement for power demand and
reduction of fossil-fueled power plants increase utilization of RESs [8, 9]. By
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modifying the structure of the power network and moving to make smart electric
networks, smart DNs have a significant characteristic in providing energy consump-
tion [10]. The presence of distributed power plants in the DN will create important
benefits such as higher efficiency, fewer environmental challenges, and lower
economic problems. The presence of distributed units like WT [11], PV [12, 13],
MT [14, 15], FC [16, 17] are studied through various studies.

There are valuable studies done by researchers in the field of PHEVs aggregator
energy scheduling with the aim of sufficient charge/discharge of EVs. For example,
in [18] the parking lots make a connection between grid and EVs. The authors have
proposed a game theory-based model for charging EV in the parking lot in [19]. In
[20], the optimal charging schedule of EVs is investigated in two scenarios, where
one of them is related to the parking lot service on the day and besides the
commercial consumers, and the other service at night and besides the residential
consumers. In [21], a scheduling system for EVs in the parking lot is presented by
using the real movements and park patterns of the EVs with a focus on the personal
parking lot. In [22], an optimal energy and reserve scheduling model is presented for
EVs, where DRP and the satisfaction of the EV owner are considered. A method
based on probabilities is presented in [23], which uses the estimated points to specify
the optimal placement of EV parking lot in the DN and obtain the optimal capacity of
the EVs parking. In [24], a fuzzy method is presented for coordination of EVs in
DN. In [25], a parking lot with a PV roof is studied by a mathematical method, where
the aim is estimating discharge capacity of parking. In [26], EVs battery in the
aggregator is taken into account as a source of the energy storage in the
multifunctional networks. Optimal placement of the EVs aggregator in DNs is
studied in [27], where the objective function is decreasing costs, decreasing losses
and increasing reliability of the DN. In [28], a common parking lot is converted to
the EVs aggregator and therefore, charging and discharging of EVs will take place in
huge amounts. For enhancing the sales of the stored energy in batteries of the
PHEVs, some proceedings have been studied such as aggregator settings,
disconnecting laws, free charging, and other conditional laws, which are obtained
from scientific publications and experimental observations [29]. In [30], a model of
energy resources of the DN management is proposed considering energy supply
constraints in the DN and constraint of EVs and EV owners. In [31], a model of
scheduling and intelligent management for an EVs aggregator considering con-
straints of the EV battery and capacity of EV batteries is presented. A stochastic
planning model is proposed for charging and discharging of PHEVs inside the
aggregator. Two optimizations are done in [32], where the first optimization is
related to the optimum size and location of installed distributed generators in the
DN and the second optimization is related to the optimal size of the combined RESs
and the appropriate number of the decision variables. A multi-objective approach is
presented in [33] to ascertain the best location and the optimal size of the EVs
aggregator while contributing to supplying the demand of the DN. In [34], a multi-
objective algorithm is proposed to specify the optimum number, location and size of
the EVs aggregator in DN and determine the produced power by each energy source
in the DN.
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In this chapter, an energy management model for a DN is presented, in which the
EVs are coordinated in energy and reserve providing of DN, and an aggregator is a
connection between DN and EVs. In addition, DRPs is used for decreasing the
performance cost of DN. The proper amount for charge and discharge scheduling of
EVs, as well as contribution amount of DGs, FC, WT, and DRP are solved in various
cases for showing the advantages of the EVs aggregator contribution in energy and
reserve providing and decreasing costs.

To sum up, the innovations of this chapter are as:

1. Integrated modeling for DGs, WT, FC, DRP and EVs aggregator in a DN.
2. Utilizing the EVs aggregator to comfort connection among the EVs and DN.
3. Using the DRP in order to reduce operation costs.
4. A full mathematical scheme for EVs aggregator and energy networks.
5. A novel scheme for simultaneous energy and reserve planning of a DN

The structure of this chapter is organized in four sections. A mathematical scheme
has provided in Sect. 8.2. The proposed method is applied to a 33-bus DN and their
results were compared with each other to analyze the role of the EVs aggregator in
Sect. 8.3. Section 8.4 as the last section makes the main conclusions.

8.2 Formulation

The proposed DN in this chapter includes various distributed sources such as WT,
DG, and EVs aggregator. To increase the reliability of the network, DN is connected
to UG to supply energy according to necessities of the DN. The EVs aggregator has
an important role in decreasing costs, and it has the characteristic of a power plant
with discharging EVs. When EVs arrive in the aggregator, some of the information is
received from their owners. Then, EVs aggregator sends the received information to
the operator in order to reach optimal scheduling and reduce the costs.

8.2.1 Objective Function

The main goal of this chapter is reducing the operation costs of the DN, and the
objective function is mathematically modeled as follows:
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OBJ ¼
XT
t¼1

Pt
UG � π t

UGþXG
j¼1

C j, t
LDG þ SC j, t

LDG þ SR j, t
LDG � ψ j, t

LDG

� �� �þ

þ
XNLIL

n¼1

CE
LIL n; tð Þ þ CR

LIL

�
n; t

�� �þ
XNDRA

l¼1

CE
DRA l; tð Þ þ CR

DRA

�
l; t

�� �
XN
i¼1

�Wi, t
Ch � Pi, t

Ch,EV � π i
Ch,EV þWi, t

Dch � Pi, t
Dch,EV � π i

Dch,EV þ SRSi, t � SRi, t
EV � ψ i, t

EV

� �

0
BBBBBBBBBBB@

1
CCCCCCCCCCCA

� Δt

2
666666666664

3
777777777775

ð8:1Þ

Equation (8.1) consists of four parts. The first and second parts include the
exchanged power cost between DN and UG, and the start-up and operation costs
of DG in the DN. The third part is the cost of DRP including industrial large loads
(LIL) and demand response aggregators (DRA) in supplying energy and reserve.
Also, the fourth part is the charging/discharging cost and exchange power between
DN and EV. The costs and constraints of the costs will be discussed in the following.

8.2.2 WT

The mathematical formulation of the WT power is based on air speed as [35]:

Pk,t
W ¼

0 Vt < Vk
c orV

t � Vk
F

Vt � Vk
c

Vk
R � Vk

c

� Pk
R Vk

c � Vt < Vk
R

Pk
R Vk

R � Vt < Vk
F

8>>><
>>>:

ð8:2Þ

8.2.3 PV

The relation between PV and solar radiation and temperature is as [36]:

Pp,t
PV ¼ Gt � sp � ηp � 1� 0:005� Ta � 25ð Þð Þ ð8:3Þ

8.2.4 DG

The operation and start-up costs of DGs are as follows:
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Cj,t
LDG ¼ aj � Uj,t þ bj � Pj,t

LDG ð8:4Þ
SCj,t

LDG � Uj,t � Uj,t�1
� �� UDCj ð8:5Þ
SCj,t

LDG � 0 ð8:6Þ

Constraints (8.7, 8.8, 8.9, 8.10, 8.11 and 8.12) covers the DG restrictions, which
are formulated as follows:

Pj,t
LDG þ SRj,t

LDG � Pj
LDG, max � Uj,t ð8:7Þ

Pj,t
LDG � Pj

LDG, min � Uj,t ð8:8Þ
Pj,t
LDG � Pj,t�1

LDG � RUj � Uj,t ð8:9Þ
Pj,t�1
LDG � Pj,t

LDG � RDj � Uj,t�1 ð8:10Þ
Uj,t � Uj,t�1 � Uj,tþUpj,f ð8:11Þ

Uj,t�1 � Uj,t � 1� Uj,tþDnj,f ð8:12Þ

Upj,f ¼
f f � MUTj

0 f > MUTj

� 	
ð8:13Þ

Dnj,f ¼
f f � MDTj

0 f > MDTj

� 	
ð8:14Þ

Power supply by each DG should be limited to its restrictions as (8.7) and (8.8).
Equations (8.9) and (8.10) indicate the constraints of increase/decrease of power
production of each DG in consecutive time intervals. Also, the minimum up/down-
times of each DG are as (8.11) and (8.12), respectively. Linear models of minimum
up/down-times of each DG are as (8.13) and (8.14), respectively.

8.2.5 The Constraint of the UG

Equation (8.15) restricts the power exchange between DN and UG.

Pt
UG



 

 � Pmax
UG ð8:15Þ
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8.2.6 EVs Aggregator of the EVs

EVs in the aggregator should consider the following constraints for exchanging
power with the EVs aggregator. Constraints (8.16) and (8.17) are used to limit the
highest rate of charge/discharge of each charger.

Pi,t
Ch,EV � Pi

Ch, max �Wi,t
ch �Mi,t ð8:16Þ

Pi,t
Dch,EV þ SRi,t

EV � Pi
Dch, max �Wi,t

Dch �Mi,t ð8:17Þ

Constraint (8.18) aims to avoid charge and discharge of EV batteries
simultaneously.

Wi,t
ch þWi,t

Dch � 1�Mi,t ð8:18Þ

Equation (8.19) allows operators to consider restrictions for changing from
charge state to discharge state and vice versa.

Xtid
t¼tia

Wi,t
ch þWi,t

Dch � Nmax ð8:19Þ

Constraints of the spinning reserve of the EVs, which only participate in dis-
charge mode, are presented in (8.20) and (8.21).

SRi,t
EV � α� Pi

Dch, max � SRSi,t �Mi,t ð8:20Þ
SRi,t

EV � α� Pi
Dch, max �Wi,t

Dch �Mi,t ð8:21Þ

At each period of the time, the stored energy of EV obtains from the EV charging
and discharging plus the efficiency of the EVs charge/discharge as (8.22).

SOCi,t ¼ SOCi,t�1 þ ηG2V � Pi,t
Ch,EV � 1=ηV2G � Pi,t

Dch,EV ð8:22Þ

The amount of stored energy in the EV should be limited to its lower and upper
bounds as (8.23).

SOCi
min � SOCi,t � SOCi

max ð8:23Þ

Constraint (8.24) allows the operators to consider the charge/discharge limits of
the EV through the operation. Accordingly, the difference between the speed of the
charge and discharge for various EVs are considered by using the following
equation.
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�ΔSOCi
max � SOCi,t � SOCi,t�1 � ΔSOCi

max ð8:24Þ

Constraint (8.25) specifies the SOC of the EVs at leaving time from the
aggregator. Also, constraint (8.26) specifies the amount of EV energy when EVs
enter to the aggregator.

SOCi,t
Departure ¼ SOCi

max ð8:25Þ
SOCi,t � SOCi,t

Arrival ð8:26Þ

8.2.7 DR Program

The proposed methodology considers two types of programs for consumers to
involve in DR programs. DRAs in the first type creates an opportunity for the
participation of small consumers. So, the small consumers will be connected to the
DSO for cooperating in DR programs and receiving rewards by such cooperation,
which can be modeled as (8.27, 8.28, 8.29 and 8.30). DRAs are responsible for
aggregating the responses of consumers and delivering it to the DSO.

hdmin � Hd
1 � hd1 ð8:27Þ

0 � Hd
k � hdkþ1 � hdk

� � 8 k ¼ 2, 3, . . . ,K ð8:28Þ
PDAS
DRA d, tð Þ ¼

X
k

Hd
k ð8:29Þ

costDAS,EDRA d, tð Þ ¼
X
k

ωk,d
DRA � Hd

k ð8:30Þ

Equation (8.27) provides the limitation of the accepted amount of decrement by
lth aggregator (hl1) between lower bound of the decreaseable amount (hlmin) and the
proposed reduction by aggregator in the first step (Hl

1). The presented acceptance of
the lth aggregator can be between zero and the amount of load decrement proposed
in each of the other steps, which is satisfied by (8.28). The sum of decreased power
by lth aggregator at time t (PDRA) is the same with the sum of whole reducing offers
accepted at that time, which is formulated in (8.29). In addition, the load reduction
cost through the aggregator is computed by (8.30) based on the cost of reducing
energy consumption (ωk,l

DRA) in the accepted reduction of the consumer d. The total
value of energy scheduled (PDRA) and reserve scheduled (RDRA) will be restricted to
the upper bound of accepted demand decrement (Pmax

DRA), which is satisfied by (8.31).
Equation (8.32) computes the cost of providing reserve by DRAs based on the cost
of each reserve unit KRDRA.
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PDAS
DRA d, tð Þ þ RDAS

DRA d, tð Þ � Pmax
DRA d, tð Þ ð8:31Þ

costDAS,RDRA d, tð Þ ¼ RDAS
DRA d, tð Þ � ΩDRA d, tð Þ ð8:32Þ

Decrement of load by LILs is the second classification of DR utilized in this
chapter, which can reduce their load when required by the DSO. Equation (8.33)
derives the limitation of reserve and energy schedule, and (8.34) and (8.35) calcu-
lates the cost of energy and reserve supply.

PDAS
LL i, tð Þ þ RDAS

LL i, tð Þ � Pmax
LL i, tð Þ ð8:33Þ

costDAS,ELL i, tð Þ ¼ PDAS
LL i, tð Þ � ωLL i, tð Þ ð8:34Þ

costDAS,RLL d, tð Þ ¼ RDAS
LL i, tð Þ � ΩLL i, tð Þ ð8:35Þ

The sum of the energy (PDAS
LL ) and the reserve (RDAS

LL ) supplied by LILs should be
lower than the maximum decreaseable value (Pmax

LL ) as mentioned by (8.33). Equa-
tion (8.34) states that the cost of decreasing energy by LILs (CELL) is the product of
the decreased energy consumption of the LILs (PLL) and the power reduction cost
per unit (KRLL).

8.2.8 Spinning Reserve of the DN Constraints

If any problem occurs and wind turbines are not capable of power injection to the
distribution system or the predicted load change from prediction, DGs, EVs
aggregator, LILs and DRA should provide electrical energy to the distribution
system and cause balance between produced power and power consumed in the
distribution network, for which (8.36) is expressed. This constraint guarantees that a
20% variation in load and wind will be addressed by the distribution network.

XL
l¼1

RDRA l, tð Þ þ
XN
n¼1

RLIL n, tð Þ þ
XG
j¼1

SRj,t
LDG þ

XI

i¼1

SRi,t
EV

� 0:2� Pk,t
W þ 0:2� loadt

� � ð8:36Þ

8.2.9 Power Balance

The balance between generated energy and load of the DN, which is mathematically
modeled by (8.37).
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Pt
UG þ

XK
k¼1

Pk,t
W þ

XP
p¼1

Pp,t
PV þ

XG
j¼1

Pj,t
LDG þ

XN
i¼1

Pi,t
Dch,EV � 1

ηdis
� PBESS,dis b, tð Þ

¼ loadt þ
XN
i¼1

Pi,t
Ch,EV þ ηch � PBESS,ch b, tð Þ

ð8:37Þ

8.3 Case Study

In this chapter, an objective function is proposed for investigating the effect of the
EVs aggregator on a DN and the obtained results are compared through the two
cases. The main aim of this chapter is reducing operation costs of the DN considering
constraints of DGs, LILs, DRAs, EVS aggregator and UG.

8.3.1 Input Data

Table 8.1 provided the required information for WTs and PV [37]. The required data
of the DGs are provided in Table 8.2, which contains MT and FC. The prediction of

Table 8.1 WT and PV data

Photovoltaic system Wind turbine

Parameter Value Unit Parameter Value Unit

η 15.7 % PR 500 MW

s 1500 m2 VC 3 m/s

Ta 25 C
�

VR 12 m/s

ωPV 20 % VF 30 m/s

ωW 20 %

Table 8.2 DGs data

Unit
ai
($)

bi
($/MWh)

ci
($/MWh2)

Startup
cost($)

Minimum
up/down
time (h)

Maximum
ramp up/down
rate (MW/h)

Pmax
(MW)

Pmin
(MW)

MT
1

27 87 0.0025 15 2 1.8 3.5 1

FC
1

25 87 0.0035 25 1 1.5 3 0.75

FC
2

28 92 0.0035 28 1 1.5 3 0.75

MT
2

26 81 0.184 26 2 1.8 4.1 1
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the demand curve and upstream day-ahead power price are presented in Figs. 8.1,
8.2, 8.3 and 8.4 are related to WTs and PV [38]. The spinning reserve cost of the ith
EV is considered as 10% of the ith EV desirable discharge price. The spinning
reserve cost of the jth DG is considered 10% of the open market electricity prices at
each period of the time. The capacity of the EVs aggregator is 220 EV and the SOC
of EVs at leaving time from the EVs aggregator are considered a random value
between 0.15 and 0.75. The charged and discharged price of EVs in the aggregator
are surmised accidentally from 0.1 to 0.4. Some other required parameters of EVs are
mentioned in Table 8.3. Exchanged power between the DN and UG is also limited to
1000 KW. DRPs have the capacity of shifting 20% of the demand for 24 hours.
Exchanged energy among the DN and UG is also restricted by 100 MW.

Fig. 8.1 Predicted demand

Fig. 8.2 Predicted UG price
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Fig. 8.3 Predicted speed of wind

Fig. 8.4 Predicted radiation for solar

Table 8.3 Parameters of the EVs

α Ti
P Pi

Ch, max Pi
Dch, max SOCi

max SOCi
min ΔSOCi

max ηG2V ηV2G Nmax

0.2 2�8 5�10 5�10 10�20 0 5�10 0.9 0.8 10
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The day-ahead offers of reduction for the power of the LILs and DRAs are
proposed in step-by-step status that is provided in Tables 8.4 and 8.5. The reserve
cost accepted by responder demands is 10% of accepted maximum decrement of
power.

8.3.2 Simulation Results

To evaluate the influence of EVs aggregator in power and reserve supply of DN, two
case studies are selected for testing the presented framework. Through the first case,
the model has been investigated regarding the constraints of the UG, DGs, LILs, and
DRPs. In case two, the EVs aggregator participates in the energy and reserve
management of DN while constraints of the UG, DGs, LILs, and DRPs are consid-
ered, and operating costs of the DN have been investigated. The output power of the
PV and the WTs are shown in Figs. 8.5 and 8.6. It should be mentioned that because

Table 8.4 Bid-quantity offers of power decrement by LILs

Hour

LIL1 LIL 2

Maximum Decrease
(MW)

Cost
($/MWh)

Maximum Decrease
(MW)

Cost
($/MWh)

10 0.85 43 0.40 18

11 0.90 77 0.40 30

12 0.90 122 0.45 53

13 0.95 108 0.45 43

14 1 273 0.45 79

15 1 122 0.45 43

16 1 404 0.50 79

17 1 304 0.50 73

18 1 126 0.50 67

19 1 118 0.45 47

20 0.95 84 0.45 40

21 0.90 104 0.45 33

22 0.90 318 0.40 32

23 0.85 72 0.40 16

Table 8.5 Bid-quantity offers of power decrement by DRAs

DRA The covered area by DRA 1 The covered area by DRA 2

Buses 26, 27, 28, 29, 30, 31, 32,33 9, 10, 11, 12, 13, 14, 15, 16, 17,18

Quantity of
reduction (MW)

0–0.1 0.1–0.7 0.7–1.2 1.2–1.5 0–0.3 0.3–0.8 0.8–1.3 1.3–1.8

Cost of reduction
($/MWh)

9 68 102 136 20 51 88 108
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the short-term operation of PV and WTs has not cost, PV and WTs are working in
their maximum capacity in both cases.

Also, purchasing power from UG is getting lower in comparison with the first
case. In other words, less power purchasing at high price hours cause a decrement in
operation costs. Decreasing the provided energy by the first FC and increment of the
power supplied by the second FC lead to a reduction in operation costs. In the second
case, the presented objective function is investigated considering the aggregator for
observing the participation influence of the EVs on the operating costs of the DN. It

Fig. 8.5 PV output power

Fig. 8.6 WTs output power
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is admitted that spinning reserve increases the operation costs of DNs lead to
reliability costs. These increases in the operation cost is due to considering 20%
error in the predicted weather conditions and the probability of reducing the pro-
duced power by the WT. By comparing cases 1 and 2, it is observed that the
contribution of the aggregator in spinning reserve releases the capacity of DGs and
help them to contribute to energy supply at market high price hours. In general, the
aggregator had reduced the operation costs of the DN. In addition to its advantages, it
has increased the flexibility of the DN.

Figures 8.7 shows the discharging and charging of the EVs in the aggregator. As
it can be observed, the price of the upstream grid is high at some time intervals and
this means more discharging occurred at these time periods. In addition, there is
more charging in aggregator at low price hours, which helps the operator to reduce
the operation costs of the DN.

Figure 8.8 shows the energy exchange between the DN and UG. In the second
case, the aggregator purchases power from the UG at off-peak periods with low
price, and it utilizes this power for charging the EVs. In addition, it utilizes the
purchasing power for providing the required energy of DN during on-peak periods
when the price of UG is high. Accordingly, this process causes a reduction in the
operation costs of the DN.

The power output of the DGs is demonstrated in Figs. 8.9 and 8.10, respectively.
By comparison of Figs. 8.9 and 8.10, it can be known that considering the presence
of EVs in case 2, the capacity of DGs is released, and such plants are capable to
generate more electrical energy at on-peak hours with respect to case 1, and hence
less power has been supplied from the main grid. In addition, the reserve participa-
tion of DGs in cases 1 and 2 are shown in Fig. 8.11. It is clarified that the
responsibility of reserve supply is given to EVs in case 2, where the reserve
cooperation of DGs has been decreased.

Fig. 8.7 Charge/discharge of the EVs
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The participation of DR program in energy management of the distribution
network is shown in Fig. 8.12. In fact, the presence of EVs in case 2 was effective
in releasing the capacity of DR programs in energy supply.

The determined optimal results of studied cases are provided in Table. 8.6. As
shown in this table, in the first case, where EVs aggregator did not participate in the
energy market and the reserve market, the operation cost was $62819.6. In case
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Fig. 8.11 Reserve participation of DGs in cases 1 and 2
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Fig. 8.12 The participation of DR program in energy management of the distribution network

Table 8.6 operation costs

Case 1 Case 2

Costs 62819.6 57414.637

Decrease cost compared to case 1 – 8.6%
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2, the model has been investigated to examine the impact of the aggregator on
reducing the operation costs of the DN. By comparing the first and second cases, it
can be seen that aggregator Causes 8.6% reduction in costs.

8.4 Conclusion

In this chapter, optimal scheduling for operation of the EVs aggregator is presented,
which has two various performance as a load and power source for the DN. The main
aim of the model is reducing operational costs of the DN, which contains EVs
aggregator and RESs such as MT, FC, WT, and PV. In this chapter, the effect of EVs
aggregator are studied, and the results are compared to show that EVs had a positive
influence on decreasing the costs and realizing the capacity of DGs. Additionally, by
investigating the simulation results, it can be observed that EVs aggregator plays a
collector role, which prevents the system from occurrence the overload and
decreases the risk of increasing demand in peak hours by managing charging/
discharging of the EVs. Also, the aggregator may produce power balance and cost
challenges for DN.
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Chapter 9
An Interactive Model for the Participation
of Electric Vehicles in the Competitive
Electricity Market

Mohammad Reza Fallahzadeh and Ali Zangeneh

9.1 Introduction

Over the last century, consumedly emission of green gases produced by the factories
and internal combustion engines lead to significant changes in earth climate. Global
warming may be the most crucial change, which endangered herbal and animal life
on the planet. Also, fossil fuel energy is a limited energy source whose price
fluctuated during the time by several factors. From the last decade, governments
and environmental advocates have been working to reduce air pollution and its
extensive harmful effects on climate. Some part of these efforts is to use less internal
combustion engine vehicle and replace them with electric vehicle [1, 2].

Undoubtedly, having a trustworthy source of energy, which obtains reliably is an
integral part of the current and future needs of societies. Endangered human life is
another motivation that leads scientists to do research and develop another source of
energy instead of using fossil fuel, especially in transportation. Transportation is a
significant and central part of consuming oil and its derivatives. Instead, electric
energy is a good, accessible, and clean alternative for fossil fuel, which can also be
used in transportation effectively.

Nowadays, the electric vehicles have less acceptance in public views due to the
high purchase price of electric vehicles, lack of charge and discharge infrastructure,
and high cost of batteries [3]. Besides, low distance traveled by a fully charged
battery in comparison with conventional vehicle is another essential factor, which
leads to reducing their public satisfaction. On the other hand, it is usually difficult for
people to change their regular customs, for example, using EVs instead of fossil-
fueled vehicles. However, there are plenty of ways to persuade them to use EV and
reduce the harmful effects of the current vehicles. To this end, economic incentive
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will be an excellent characteristic to encourage people covering the cost of EVs
charge and earn money.

One way to persuade people to use electric vehicles is to show their advantages.
For instance, the participation of EVs in the power market with the ability to store
energy and release it in the required times, help them to earn profit [4].To this aim,
EV battery can be considered as a load with an elasticity that has positive energy
consuming (charging mode) and negative energy consuming (discharging mode).
Therefore, it is possible to use the stored energy in an appropriate time. This feature
is known as vehicle to grid (V2G), which capable EV to take part in the energy,
regulation, and reserve market, and some other ancillary services. On the other hand,
it is helpful for the distribution system to permanently change its generating and
consuming energy as well as provide some financial and technical benefits for the
other market participants [5, 6].

If each EV wants to connect to grid uncoordinatedly in its favorite time and start
charging/discharging, the distribution system may be faced with challenges and
limitations. With the increasing number of the EVs, this individual behavior could
have destructive impacts on distribution system such as load profile, line overload,
increasing grid losses, and exceed bus voltages. Thus, the lack of an effective
scheduling program to manage charge and discharge of the high number of the
EVs may have irreparable damages to the grid [7–9].

To solve these problems, a coordination method for the charging and discharging
of electric vehicles has been investigated to shift the load charging to non-peak hours
by setting multi-tariff prices [10]. In this method, the EV owner is free to charge
her/his vehicle at any time and this behavior could face grid with its limitations. In
[11], an online scheduling strategy is presented using categorization of EVs in
priority groups and coordinate their charging at non-peak hours to reduce costs.
However, the energy derived from V2G has not been studied in [11]. Askari et al.
[12] have examined the role of an EV parking lot to participate in an ancillary service
market and propose regulation up/down in the day-ahead and spot market. However,
they do not consider the behavior and interactions with the aggregator.

Although an individual EV does not have a considerable effect on the distribution
system, the aggregated impacts of numerous EVs are significant. Therefore, existing
an agent to coordinate many EVs are quite substantial to avoid disruptions in the
distribution system. EV parking is a new agent to provide offers for aggregator to
inject/absorb energy and ancillary services. It is assumed that, EV parking act as a
distributed generation (DG) which have both positive and negative energy consum-
ing. This fact enables parking owner to purchase energy during off-peak hours and
sell it in the peak hours at a higher price and consequently earns more profit.

Due to the advent of the retail markets and the existence of various agents, it is
necessary to consider a decentralized decision-making model that includes the
behavior of various market players, such as EVs parking with the ability to buy
and sell energy under the supervision of the aggregator [13, 14]. In this chapter, the
market interaction between aggregator and EVs parking is formulated as a bi-level
programming model. It consists of a parking with many standby EVs and an
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aggregator. In this model, the price offered by EVs parking and the amount of energy
that aggregator purchases from EVs parking could be determined.

9.2 The General Framework of the Bi-Level Programming
Approach for EV Parking Price Bidding

The bi-level scheduling model is presented in Fig. 9.1, which shows the competitive
interaction between two market players in distribution networks: EVs parking and
aggregator. At the upper level, the EV parking aims to maximize its profit by optimal
scheduling the charge and discharge of vehicles. It purchases energy during off-peak
hours and stores it in EV batteries to sell it back during peak hours in the offered
price, which is usually higher than off-peak hours. The schedule is influenced by the
market price, the initial SOC of vehicles and the arrival and departure time. At this
level, the EV parking has an objective function, which determines two factors: V2G

Fig. 9.1 The bilevel framework to model the interaction between aggregator and EV parking
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bidding price and required energy for EVs charging per hour. These variables are
considered as parameters in the lower level. On the other hand, at the lower level, the
aggregator is the sole of the distribution system, which is responsible for providing
energy for subscribers and minimizing its cost. Aggregator can purchase all its
required energy from either the wholesale market or some part of it from the
wholesale market and the remaining through the EV parking. The lower level
determines two variables according to the wholesale energy price and the parking
-bidding price: the amount of energy purchased from the wholesale market and the
EVs parking. As shown in Fig. 9.1, purchasing energy from EVs parking variable
(V2G) is sent as a parameter to the parking at the upper level. The advantage of the
scheduling model is to consider the behavior of both players based on their view-
points. This model helps each player to make a more accurate decision.

In this compromise, the parking should offer the optimal V2G price to aggregator
to maximize its profits. If the proposed price is high, the aggregator does not accept it
and provides all its required energy through the wholesale market. Contrariwise, if
the proposed price is low, the parking cannot earn maximum profit. The equilibrium
point represents the accepted bidding price of EV parking and quantity of energy
purchased by the aggregator. This process continues until the optimal balance point,
which is accepted by both entities become stable. The bi-level program is very
similar to the Stackelberg game theory. The Stackelberg leadership model is a
strategic game in economics in which the leader firm moves first and then the
follower moves sequentially. The Stackelberg leader is sometimes referred as the
market leader. The leader takes the first move and waits for the follower’s response.
The follower then proceeds to understand the movement of the leader [15]. In the
scheduling model, the EVs parking is in the leader’s position, and offers the V2G’s
optimal price to the aggregator hourly, the aggregator accepts or rejects the proposed
price, in terms of the amount and time of the purchase from the parking owner or the
wholesale market to minimize its cost.

9.3 Mathematical Model of the Bi-Level Scheduling Model

9.3.1 Upper-Level: Maximizing the EVs Parking Profit

Each market participant wants to increase its profit, by cutting costs and maximizing
revenue. Thus, the objective function of the EVs parking is presented in Eq. (9.1)
based on the maximizing the EVs parking profit. This function consists of three
terms: two revenues and a cost. The first term is the revenue achieved by selling
energy to the aggregator at an optimal price (V2G). The second is the revenue, which
obtains from charging EV’s battery at a contracted price and finally the last one is the
cost of purchasing energy from the aggregator to feed EVs batteries and other
consumptions such as lighting and so on.
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f upper : max Ps
chρ

s
V2G

XH
h¼1

XN
i¼1

� Ps
dch i, hð Þ:ρsV2G hð Þ þ Ps

ch i, hð Þ:ρsco hð Þ � Ps
ch i, hð Þ:ρsw hð Þ� � ð9:1Þ

wherePs
dch i, hð Þ is the discharging power from ith EV at hour h and scenario s,

ρsV2G hð Þ is the bidding price for V2G at hour h, Ps
ch i, hð Þ is the required power for

charging ith EV at hour h, scenario s, ρsco hð Þis the contracted price for charging EVs
which is assumed in three values (35–45-50 $/kw) for non-peak, mid and peak hours
respectively. N is the total number of the EVs under the control of the parking and
H is the number of the hours in a planning horizon (24 hours). The parking is
responsible to keep the state of charge (SOC) of the batteries on a satisfying quantity
(for instance 85% of the EV battery) when EVs want to departure the parking (9.2).

Xdeparture

h¼arrival

chs i, hð Þ � dchs i, hð Þ½ � þ socs0 ið Þ ¼ 0:85� CEV ið Þ 8h 2 H,8i 2 N ð9:2Þ

where chs(i, h) and dchs(i, h)are charge and discharge of the ith EV at hour h
respectively, socs0 ið Þ: is the initial SOC of the EVs when they arrival to the parking
and CEV(i): is the capacity of the ith EV.

It is supposed that charge, discharge and SOC of EVs at each hour should not
exceed from a certain amount. The maximum value of SOC must be equal to the
battery capacity and its minimum value depends on the type of the battery that is
usually considered to be around 5% of battery capacity. In the simulations, the
battery capacity is considered 32 kWh and the charging and discharging rates are
same and equal to 3.2 kW/h. Due to the operational constraints of the battery, there
are three constraints for the battery charging and discharging behaviors (9.3, 9.4, and
9.5):

0 � chs i, hð Þ � ch i, hð Þ8h 2 H, 8i 2 N ð9:3Þ
0 � dchs i, hð Þ � dch i, hð Þ8h 2 H,8i 2 N ð9:4Þ

socmin � socs i, hð Þ � CEV ið Þ8h 2 H,8i 2 N ð9:5Þ

where ch i, hð Þ and dch i, hð Þare the upper level of charge and discharge respectively
and socmin is the minimum amount of SOC.

It is essential to obtain soc. in each hour and has to be checked which not overstep
its limit. Therefore, Eq. (9.6) represents the vehicle’s SOC at h, which is computed
using the SOC of the previous hour, plus (minus) charging (discharging) of ith EV at
hour h. Converter which transfers energy from EV to grid or vice versa has a specific
efficiency. Equations (9.7) and (9.8) state charge and discharge power regarding the
efficiency (η).
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socs i, hð Þ ¼ socs i, h� 1ð Þ þ chs i, hð Þ � dchs i, hð Þ8h 2 H,8i 2 N ð9:6Þ
Ps
ch i, hð Þ ¼ chs i, hð Þ=η ð9:7Þ

Ps
dch i, hð Þ ¼ dchs i, hð Þ:η ð9:8Þ

9.3.2 Lower Level: Minimize the Cost of the Aggregator

The objective function of the aggregator is represented in Eq. (9.9), which is
optimized in the lower level of the problem. It consists of two cost terms: cost of
purchasing energy from the wholesale market for 24 hours and EVs parking as V2G
program for all presented EV according to their present time. In Eq. (9.9), there are
two decision variables: the amount of energy purchased from the wholesale market
(Ps

w hð Þ) and amount of energy, which is bought from the parking (Ps
dch i, hð Þ) in an

acceptable price.

f lower : MinPs
dch,P

s
w

XH
h¼1

XN
i¼1

Ps
dch i, hð Þ:ρsV2G hð Þ þ

XH
h¼1

Ps
w hð Þ:ρsw hð Þ ð9:9Þ

where ρsw hð Þand Ps
w hð Þ are the price of the wholesale market and amount of the

power purchase from it respectively.
The balance between power generation and consumption in the distribution

system is shown in Eq. (9.10). This means that all generated energy must be equal
with consumed energy. In this equation, generation have to parts including Ps

dch i, hð Þ
and Ps

W hð Þ, on the other hand, the consumption parts are Ps
D hð Þ and Ps

ch i, hð Þ. Since
the distribution system is modeled as a single bus, and the network is not modeled,
power losses are not included in Eq. (9.10).

Ps
D hð Þ þ

XN
i¼1

Ps
ch i, hð Þ � Ps

dch i, hð Þ� � ¼ Ps
w hð Þ8h 2 H,8i 2 N : σs hð Þ ð9:10Þ

where Ps
D hð Þ is the total demand of the distribution system at h, and σs(h) is the

Lagrange coefficient related to this constraint.
Equation (9.11) indicates the constraint of the upstream transformer capacity to

feed distribution network PT(h). This power purchased from the wholesale market
(Ps

w hð Þ) is limited, according to Eq. (9.11). ξs(h) is the Lagrange coefficient regard-
ing this constraint.

Ps
w hð Þ � PT hð Þ � 08h 2 H,8i 2 N ð9:11Þ
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9.3.3 Single-Level Equivalent Problem

There are various methods to solve bi-level problems. One of the most common
ways is using the Karush–Kuhn–Tucker (KKT) optimality conditions which trans-
form bi-level optimization problem into an equivalent single-level problem [16–
18]. In this method, the lower-level of the optimization problem is replaced by its
equivalent KKT conditions. So, the model is transformed into a single-level optimi-
zation problem [19]. The KKT conditions are applied if the lower level of the
optimization problem is convex in the continuous variables. To implement, all
unequal constraints have to transfer to ‘equal to zero’ form with its proportional
Lagrange coefficient (9.13) and (9.14). Afterwards they are added to the lower-level
objective function; finally differentiate the manufactured equation according to its
variables (9.15) and (9.16). In this level of optimization, variables are Ps

dch i, hð Þ and
Ps
W hð Þ which considered as input parameter in the upper-level.

f upper:profit of parking

max Ps
ch,ρ

s
V2G,

dch i,hð Þ,Pw hð Þ

XH
h¼1

XN
i¼1

Ps
dch i, hð Þ:ρsV2G hð Þ þ Ps

ch i, hð Þ:ρsco hð Þ � Ps
ch i, hð Þ:ρsw hð Þ� �

ð9:12Þ

Subject to Eqs. (9.3, 9.4, 9.5, and 9.6) and (9.10 and 9.11) and KKT condition as
follows:

δs hð Þ: Ps
D hð Þ � Ps

w hð Þ þ
XN
i¼1

Ps
dch i, hð Þ � Ps

ch i, hð Þ� �( )
¼ 0 ð9:13Þ

ξs: PT hð Þ � Ps
w hð Þ� � ¼ 0 ð9:14Þ

ρsV2G hð Þ � δs hð Þ ¼ 0 ð9:15Þ
ρsw hð Þ � δs hð Þ þ ξs hð Þ ¼ 0 ð9:16Þ

9.4 Numerical Results

It could be assumed that optimal placement of EV parking has been done, and charge
and discharge actions have no harmful effects on distribution network busbars. Also,
it is proposed that network losses are small and have no considerable impact on the
usual functions. Based on these assumptions and to avoid Complexity and
nonlinearity of the bi-level problem, it has skipped to Utilizing power flow and
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considering distribution network losses. With regarding drivers’ habits, the daily
distance which is traveled by each vehicle and arrival and departure time are vary
during days. Thus, the soc. of vehicles and time needed to charge EVs fully are
changing by vehicle to vehicle (Scenario 4). Although the proposed model is
simulated for fixed arrival and departure time and daily traveled distance (Scenarios
1–3). Three different EV penetration (100, 300, and 500) are used to show the
effectiveness of the proposed model.

To analyze the performance of the proposed model, the distribution network is
modeled as a single bus connected to the power grid via a transformer. The total
equivalent demand of the distribution system and EVs parking are connected at this
bus. The parking has a maximum capacity of connecting 500 EVs. Each EV is
equipped with a battery, which has 32 kWh capacity. The maximum charge and
discharge rates of all EVs are assumed 3.2 kW/h, and the converter efficiency is
considered 90% in both charge and discharge mode [12]. Other input data such as
arrival and departure time, initial SOC at the moment of arrival, the amount of
distribution system demand, the market price and the number of EVs in the parking
in each hour are introduced as different scenarios. Data related to demand and energy
price are extracted from Nordpool market data [20].

Four different scenarios are defined to analyze the scheduling model. Each
scenario is simulated for three separate days (with a different price of the wholesale
market and network demand) and a different number of vehicles (100, 300, and 500).
These typical days are characterized using off-peak, mid and on-peak hours, and
consequently, the market price has three different curves. Demand curve of the
distribution grid and the wholesale market price curve are shown in Figs. 9.2 and 9.3,
respectively based on three different days from the NordPool market [21].

Scenario 1: The arrival/departure time of EVs to/from the parking and the initial
value of SOC at the time of entrance are other vital parameters to determine the
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Fig. 9.2 The daily curve of distribution network demand in three different days without the parking
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strategy of charge and discharge. In this scenario, the arrival and departure time of all
EVs are considered equal at 4:00 p.m. and 8:00 a.m., respectively. It is also assumed
that the traveled distance for all EVs is 25 km on a specified day.

Scenario 2: This scenario is similar to Scenario 1, but the arrival and departure
time are 8:00 p.m. and 10:00 a.m., respectively. The initial SOC for all EVs is 16.3
kWh and traveled distance is 25 Km.

Scenario 3: The arrival and departure time of EVs are at 11:00 p.m. and 12:00 p.
m., respectively. The initial SOC is 16 kWh, and traveled distance is 35 km.

Scenario 4: Arrival and departure time and initial SOC of EVs are random
variables that depend on EVs’ behavior. In this scenario, they are chosen randomly
using a normal distribution function.

The EV parking decides how to plan for the optimal charging and discharging of
EVs to maximize its profit. This decision is made by using the initial SOC of EVs,
the arrival and departure time, the battery capacity of each vehicle, the time needed
to fully charge of EVs’ battery and the price of energy. By introducing the parking as
a new entity to gather the capacity of the small distributed generation/storage units, a
rebate in peak hours Will be observed, and valley areas can also be filled and
smoother. Figure 9.4 illustrates this issue very well in the first scenario. In the second
and third scenarios, the load profile of the distribution network improves due to the
length of time that EVs are available. In the second scenario, the demand decreases
in peak hours; it is approximately near 3 MW; while the valley areas have been filled
by 3.6 MW. In the third scenario, the demand in peak areas reduced by 2.9 Mw and
increased by 3.56 MW in the valley.

Figure 9.5 shows the demand curve of the distribution network with the presence
of a parking with a capacity of 500 EVs for different days in the first scenario. The
parking predicts the peak and valley area of distribution demand and accordingly,
the maximum and minimum price hours have been obtained. Then plan to purchase
and sale energy at peak and valley areas, respectively.

30

35

40

45

50

55

60

65

h1 h3 h5 h7 h9 h11 h13 h15 h17 h19 h21 h23

W
ho

le
sa

le
 m

ar
ke

t p
ric

es
 ($

/M
W

h)

hour

day 1 day 2 day 3

Fig. 9.3 Wholesale market prices in three different days

9 An Interactive Model for the Participation of Electric Vehicles in. . . 241



By appropriately scheduling EVs in the distribution network, not only the peak
load of the distribution network did not increase, but also the peak and valley areas of
the power demand curve are improved and smoothed. Comparison between Figs. 9.2
and 9.5 show that the load profile of the distribution network has better feature after
the presence of EV parking. It can be realized that since by adding the great number
of EVs, the power demand curve will be increased, so need an entity that coordinate
EVs charge and discharge is quite indispensable. Table 9.1 shows the load factor in
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different scenarios and typical days. The first row shows the load factor with no EV
while, the second row (Scenario 1) shows this factor, which has the desired reduction
in comparison with the first row. In other cases (Scenarios 2 to 4), there is a small
increase in the load factor values due to the time of arrival and departure, in other
words, parking does not have enough time to fill all valley area. Therefore, the load
factor will have a slight increase.

Based on the interaction between aggregator and the parking in the bi-level
model, the proposed optimal V2G price is accepted, and the parking will sell energy
from discharging of EVs to the aggregator. Figure 9.6 shows the parking -bidding
price at some hours of three typical days, in scenario 4, with a total number of
500 EVs. Given that on the first day, the cost of the wholesale market is more than
other 2 days. Consequently, the parking -bidding price will be more than the other
2 days. Therefore, the parking-bidding price depends on the wholesale market price,
and it must be less than the wholesale price due to aggregator goal to minimize its
total cost. Parking follows the wholesale electricity price and offers an optimal rate
in the peak hours. This bidding is lower than the wholesale price and makes an
incentive scheme for consumers to buy energy from the parking.

This biding price is a vital factor that directly affects the parking profit. As it can
be shown in Fig. 9.6, parking bids its proposed V2G rate in peak hours; while in
other hours, parking tries to buy power for filling up EVs battery at minimum cost.

The parking tends to maximize its profit by buy and sell energy among EVs. This
issue can be observed in Fig. 9.7. When an EV enter the parking, it has some initial

Table 9.1 Load profile in
different scenarios and days
(with 500 EVs)

Scenario Day 1 Day 2 Day 3

No EV 1.11 1.18 1.20

Scenario 1 1.10 1.11 1.11

Scenario 2 1.15 1.24 1.23

Scenario 3 1.16 1.23 1.22

Scenario 4 1.17 1.20 1.18
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Fig. 9.6 The parking proposed bid price to aggregator at different times and days, and in Scenario 4
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SOC; if the entrance time is during off-peak hours, the parking tries to purchase
energy and store it in EV batteries to sale it back in the peak hours with a higher price
to obtain more profit. Otherwise if the entrance time is in the peak-hours, and also if
the EV battery has enough SOC, parking decides to sell its’ V2G power.

Also, the repetitive charge and discharge action are harmful to EV batteries, and it
may have destructing effect and cost. The lower price for charging the vehicles is a
beneficial factor, which encourages EVs to participate in the program.

Table 9.2 shows the cost of aggregator in different scenarios and different day
patterns in two cases: with the presence of V2G and without V2G. Because of the
lower price in the second and third days, aggregator operation cost in the first day is
more than the other 2 days. In Scenario 1, EVs are more available. Thus, the parking
will be more likely to use the V2G capabilities of EVs. In this scenario, the
aggregator reduces its costs by purchasing more energy from the parking at a price
lower than the wholesale market price. By smoothing the demand curve (cutting the
peak hours and filling the valley area), aggregator can minimize its total cost and thus
maximize its benefit. It can be observed that in all cases, aggregator cost will be
reduced with V2G capability. With the presence of the EV parking, all market
players such as aggregator and customers benefit financially. This helpful feature
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Fig. 9.7 SOC of a sample EV during the first day in Scenario 4

Table 9.2 Aggregator operation cost in different scenarios with a total number of 300 EVs ($)

Day 1 Day 2 Day 3

Scenario 1 with V2G 157943.5 116176.0 93889.2

without V2G 163854.2 120521.3 98526.4

Scenario 2 with V2G 166136.2 120266.3 96512.7

without V2G 173235.5 126352.6 103478.6

Scenario 3 with V2G 167084.9 120090.6 96762.5

without V2G 173894.3 125698.5 102422.8

Scenario 4 with V2G 174799.3 127078.4 101899.9

without V2G 180329.2 132211.3 108566.9
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is a professional privilege that leads to better performance and postpones the
restructuring of the distribution system.

Due to the reduction of the wholesale market price in the second and third typical
days, aggregator costs will decrease accordingly. If the number of EVs increases,
aggregator has to spend more to purchase energy for EVs charging. Thus, if EVs do
not support the V2G ability, the addition of EVs to the distribution system, acted as
an extra load for the network and the aggregator cost increases. Table 9.3 shows the
effect of these factors in forth Scenario.

Scenario 4 is more similar to a real status that EVs arrival and departure time and
traveled distance are randomly simulated and applied in the simulation. The parking
profit of this scenario is presented in Table 9.4 for different typical days. In the first
day, despite the higher price of the wholesale market, the parking profit is more than
the second and third days. Given that, the offered V2G rate is floating; because it is
strongly depends on the wholesale market price. The V2G price, in the first day is
higher than other days, and consequently the parking profit in the first day is more
than the rest. According to the availability time of EVs, the gain may vary, and if this
time is more during off-peak hours, the parking can earn more profit. In this table, the
contracted price for charge EVs is close to the average rate, of the wholesale market.
This feature is a motivation for the EV to charge its EV under the parking-scheduling
program with lower price. Besides, the parking uses EVs battery to store and release
energy in the desired time. By increasing the number of EVs, the parking profit rises
accordingly, because of the parking sale more power to aggregator (discharging
mode) and EVs (charging mode). For maximizing the benefit, the number of EVs is
an essential factor that can be obtained by persuading the owners of the EVs to
charge their vehicles in a particular place.

Table 9.3 Aggregator operation cost with different number of EVs ($)

Number of EV V2G capability Day 1 Day 2 Day 3

100 EV with V2G 58527.1 42401.7 33984.1

without V2G 59832.2 43510.6 34125.5

300 EV with V2G 174799.3 127078.4 101899.9

without V2G 180329.2 132211.3 108566.9

500 EV with V2G 291394.8 211749.9 169787.0

without V2G 298455.8 221654.9 175087.2

Table 9.4 Parking profit in
different EV penetrations and
days ($)

Number of EV Day 1 Day 2 Day 3

500 EV 796.8 767.3 683.3

300 EV 477.5 459.4 408.9

100 EV 156.4 152.3 137.8
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9.5 Conclusion

In this chapter, a distributed decision-making model based on a bi-level program-
ming approach, including a parking and aggregator, is presented. Parking decides
about the optimal time of the EVs’ charging as well as choosing an optimal bidding
strategy according to the aggregator reaction to the price and V2G rate. The purpose
of this chapter is, modelling the behavior of the parking and aggregator in an
interactive and competitive market. By adding lots of coordinated EVs through a
parking in a distribution network, not only better features such as improved load
factor and reliability are obtained, but also the concern of adding EVs as an extra
load is reduced.

Appendix A

The nomenclature is shown below.

fupper The upper-level objective function

Ps
dch i, hð Þ Discharging power from ith EV at hour h in scenario s

ρsV2G hð Þ Bidding price for V2G at hour h

Ps
ch i, hð Þ The required power for charging ith EV at hour h in scenario s

ρsco hð Þ Contracted price for charging EVs

N The total number of the EVs under the control of the parking

H The number of hours in a planning horizon (24 hours)

i EV number

h Hour number

SOC State of charge of EV battery

chs(i, h) Charge of the ith EV at hour h

dchs(i, h) Discharge of the ith EV at hour h

soc0s(i) The initial SOC of the EVs when they arrive to the parking

CEV(i) The capacity of the ith EV

ch i, hð Þ The upper-level of charge-discharge

dch i, hð Þ The upper-level of discharge

socmin The minimum amount of SOC

η The efficiency of charge and discharge converter

ρsW hð Þ Price of the wholesale market

Ps
W hð Þ Amount of the power purchase from the wholesale market

Ps
D hð Þ The total demand of the distribution system at hour h

δs(h) Lagrange coefficient related to its constraint.

PT(h) Upstream transformer capacity

ξ(h) Lagrange coefficient related to its constraint.
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Chapter 10
Optimal Scheduling of Smart Microgrid
in Presence of Battery Swapping Station
of Electrical Vehicles

Mohammad Hemmati, Mehdi Abapour, and Behnam Mohammadi-ivatloo

10.1 Introduction

According to global reports, a significant share of air pollution is due to the use of
fossil fuels in the transport fleet [1, 2]. One of the solutions to this challenge is the
utilization of electrical vehicles (EVs) and development of them in transport fleets.
Despite the development of EVs in recent years, the challenge of long charging time
of EV’s battery failed to attract the satisfaction of consumers [3]. Furthermore, the
use of EVs in the power network, due to the uncertainties at the arrival time of them,
will face the electrical network with several technical issues. One of the new ideas in
this field is a fast charging station that reduces battery charging time for EVs
[4]. However, the fast charging station is not widely used for emerging technology
[5]. Also, these stations cannot overcome the uncertainty and the high power
consumption challenges that occur at peak times.

In recent years, the idea of battery swapping station (BSS) has been presented as a
convenient way to manage the charge of EVs. The basic of BSS is to replace the
depleted battery with full-charge ones. The BSS can be considered as a bank of
batteries, which purchases the power at off-peak times and charges batteries to be
ready at any moment to serve EV’s owner. Therefore, any consumer which faced
with the depleted battery, referring to the BSS and in return for a fee, swap a depleted
battery with a full one at the shortest time [6].

In [5, 7], the charging of electric buses is scheduled by BSS. Using the BSS for
this purpose is much more efficient than the method that each EV’s owner charges
EV in different parking lots. In [8], stochastic programming based on Monte-Carlo
simulation was proposed for modeling the intermittent change of energy consump-
tion of BSS. In [9–11], BSS scheduling problem by considering power market is
studied. In [11], an operation model for BSS is presented. In this model, BSS is
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scheduled in day-ahead clearing process for profit maximization goal while the
market price is considered as an uncertain parameter and robust-optimization is
implemented to model it. In [12], a dynamic operation strategy for scheduling of
BSS to participate in power market in short term is proposed. The proposed model
tries to maximize the profit of BSS, considering the uncertainty of power market. In
[5], the scheduling of BSS by considering the energy efficiency and emission is
studied. This project was investigated in China and implemented on electric taxies.

The Microgrid is a small/medium-scale distribution network consists of multiple
loads (controllable and non-controllable), generation units (dispatchable and
non-dispatchable) and energy storage systems (ESS) that are working under the
master controller supervision [13, 14]. Despite the fact that the attention to the BSS
has increased for various purposes, in recent years, the development of this idea in
microgrid is rarely studied. In the other worlds, if the BSS can be considered as a
new service that can support the microgrid in emergency conditions, besides the
serving the EV’s owner, it would have different benefits for microgrid.

The BSS can operate as an agent between EV’s owner and MG. When the stored
energy in EVs battery does not sufficient for the next trips, BSS by providing the
swap service, helps the driver to continue their trips by changing the empty battery
with the full one at the short time. The empty batteries will be charged and
appropriated to participate in the swap service or reserve, for the next periods.
Briefly, some of the main advantages that BSS follows can be summarized:

• Enabling drivers to drive long distances due to the high-speed swapping of the
battery.

• Reduction of replacement cost and battery life cycle issues.
• Reduction of power congestion and causing peak shaving due to operation as an

energy storage system.
• Utility support in an emergency condition.
• Management of microgrid by centralizing the charging process at night that can

provide technical and economic benefits.

In [14], a multi-objective model of optimal charging management of EVs,
through BSS is proposed. Minimizing the power loss and battery charging cost
with voltage profile flattening are the main objectives of this work. In [6], optimal
scheduling of islanded microgrid with BSS considering demand response programs
is presented. While the operation cost of islanded microgrid and profit maximization
of the problem are formulated as a bi-level model, no exchanging between the
microgrid and upstream network leads to the unrealistic operation of the proposed
approach. In [15], the operation of the microgrid in both connected and islanded
modes in presence of BSS is investigated. In the grid-connected mode, the proposed
model is intent on reducing the BSS charge cost, in other words, tries to maximize
the profit of BSS, in islanded mode, fuzzy control model is used to determine the
price of serving to the microgrid. The scheduling and operation of BSS in active
distribution networks and reliability analyzing are studied in [16, 17]. According to
[16, 17], for reliability improvement purpose in presence of BSS, firstly, the behav-
ior of EV’s owner must be extracted.
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Given that microgrid separates from the upstream network in an emergency
conditions, need support in islanded mode, so it could continue to the operation at
a minimum load interruption. In this situation, BSS as a bank of batteries can be
considered as a reserve and support the microgrid in an emergency conditions. Then
the microgrid operator and BSS owner are interacting and exchange the power to get
their goals.

One of the unique features of microgrids is islanding operation. Microgrid can
spate from the main grid in faulty and emergency conditions. In this situation, the
need for a suitable reserve that guarantees the local load is a critical challenge for
microgrid owner [18]. Due to operation of BSS as an energy storage system,
microgrid owner have new option that can rely on it for successful islanding
operation. Although microgrid scheduling with different types of uncertainty is
reported in the literature, there are few research works, which consider the schedul-
ing of microgrids with islanding capability. In [19], a chance-constrained energy
management model for an islanding microgrid is developed following the objective
of minimizing the generation cost, ESS degradation cost and emission cost. Gener-
ated power by RES is considered as an uncertain parameter and novel ambiguity set
is proposed to capture the uncertainty. In [20], microgrid scheduling with multi-
period islanding constraints is proposed. To identify the microgrid capability in
operating in islanded condition, the T � τ criterion is introduced which also
facilitates the scheduling process for multiple hours during the examined mode.

Probabilistic nature of RESs often leads to power fluctuations. Therefore, the
accurate scheduling of renewable-based microgrids becomes much more difficult,
especially in islanded mode [21]. Therefore, reliability and load shedding problem
will be the critical challenges in islanded operation. Authors of [22] stated that load
variation and high penetration of renewable resources raise the instability of islanded
microgrid. Therefore, in this chapter, for the coordination of responsive loads and
distributed energy resources in islanded microgrids, a two-stage stochastic model is
proposed. The proposed method optimized by considering the voltage and frequency
security constraints. To quantify the probability of microgrid meeting local loads and
to maintain an adequate reserve in islanded mode, the probability of successful
islanding (PSI) criteria is proposed in [23]. The proposed strategy is developed
with chance-constrained islanding capability to ensure successful islanding of a
microgrid with a specified probability. In [21], to demonstrate the microgrid capa-
bility for operating in islanded mode, a probability-based concept is proposed. The
proposed method is analyzed in presence of forecast errors of demand and wind
power generation. In [24], by considering the uncertainties of load demand, the price
of electricity and renewable energy, a risk-constrained stochastic framework for
autonomous microgrids is proposed. By using conditional value at risk (CVaR), the
risk of low profits in the worst scenarios is modeled. In [25], a robust optimization–
based model is developed for optimal scheduling of microgrid operation with
islanding capability constraints. With the proper robust level, the proposed microgrid
scheduling model with islanding constraints ensures the successful off-grid opera-
tion with minimum load shedding. Therefore, we consider new constraint shows the
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successful islanding operation of microgrid for multiple hours. Actually, BSS beside
other resources can guarantee the successful islanding.

In this chapter, a novel microgrid operation with BSS is proposed. The problem is
formulated as bi-level model. In the upper-level, microgrid operation costs including
generation cost, the cost of purchasing power from upstream network and purchas-
ing cost, BSS to participate in reserve market is minimized. In the lower-level, BSS
profit by maximizing the revenue from day-ahead and reserve markets and mini-
mizes charging cost is formulated. Beside the BSS, microgrid have wind, PV and
micro-turbine as local resources. Wind and PV power generation and arrival time of
EVs are considered as uncertain parameters and to address them, scenario-based
approach is implemented.

The rest of this chapter is organized as follows: Sect. 10.2 describes the compo-
nents of MG. In this section, modeling of the uncertainty is proposed. Section 10.3
provides the problem formulation, the MG scheduling in presence of the BSS is
formulated by bi-level model. The formulation of upper/lower levels with
corresponding constraints is presented. In addition, in this section real-time pricing
based demand response program is presented. Simulation results of the proposed
method on the 10-bus MG test system are presented in Sect. 10.4. Finally, the
chapter is concluded in Sect. 10.5.

10.2 The MG’s Component

10.2.1 Uncertainty Modeling

As mentioned, the penetration of renewable energy resources (RESs) into MG
effects on the operation and planning of the power system. PVs and WTs are useful
RESs in active distribution networks and MGs. The generated power by PVs and
WTs are caused by solar irradiation and wind speed as a prime energy source,
respectively. Because of probabilistic nature of wind speed and sun irradiance,
generated power of those resources sustains significant uncertainties. Furthermore,
daily load behavior and arrival time of EVs in BSS are considered uncertain
parameters. The probabilistic analysis at presence of multiple uncertainties is a
powerful tool for scheduling and operation of power network. To address the
uncertain parameters, a new probabilistic scenario-based framework is presented in
this section. In addition, the operation of BSS is presented in this section.

10.2.1.1 Wind Power Output

The generated power by WT depends on wind speed. To model the uncertainty of
wind speed, we assume that the wind speed variation is subject to a Weibull
distribution. If Vmean and σ are mean and standard deviation of forecasted wind
speed, respectively, the parameters of Weibull distribution are calculated as:
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r ¼ σ
Vmean

� ��1:086

c ¼ Vmean

Gamma 1þ 1
r

� � ð10:1Þ

According to the Weibull parameters (r,c), the Weibull probability distribution
function (PDF) is calculated as:

f Vð Þ ¼ r
c

V
c

� �r�1

exp � V
c

� �r
� 	

ð10:2Þ

Monte Carlo simulation (MCS) generates a high number of scenarios subject to
the Weibull distribution which each of them is assigned a probability that is equal to
one divided by the number of generated scenarios [26]. In each scenario, random
wind speed is considered for each hour. Because MCS generates a large number of
scenarios, the variance of scenarios is too much. Latin hypercube sampling (LHS) is
an adequate technique, which can reduce the number of runs for MCS to achieve a
precise random distribution. Furthermore, LHS can reduce the variance of MCS
scenarios [26]. To demonstrate the effect of LHS for the variance of MCS sampling
reduction, an example is presented for wind speed subject to Weibull distribution
with Vmean ¼ 12 m/s and σ ¼ 4 m/s. Figures 10.1 and 10.2 display the ordinary MCS
and the MCS with LHS respectively. In both simulations, 1000 samples are
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Fig. 10.1 The Weibull PDF fit by MCS
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considered. According to Figs. 10.1 and 10.2, LHS can approximate the accurate
Weibull PDF much better than the ordinary MCS.

According to the assigned PDF, in each scenario, hourly random wind speed is
generated, therefore, according to the random wind speed, WT power generation is
calculated as [27]:

PW Vð Þ ¼

0 0 � V � Vcut�in

k1 þ k2V þ k3V2
� �

PWrated Vcut�in � V � Vrated

PWrated Vrated � V � Vcut�out

0 Vcut�out � V

8>>><
>>>:

ð10:3Þ

10.2.1.2 PV Power Output

The generated power of PV depends on air temperature and solar radiation. To
model the uncertainty of irradiation and air temperature, we assume those parameters
are subject to normal distribution. If μ and σ are mean and standard deviation of
forecasted irradiation (air temperature), respectively, normal distribution PDF for
irradiation (GING) or air temperature (Tr) is calculated as:

f GING, Trð Þ ¼ 1ffiffiffiffiffi
2π

p � σ
exp � GING,Trð Þ � μð Þ2

2� σ2

� �
ð10:4Þ

As wind speed simulation, a large number of scenarios are generated by MCS and
LHS is employed to decrease the variance of MCS samples. Figures 10.3 and 10.4
show the generated irradiation example for ordinary MCS and MCS with LHS
subject to Normal distribution, respectively. In both of simulations, 1000 samples
are considered with μ ¼ 800 W/m2 and σ ¼ 150 W/m2.

As can be seen, LHS can obtain accurate Normal PDF much better than
ordinary MCS.
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According to the assigned PDF, in each scenario, hourly random air temperature
and irradiation are generated. Therefore, PV power generation output is calculated
as:

Ppv ¼ PSTC � GING

GSTC
� 1þ K Tc � Trð Þð Þ ð10:5Þ

where GING is hourly irradiation, GSTC is standard irradiation (1000W/m2), Tc and Tr
are cell and air temperature, PSTC is rated power of PV and K is maximum power
temperature coefficient [28].

10.2.1.3 Load Demand

Due to load variation during the day, the probabilistic behavior of load should be
considered as the uncertain parameter. The uncertainty of load demand is subject to
the normal distribution [29] like Eq. (10.4). Therefore, MCS generates a large
number of scenarios and LHS reduces the variance of MCS samples. As previous
uncertain parameters, according to the assigned PDF, in each scenario, hourly
random load demand is generated.

10.2.1.4 Arrival Time of EV Model

In line with former researches, Poisson distribution is used for modeling the incident
of waiting events. In the other word, the number of EVs that arrive at tth time at BSS
follow the Poisson distribution. The probability of arriving of N numbers of EVs can
be formulated as following [6, 30]:
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Prb Nev tð Þ ¼ nevf g ¼ e�λev:t λev:tð Þnev
nev!

ð10:6Þ

Where λev is a rate of arrival of Poisson distribution at t
th time at BSS, Nev(t) denotes

the number of EV that arrive at BSS at tth time.

10.2.2 BSS Operation

BSS as a stand-alone unit provides battery swap service for its consumers during a
day. When the stored energy in EV’s battery is not sufficient for next trip, battery
swap option provides for EV’s user to replace the empty battery with full one in the
least possible time through BSS. The empty battery is delivered to the station. When
the delivered battery charged, in addition to being ready for swapping in the next
period, provides reserve capacity for the MG. To simplify the analysis in this
chapter, some assumptions are considered:

1. The time of battery swapping is not considered. In addition, we assume that the
empty batter will be charged at the next period.

2. The capacity of battery of station is constant and each battery can charge/
discharge with constant power.

3. To relieve the computational burden, we assumed that EV’ user can accomplish
battery swapping operation by swapping only one battery at each period.

Figure 10.5 shows the proposed model of MG contains of renewable energy
resources, dispatchable units and loads, which exchange the power with BSS.
During low price times, BSS purchases the power from MG, named grid to BSS
(G2B) mode. During high price times, BSS sells power to MG, named BSS to grid
(B2G) mode. In addition, BSS serves the consumers, in return for a fee. Whole of the
system is in connection with upstream network. It should be noted that MG central
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turbine

Micro-turbine

Central 
ControllerConsumer

Battery Swapping Station
BSS central 

controller

G2B
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Micro-grid by different resources and 
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Fig. 10.5 The schematic of proposed model of MG with BSS while in connection with upstream
network
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controller and BSS controller are interacting with each other and any exchanging
between MG and BSS are determined by these two central controllers.

10.3 Problem Formulation

As previously discussed, the MG scheduling with BSS problem is formulated as
bi-level model. In the lower-level problem, the operation of BSS to get maximum
profit under real-time pricing mechanism as [6, 31]. In the upper-level, MG opera-
tion cost is minimized. In this section, based on real-time pricing mechanism, in the
lower-level problem, the schedule of charging/discharging process of BSS is deter-
mined, then, it will give feedback to upper-level problem. Then, the real-time
electricity price is determined by upper-level.

10.3.1 The Upper-Level Formulation

As previously discussed, in the upper-level, MG operation cost is minimized. The
MG cost consists of fuel cost, startup and shutdown cost of MTs, purchasing power
cost from the main grid, exchange power cost with BSS during charging/discharging
and spinning reserve cost. It should be noted that MG can sell power to main grid as
well as BSS during charging. Therefore, the MG revenue must be subtracted from
total cost. The upper-level objective function can be formulated as follows:

F1 : min
X
t

XNg

i¼1

F Pi,tð ÞUi,t þ SUi,t þ SDi,tð Þ þ
XT
t

ρtPM,t þ
X
t

ξrt P
r
i,t

þ r
X
t

λtPBSS,t þ 1� rð Þ
X
t

λrt P
r
BSS,t ð10:7Þ

The first term of Eq. (10.7) represents the MT cost beside startup and shutdown
cost, where Ng is the number of MTs, Pi, t is generated power by i

thMT. F(Pi, t) is the
cost function of ith MT, which is calculated as following:

F Pi,tð Þ ¼ ai þ bi � Pi,t þ ci � P2
i,t ð10:8Þ

Where, a, b and c are cost coefficients of ith MT.
The cost /revenue of purchasing /selling power from/to main grid, is presented in

the second term. PM, t > 0 is exchanged power betweenMG and main grid, when MG
purchases the power from main grid, PM, t > 0, otherwise, PM, t < 0 to appear as
revenue and minus from MG cost, ρt is the power exchanged price between MG and
upstream network. The third term shows the spinning reserve cost for ith MT as
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[6]. The fourth term shows the exchange cost between MG and BSS. PBSS, t is power
exchange which is charged (purchase by BSS owner from MG) or discharge (sell to
the MG) at tth time. During charging PBSS, t < 0 and MG get revenue, otherwisePBSS,

t > 0. In the fourth term, λt is the power exchanged price between MG and BSS that is
obtained as a real-time pricing mechanism and will be calculated later. r is binary
variable that describes the BSS operation. When BSS service the EV and MG
through charging/discharging r ¼ 1, otherwise, when BSS participate in reserve
r¼ 0. The last term of Eq. (10.7) represents the cost of reserve provided by BSS and
λrt is the price of reserve when the BSS participates in the reserve market.

10.3.2 Constraints of Upper-Level Problem

The upper-level problem has multiple limitation which described as following:

Pmin
i,t � Pi,t � Pmax

i,t t 2 T , i 2 Ng ð10:9Þ
MUTi Xi,t � Xi,t�1ð Þ � Ton

i t 2 T , i 2 Ng ð10:10Þ
MDTi Xi,t�1 � Xi,tð Þ � Toff

i t 2 T , i 2 Ng ð10:11Þ
Pi,t � Pi,t�1 � URi t 2 T , i 2 Ng ð10:12Þ
Pi,t�1 � Pi,t � UDi t 2 T , i 2 Ng ð10:13Þ

0 � PM,t � Pmax
M,t t 2 T ð10:14Þ

Prob Pr
i,t þ Pr

BSS,t � PL
t � PPV

t � Pwind
t

� � ð10:15Þ
XNg

i¼1

Pi,t þ PM,t � PBSS,t ¼ PTOTAL
t ð10:16Þ

Constraint (10.9) represents the region of ith MT power output which limited by
minimum and maximum power output, where Pmin

i,t and Pmax
i,t are the minimum and

maximum power output of ith MT, respectively. The minimum up and down time
constraints are represented in Eqs. (10.10) and (10.11), where Ton

i and Toff
i are the

number of hours when ith MT is on/off, respectively. Xi, t � 1 and Xi, t are the i
th MT

status at t-1th and tth periods, respectively. The limitation of how much the power
output of ith MT may be increased or decreased between two consecutive time
simples like t and t-1 are described in Eqs. (10.12) and (10.13), where URi and
UDi show the ramp up and ramp down value of ith MT, respectively. Constraint
(10.14) represents the limit of power exchanged between MG and the upstream
network, where Pmax

M,t is the maximum power exchanged between MG and upstream
network. Constraint (10.15) shows the probability of successful islanding operation.
If the sum of the reserve provided by MTs and BSS is more than forecast error of
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uncertain parameters, that means MG can operate in islanded mode. Constraint
(10.16) represents the power balance limitation, means that the sum of power output
of MTs, power exchange with the upstream network and power exchange with the
BSS must be equal to the equivalent load of system. PTOTAL

t in Eq. (10.17) represents
the equivalent load that defined as a minus of the load and power output of renewable
units (PV and wind) that is calculated as follows:

PTOTAL
t ¼ PL

t � PPV
t � PWT

t ð10:17Þ

10.3.3 Lower-Level Formulation

In the lower-level, BSS profit consist of minus of revenues and costs is maximized as
follow:

F2 : max λsw � Cbat �
XT
t¼1

NEV ,t þ 1� rð Þ
XT
t¼1

λrt P
r
BSS,t þ r

XT
t¼1

λtPBSS,t

� δ
XT
t¼1

NEV ,t � Pdis
BSS,t

Δt
Cbat

ð10:18Þ

The first term of Eq. (10.18) represents the revenue from serving the EV’s, where
Cbat shows the rated capacity per battery (kWh), NEV, t shows the number of EVs that
arrived at BSS at tth time and λsw is swap price. The second term of Eq. (10.18)
shows the revenue of participation in the reserve service. The third term of (10.18)
represents the revenue/cost of BSS caused by exchanging power with MG, when
BSS sells the power to MG, this term considered as revenue, otherwise, considered
as a cost and subtracted from the total BSS incomes. The last term of Eq. (10.18)
shows the depreciation cost, where, δ is depreciation coefficient of discharge-charge
schemes of a battery [6].

10.3.4 Constraints of Lower-Level Problem

CBSS,tþ1 ¼ CBSS,t þ ηchBSSP
ch
BSS,t � Δt � Pdis

BSS,t

ηdisBSS

� Δt ð10:19Þ

0 � Pch
BSS,t � Pch, max

BSS,t ð10:20Þ
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Pdis, min
BSS,t � Pdis

BSS,t � Pdis, max
BSS,t ð10:21Þ

Pr
BSS,t � ηdisb

CBSS,t � CBSS, minð Þ
Δt 8t 2 Treserve ð10:22Þ

Nbat,ful,t þ Nbat,emp,t þ Nch
bat,t þ Ndis

bat,t ¼ Nbat ð10:23Þ

CBSS,t ¼ CBSS,t�1 þ ηchBSSP
ch
BSS,t �

Pdis
BSS,t

ηdisBSS

ð10:24Þ

Constraint (10.19) shows the capacity of BSS at t + 1th time, where, Pch
BSS,t and

Pdis
BSS,t are charged and discharged power of BSS, respectively. ηchBSS and ηdisBSS are

charge and discharge coefficients of BSS. The limits of the rate of charged and
discharged power at tth time are given in Eqs. (10.20) and (10.21), where Pch, max

BSS,t and
Pdis, max
BSS,t are maximum rate of charge and discharge power, respectively. It should be

noted that, BSS can be charged and service to the EV’s owner, simultaneous.
Constraint (10.22) shows the reserve capacity of BSS. For this reason, the reserve
capacity in all times when BSS participate in reserve process, power output of BSS
should not exceed the BSS capacity, where Treserve is all times that BSS participate in
reserve, CBSS, t, CBSS, min are capacity of BSS at tth time and minimum level,
respectively. Constraint (10.23) represents the battery constraint, means that sum
of the full batteries (Nbat, ful), the empty batteries (Nbat, emp) and number of charged
and discharged batteries (Nch

bat þ Ndis
bat) at t

th time must be equal to total number of
BSS batteries. Constraint (10.24) shows the state of charge constraint of BSS
batteries.

10.3.5 Determination of Power Exchanged Price Between
MG and BSS Based on Real-Time Pricing Mechanism

We describe the mechanism of real-time pricing, and then the formulation of upper
and lower-levels is presented. To consider the real-time pricing mechanism based on
demand response, two principles are considered as follows:

• When the BSS participates in reserve, there is not any exchanging between MG
and BSS. In such situation, the MG owner should pay a certain wage to BSS.

• When the power exchanged between BSS and MG through charging and
discharging process, power price is determined based on the amount of
exchanged power between BSS and MG, and MG’s loads. If we consider the
sum of the power exchanged amount and MG’s loads as total demand level, two
modes are imaginable. If total demand is greater than the load of MG’s loads the
power price is greater than reference price, otherwise, power price is lower than it.

To determine the exchange price that is denoted by λt, we consider the reference
price to separate the two above principles:
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λt ¼

PBSS,t þ PTOTAL
t

PTOTAL
rf

� ρrf if PBSS,t þ PTOTAL
t � PTOTAL

rf

�PBSS,t þ PTOTAL
t

PTOTAL
rf

� ρrf if PBSS,t þ PTOTAL
t � PTOTAL

rf

8>>><
>>>:

ð10:25Þ

Where ρrf shows the reference price and PTOTAL
rf is the reference power of the

equivalent load of MG.
Based on real-time pricing mechanism, in the lower-level problem, the schedule

of charging/discharging process of BSS is determined, then, it will be feedback to
upper-level problem. Then, the real-time electricity price is determined by upper-
level.

10.4 Simulation and Results

10.4.1 Case Study

The proposed scheduling in the previous section is implemented on 10-bus
microgrid test system with BSS that can exchange the power with upstream network.
The schematic of the case study is shown in Fig. 10.6, where SS allocated on bus
6. The characteristics of MG components consist of MTs, wind turbine, PV panel
and BSS are given in Tables 10.1, 10.2, 10.3, and 10.4.

The price of swapping is 1.4 $/kWh and δ is 3 $, ρrf is 1.2 $/kWh and reserve price
for all three MTs is 0.04 $/kW, as [32]. The number of batteries in the BSS is
30 batteries. The curve of exchanged power price between MG and upstream
network is given in Table 10.5. Computer simulations and required coding are
carried out in MATLAB software and using CPLEX 11.2 solver.

MT1

MT3MT2

Load 8

Load 6 Load 7

Load 4
Load 5

Load 3

Load 2Load 1

20 Kv / 400 v

Main grid PCC

AC
DC

AC
DCAC

DC

BSS

The path of the EVs to the BSS

Fig. 10.6 The schematic of 10-bus MG test system in presence of BSS
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Table 10.1 The characteristic of MTs

Unit
Min power
generation (kW)

Max power
generation (kW)

Startup/shut
down cost ($)

a
($)

b
($/kW) c ($/kw2)

MT1 15 75 4.5 1.3 0.0304 0.000104

MT2 25 80 2.5 0.38 0.0267 0.00024

MT3 25 80 2.5 0.38 0.0267 0.00024

Table 10.2 The characteristics of PV panels

Tc PSTC GSTCW/m2 K Prated(kW)

PV 25oC 250 kW 1000 0.001 400

Table 10.3 The characteristics of wind turbine

Vcut � in Vcut � out Vrated Pmin
wind Pmax

wind k1 k2 k3 Prated(kW)

WT 3 25 12 0 200 0.123 �0.096 0.0184 250

Table 10.4 The characteristics of BSS [6]

ηch ηdis
CBSS,

max(kWh)
CBSS,

min(kWh) Pch
BSS, max kWð Þ Pdis

BSS, max kWð Þ Pdis
BSS, min kWð Þ

BSS 80% 80% 19 2 7.5 12 2

Table 10.5 Hourly exchanged power price [33]

Hour Price ($/kW) Hour Price ($/kW)

1 1.1 13 1.7

2 1.1 14 1.7

3 1.1 15 1.95

4 1.1 16 1.8

5 1.1 17 1.8

6 1.1 18 1.6

7 1.1 19 1.3

8 1.1 20 1.3

9 1.3 21 1.25

10 1.3 22 1.3

11 1.3 23 1.2

12 1.4 24 1.1
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According to the uncertainty modeling that was presented in Sect. 10.2, based on
the corresponding PDF of uncertain parameters, PV and wind power output, as well
as, load demand are shown in Fig. 10.7. In addition, as discussed in Eq. (10.17), we
consider the equivalent load as minus of load of MG and PV and WT power output
to calculate the real-time exchanged power price, that is depicted in Fig. 10.7.

The number of EVs that arrived at the BSS, which is modeled in Eq. (10.6), is
depicted in Fig. 10.8.

10.4.2 Results and Discussion

The proposed bi-level scheduling of MG in presence of the BSS, which proposed in
Sects. 10.2 and 10.3, is implemented on 10-bus MG test system.

In this case, the price of power exchanged between MG and BSS follows the
power exchanged price between MG and upstream network as given in Table 10.5.
Figure 10.9 shows the charging/discharging scheme of BSS, where the negative
values denote the charging mode. As can be seen, in the early hours of the day, when
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Fig. 10.8 The number of batteries that are replaced when the EVs arrived at the BSS
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the price is low according to Table 10.5, BSS purchases the power from MG and
charged. At the high prices (13- to 16-hour) BSS sells the power to MG and get
revenue. At other times of the day, this trend has been repeated.

In this condition, BSS does not participate in reserve. Table 10.6 shows the results
of MTs power dispatch and power exchanged between MG and upstream network.
Figure 10.10 shows the BSS profit and MG cost for 24-hours.

During the hours that BSS purchases the power from MG or MG sells the power
to upstream network, the cost of MG becomes negative that means MG get profit in
these times. From BSS profits point of view, according to Fig. 10.8, when BSS
provides swapping service for EVs, the profit is greater than the other periods.

Another striking point in Fig. 10.10, is the proportion of MG costs and equivalent
load. According to Fig. 10.7, for hours 12–16 and hours 20- to 22, while equivalent
load reaches its maximum value, MG needs to provide the balance between demand
and supply, therefore, there are three options to provide this balance: (1) turn on all
of the MTs, (2) purchase the power from upstream network and (3) purchases the
power from BSS. It should be noted that we assumed that no load-shedding can
occurred in the scheduling. Hence, the total cost of MG is greater than other periods.
As can be seen, MT1 because of more expensive than the other two MTs, is
committed only at peak hours (12- to 16-hour and 19- to 21 hour). In this case, the
reserve capacity provided by MTs is 67.5 kW.

10.5 Conclusion

In this chapter, optimal scheduling of microgrid in presence of the battery swapping
station was presented. Significant growth of utilization of EVs requires new method
for exploitation. BSS in one of the suitable methods that can mitigate the integration
of EVs with the power system by providing the swap service in a short time.
Therefore, EV’s driver can replace the empty battery with full one in shortest
possible time and continue to travel. The problem of MG scheduling operation
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Table 10.6 Results of MTs power dispatch and power exchanged between MG and upstream
network in

Power dispatch (kW) Power exchange (kW)

Hour MT1 MT2 MT3

1 0 0 60 23

2 0 0 33 0

3 0 0 33 0

4 0 0 25 43

5 0 0 25 �50

6 0 80 80 200

7 0 80 80 165

8 0 80 80 361

9 0 80 80 321

10 15 80 80 314

11 75 80 80 7

12 75 80 80 17.5

13 75 80 80 235.5

14 75 80 80 134.5

15 75 80 80 163

16 75 80 80 96

17 15 80 80 60

18 15 80 80 24

19 75 80 80 �57

20 75 80 80 435

21 75 80 80 317.5

22 15 80 80 195

23 0 80 80 90

24 0 0 80 �5
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with the BSS, was formulated as a bi-level model, in the upper-level problem, MG
operation cost minimized, while the lower-level problem maximizes the BSS profit.
After simulation of the uncertain parameters consist of load, PV and wind power
generation, as well as, arrival time of EVs to the BSS, real-time pricing mechanism
as one of the demand response program is implemented to calculate the power
exchange price between MG and BSS. The proposed model was implemented on
the 10-bus MG test system. The presented results show the effectiveness of the
proposed model. It should be noted that increasing the islanded operation time,
causes the increase of the MG cost while guaranteeing the operation in the islanded
mode, without any interruption.
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Chapter 11
Risk-Based Long Term Integration of PEV
Charge Stations and CHP Units Concerning
Demand Response Participation
of Customers in an Equilibrium
Constrained Modeling Framework

Pouya Salyani, Mehdi Abapour, and Kazem Zare

11.1 Introduction

Difficulties with delivering power from generation and transmission sector to the end
users and the associated pollution problems encourage the distribution companies
(DISCOs) to utilize the distributed generators (DGs) like wind turbines (WTs),
photovoltaic cells (PVs), fuel cells (FCs) or combined heat and power units
(CHP). In addition to this, voltage profile improve-ment and loss reduction can be
accounted as the other goals of the DISCO owners. By this way, a portion of required
energy in distribution sector can be supplied by DG units and the remainder is
provided by the upstream network.

On the other hand, air pollution problems stem from existing vehicle cars as one
of the important factors, environmental sensitivities and their dependence on the
price of fossil fuels, directs the authorities and organizations to expand the usage of
plug-in electric vehicles (PEVs) by preparing various kinds of incentives. However,
the increase in the number of these PEVs implies the placement of PEV charge
station to give service to the PEV owners. In addition to grid to vehicle (G2V)
capability, their recent vehicle to grid (V2G) technology gives the possibility to the
charge station owners to incorporate in the improvement of network electric indices
and act as an energy delivery source.

The PEVs enter into the charge station usually tend to charge their PEVs in
off-peak hours of the day in which the energy price is lower enough and acceptable
for PEV owners. Also they can use from discharge facilities provided for them in
order to sell their extra energy of battery to the grid in the peak hours of the day that
DISCO deals with power shortage. This pattern of charge/discharge is economical
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for the PEV owners, however for many reasons some of them may be not able to
follow this pattern and choose other hours for getting service from the charge station.

Long term integration of CHP units and PEV charge stations is the main purpose
of this chapter. However, the size and location of these sources are directly affected
by the total demand of network and the hourly price of energy that is purchased from
the upstream grid. Hence participation of a number of customers in demand response
(DR) can be cost-saving for the DISCO. Nevertheless, these customers should be
economically justified and DISCO has to provide a long term contract which highly
ensures that they benefit by participating in this program. The demand response
program that is implemented herein is incentive-based. So what is done by the
DISCO is to determine the optimal 24-hour incentives, penalties and the consump-
tion profile for these customers through the predefined horizon.

But the main problem here arises from the contract between the profit of DISCO
and customers eager to participate in demand response. Since it is desirable for
DISCO to sell the energy with the highest price as it is possible for the consumption
reduction of customers interested in demand response, these two variables should be
determined in a way that is satisfactory for both the DISCO and each of the interested
customers. Therefore the problem is modeled in a leader-follower Stackelberg
framework in which the leader objective function as the upper level is the DISCO’s
payoff and the followers are the DR customers that their objective function is
formulated in equilibrium constrained model with concerning the Kurash-Kuhn
Tucker (KKT) condition. Furthermore, due to the inherent uncertainties in the
consumption of customers and charge/discharge pattern of PEV charge stations, all
the follower players of this game can offer their preferable risk strategy in order to
model their profit in the form of CVaR function.

11.2 Literature Review

To have a brief review of previous literature, microgrid planning is studied in [1–4]
in which optimal placement of distributed generators (DGs) and their sizing is the
main goal. In the context of PEV parking lot planning in the distribution network,
authors in [5] have first determined the uncertain parameters of PEVs arrival time,
departure time and the mean traveled distance. Then the optimal location of parking
lots is achieved in a reliability-constraint optimization. In [6], distribution network is
partitioned into several zones candidate to the allocation of parking lot. After that,
the optimal site and size of each parking lot are found by determining the probabi-
listic behavior of plug-in hybrid electric vehicle (PHEV) and their aforementioned
uncertain parameters.

In [7], using Monte Carlo simulation to deal with uncertainties in PEV behavior
and load pattern, the problem of optimal siting and placement of charge stations
under demand response program is solved. The aim here is to maximize the profit of
distribution system manager considering the time of use (TOU) demand response,
optimal charge and discharge procedure and reliability issues. Optimal placement
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and sizing of renewable resources and PEV charging station are discussed in [8]
under a deterministic environment with the objective of reducing power loss, voltage
fluctuations, car battery maintenance costs and energy purchasing cost. Energy
tariffs are specified for both the day-ahead market and the real time pricing. In [9],
simultaneous placement of parking lot and renewable energy resources is studied
within a two- stage stochastic programming considering the benefit of both the utility
decision-maker and parking lot owner. In first stage candidate buses for parking lot
allocation are introduced by the investor based on induces reliability, bus attraction
and land price. Then considering the distributed resources capacity and loss mini-
mization, optimal number of parking lots and their probabilistic model are obtained.
Authors in [10] have implemented a two-step screening method and the modified
primal-dual interior point algorithm and [11] has applied analytical hierarchical
process to solve the charge station planning.

However it must be reminded that the energy is sold to the customers with
different tariffs. This tariff or energy price is almost fixed in each hour for customers
not accepted the demand response program while it is variable for customers
participated in the demand response program. There exists several mechanisms for
demand response program such as real-time pricing (RTP) which is used in this
paper, incentive-based or TOU as another one [12–19]. What is important is that the
tariff in any mechanism can be defined by DISCO within a contract however its
optimal value along with the related demand can be determined through the
optimization.

In [20], Stackelberg game theory is implemented to model the existing interac-
tions in two level. The interaction between the electricity market and demand
response aggregator (DRA) and the interaction among the DRA and its dependent
consumers. DRA as the leader of the game reduces the demand bid and generators as
the followers try to maximize their profit due to the bid reduction. Then in the second
level, customers inconvenience have to be minimized by DRA while lowering of
demand bid must also be served.

Virtual electricity-trading process is used in [21] to determine the optimal 24 hour
consumption of customers participated in RTP demand response program. Virtual
retailer that is energy management center acts as the leader player and offers the real
time prices to the devices as the followers of the Stackelberg game. Authors in [22]
have proposed the Vickrey-Clarke-Groves mechanism in order to maximize the
social welfare in which consumers seek to maximize their total utility by receiving
the optimal real-time price and company has the aim of minimizing the total
generation cost. In [23], the best trading between the existing DRAs in the network
and DISCO is found through the cooperative game based on bargaining Nash
equilibrium, so optimal real-time tariffs that each DRA offers to its customers and
also their consumption is achieved.

In [24], smart DISCO aims to optimally offer its bidding strategy with high
penetration of wind farm and PEVs. PEVs are coordinated based on the determined
real-time prices of customers so that the wind power imbalances be reduced.
Considering the at-home electric vehicle charging, [25] introduces a Stackelberg
game to maximize the benefit amount of both the retailer as the leader of the game
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and customers as the followers by setting the optimal real-time tariffs. Probabilistic
distribution network and renewable energy expansion planning under demand
response is proposed in [26] wherein by modeling the behavior of demands relative
to the selling energy price, the problem is solved within a bi-level framework.

What is aimed in this chapter is the planning of distribution network under
uncertainty in order to optimally siting and sizing of MTs and parking lots. In
addition a number of customers that are eager to participate in DRPs can declare it
to the DISCO, so the planning of distribution network is carried out under demand
response of customers. The demand response that is applied is based on a long term
contract to adjust the 24 hour selling energy price in a manner that becomes
beneficial for these customers. In other word customers participate in the demand
response program should get different and affordable tariffs rather than other
customers having their normal consumption. However, the important point that
should be noted is that reducing the selling energy price is not desirable for
DISCO, especially when the number of requestor customers to participate in DRP
is high enough. This is due to the fact that selling the energy to the customers with
much higher price is profitable for DISCO.

Therefore since each of these customers and also the DISCO seeks to enhance
their profit, interaction takes places between their strategies, the optimal planning
decision of DsiCo and optimal demand scheduling decision of customers adopted
DRP. One of the efficient ways to cope with this difficulty is to modeling the
problem based on the game theory framework. To this end, leader-follower
Stackelberg as the non-cooperative game is implemented in this chapter to give
the equilibrium point in which both the DISCO and customers beneficial objectives
are served. The leader of this game is DISCO that seeks to maximize its payoff. The
followers are the customers that are interested in adopting DRP and each of them
desires to achieve maximum payoff by implementing demand response.

After giving a general view about the abovementioned novel approach, the
following section represents the mathematical formulation of the distribution plan-
ning and demand response of customers. Section 11.4 explains the Stackelberg game
and its application in the planning problem, then elaborates problem modeling and
the iterative distributed algorithm used to reach the equilibrium point for the DISCO
and demand response customers. Section 11.5 discusses about the results obtained
from simulation and the last section is the conclusion of the chapter about this novel
approach.

11.3 Problem Formulation

With respect to the load growth rate in the distribution sector and considering the
incremental rate of electric vehicles, it is aimed to implement a long-term integration
of CHPs as dispatchable units and PEV charge stations. This long-term integration
can lead to a reduction in the cost of buying the energy from the upstream network
for DISCO besides the reduction in voltage anomalies and network loss. Starting
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with CHP and PEV charge station, their associated cost functions are given in
Eqs. (11.1) and (11.2). One important point should be mentioned that is linearity
of the problem and its model which is mixed-integer linear programming, thus
binary variables that determine the location of CHP units and PEV charge stations
are not modeled in below cost functions but appear in the related constraints.
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As it is shown in Eq. (11.1), three terms are considered for CHP cost that are
capital cost, maintenance cost and operation cost. Energy provision in a reliable
manner and with the least of uncertainty is a prominent feature of CHPs known as
dispatchable units. Nevertheless, their operation cost is the main drawback in
comparison with the renewable ones like PV and WT. Maintenance cost could be
calculated based on an almost fix percentage, but here it is a function of annual
energy production.

Apart from CHP cost, associated PEV charge station cost constitutes three terms
of capital cost which includes buying land and establishment cost, repair and
maintenance cost and the third one that represents the expected payment and benefit
exposed to DISCO in the case of PEVs charging and discharging. These expected
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payment and benefit are dependent of charge/discharge output power of each charge
station, required time for charge/discharge of PEVs and energy price for both G2V
and V2G mode of operation in each scenario.

It must be mentioned that as an assumption, DISCO is the owner of overall charge
stations located in any bus of the medium voltage distribution network. For time
horizons that a part of PEVs within the charge station are in their V2G mode, DISCO
has to pay an amount to those PEV owners based on the price ρPEVh . In turn for the
charging mode periods, DISCO has to provide the power to the charge station in grid
energy price and receives a payment from those G2V PEV owners to charge their
battery of vehicles. It should be noted that the energy trading among the grid and the
PEV charge stations does not include DRP and take places within a certain amount.

Output power of a charge station (charge and discharge) can be obtained through
equations Eqs. (11.3) and (11.4) which are based on the parameters vehicle capacity
of charge station, battery power rate of PEVs and the charge/discharge pattern of
PEVs defined by parameters αchi,hand αdchi,h . These parameters give the percentage of
PEVs that are present in hour h for the purpose of either charge or discharge service.
The required time for charge and discharge of PEVs are calculated through
Eqs. (11.5) and (11.6), both depend on state of charge (SOC) and maximum capacity
of battery for PEVs. Parameter G is the hourly presence percentage of vehicles in the
charge station. Because the exact number of vehicles presented in the charge station
in such a long term integration level is uncertain, the presence percentage is used
instead to model the output power concerning its uncertain nature.

The expected energy purchasing cost Eq. (11.7) is another cost term that is
exposed to the DISCO which includes the consumed energy in the charge station
and the network demand. However, a portion of this energy can be supplied by the
CHP units located in the network or by PEVs in their V2G mode via charge station.
Note that the network demand is divided into those customers willing to participate
in DRP and other ones that are not interested in this program.
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Total expected cost that DISCO incurs over the planning period as the upper-level
problem is given in Eq. (11.8). However to minimize the total expected cost,
following constraints Eqs. (11.9, 11.10, 11.11, 11.12, 11.13, 11.14, and 11.15)
must be satisfied too. Applying an approximate linear power flow through
Eq. (11.9), the per-unit value of voltages in every bus of the network can be obtained,
so by Eq. (11.10) the network voltage is ensured to be in the determined permissible
range in each scenario. Considering the radial structure of distribution network, the
binary matrix ϕi, j, n is 1 if bus i covers the bus n up, (current can flow from bus i to
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bus n). Since the voltage of the first bus as the slack bus is 1 pu, the per-unit voltage
of other buses can be known by Eq. (11.9).

Inequalities Eqs. (11.11) and (11.12) state that the output power of any CHP or
PEV capacity of any charge station is limited between a minimum and a maximum
value if it is selected in bus i. The constraint Eq. (11.13) indicates that every bus of
the network can be equipped with just one of the CHP unit or PEV charge station.
Also, the two last constraints refer to the fact that a limited number of CHP or PEV
charge station can be sited in the network.
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In the lower-level problem, there are several load points who are interested in
DRP and their motivation for participating in such a long term program is to increase
the net gained profit by electricity consumption. Each customer has its own benefit
function that has a general quadratic form shown in Eq. (11.16). The perceived
benefit in hour h depends on the normal consumption in the absence of DR d0h,
demand in the presence of DR dh and the elasticity of the customer εh. Therefor the
net profit that each participated customer in DRP obtains is calculated through
Eq. (11.17) where ρh as a variable is the energy selling price determined by DISCO.

Since one of the main goals herein is to model the overall problem in a linear
form, this nonlinear profit function is reformulated into Eq. (11.18) by its lineariza-
tion. The benefit function is linearized through the piecewise method Eq. (11.19).
But the nonlinear term, the bought energy from DISCO is replaced with bought
energy in network tariff plus a linear penalty/incentive function defined in
Eq. (11.20). This term has to be added to the cost function of DISCO.
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The above-mentioned equation Eq. (11.18) gives us the expected profit that any
of DR customer wants to maximize it. Indeed there is a DISCO that seeks to
minimize its related long-term integration cost and a number of customers that
seek to maximize their own profit. This issue results in a competition among the
DISCO and these customers, hence the bi-level leader-follower Stackelberg game
can help to modeling the problem in which the DISCO acts as the leader and the DR
customers act as the followers of the game.

The KKT condition method and using the Lagrangian method can be the best
option to convert this bi-level problem into a single-level problem. From another
aspect, these customers are willing to participate in a long term DRP which can
contribute to getting the preferable outcome with a high degree of uncertainty. Thus
in addition to the gained expected profit, the risk function is added to the objective
function of DR customer k which is based on CVaR assessment Eq. (11.21) with the
related constraints given in Eqs. (11.22, 11.23, 11.24, 11.25, 11.26, 11.27, and
11.28).

Γk ¼ 1� βkð ÞΕω Ψk,y,h,ω
� �þ βkℜω Ψk,y,h,ω

� �

¼ 1� βkð ÞΕω Ψk,y,h,ω
� �þ βk: ηk � 1

1� γk

X
ω2ΩS

πω:ζk,ω

 !
ð11:21Þ

ηk �
XNy

y¼1

XNT

h¼1

Ψk,y,h,ω � ζk,ω, μRk,ω ð11:22Þ

ζk,ω � 0 μζω ð11:23Þ
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Xk,b,y,h,ω � zk,b,y,h,ω Pmin
k,y,h,ω þ b� 1ð Þ Pmax

k,y,h,ω � Pmin
k,y,h,ω

NB

" # !
, μxmin

k,b,y,h,ω ð11:24Þ

Xk,b,y,h,ω � zk,b,y,h,ω Pmin
k,y,h,ω þ b

Pmax
k,y,h,ω � Pmin

k,y,h,ω

NB

" # !
, μxmax

k,b,y,h,ω ð11:25Þ

Emin
k,y �

X
ω2ΩS

πω
XNT

h¼1

XNB

b¼1

Xk,b,y,h,ω � Emax
k,y , μEmin

k,y , μEmax
k,y ð11:26Þ

Pmin
k,y,h,ω þ b

Pmax
k,y,h,ω � Pmin

k,y,h,ω

NB

" #
� Xk,b,y,h,ω � zk,bþ1,y,h,ωH, μZk,b,y,h,ω ð11:27Þ

Φk,y,h,ω ¼ Ah: PL
k,y,h:ω �

XNB

b¼1

Xk,b,y,h,ω

 !
, λΦk,y,h,ω ð11:28Þ

Inequality Eq. (11.22) refers to the CVaR constraint and Eq. (11.23) emphasizes
that ζ is a positive variable. The constraints Eq. (11.24) and (11.25) give the demand
limitation of each block and Eq. (11.26) states that the daily expected energy
consumption must be lied within a specific range. Consecutive selection of blocks
for the consumption of customer k is ensured by Eq. (11.27) and the penalty/
incentive function is represented in Eq. (11.28). It is noteworthy that the binary
variable z is 1 for the first block and can take 0 or 1 for the other blocks. H is a large
enough number to set the binary variable in 1.

There exist several risk assessment methods but CVaR has a main and useful
feature that is its ability to keep the convexity of the function. Convexity is of
importance because it accounts as one of the essential and necessary factors for the
implementation of KKT condition. After constructing the Lagrangian function L and
applying the KKT condition, the following equations are obtained.

∇XL ¼ 1� βkð ÞTd:πω:
ρ0h

PL
k,y,h,ω

Sk,b,y,h,ω � ρ0h
PL
k,y,h,ω:εk,h

þ Ah

" #

þμRk,ωTd
ρ0h

PL
k,y,h,ω

Sk,b,y,h,ω � ρ0h
PL
k,y,h,ω:εk,h

þ Ah

" #

þμXmin
k,b,y,h,ω � μXmax

k,b,y,h,ω þ πω μEmin
k,y � μEmax

k,y

� �
þ Ah:λ

Φ
k,y,h,ω ¼ 0

ð11:29Þ

∇zL ¼ μXmax
k,b,y,h,ω � μXmin

k,b,y,h,ω þ μzk,b,y,h,ω ¼ 0 ð11:30Þ

∇ηL ¼ βk �
X
ω2ΩS

μRk,ω ¼ 0 ð11:31Þ
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∇ζL ¼ � βk
1� γk

πω þ μRk,ω þ μζk,ω ¼ 0 ð11:32Þ

However the inequality constraints impose nonlinearity to the overall problem
within the KKT framework but these terms can be linearized through the bigM
method for a linear example constraint ℑ(x) � 0 that is as follows. Remind that
M should be large enough.

μ:ℑ xð Þ ¼ 0, μ � 0 ð11:33Þ
ℑ xð Þ � u:M, u ¼ 0, 1f g ð11:34Þ

μ � 1� uð Þ:M, u ¼ 0, 1f g ð11:35Þ

As it was discussed above, the parameters and variables i.e. the presence per-
centage of PEVs in the parking lot, initial SOC of PEVs arrived at the parking lot,
their power rate of batteries and the demand of load points either interested in DRP
or not are inherent to uncertainty. In this chapter it is assumed that all the uncertain
parameters are generated as presented in Eqs. (11.21, 11.22, 11.23, and 11.24). As it
is stated, for these parameters a mean value μ and a standard deviation σ is
considered. Then by a random number e between [�1, 1] and using the Monte
Carlo process, at each iteration an amount is assigned to these parameters.

Gt,y,ω ¼ μG þ eSOC,ω:σG ð11:36Þ
SOCt,y,ω ¼ μSOC þ eSOC,ω:σSOC ð11:37Þ

Prt,y,ω ¼ μPr þ ePr,ω:σPr ð11:38Þ
PL
i,t,y,ω ¼ μp þ ep,ω:σp ð11:39Þ

Afterwards, the scenario generation is accomplished, due to the high number of
scenarios using fast forward selection and using the Kontarovich distance scenario
reduction technique the number of scenarios is reduced and the associated probabil-
ities are obtained.

11.4 Numerical Results

The problem modeling is performed in the GAMS software and the CPLEX solver is
selected due to its MIP model. To have a better and efficient evaluation on the
proposed method, IEEE 33 bus distribution test system [27] in Fig. 11.1 is chosen for
the long term integration problem. The load points {7, 14, 24, 31} are the medium
voltage customers who are interested in adopting long term DRP within about
10 years. Also five scenarios after scenario reduction is obtained with probabilities
of {0.30, 0.35, 0.25, 0.06, 0.04}.
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Required data to solve this problem are given in Table 11.1. Figures 11.2 and 11.3
depict the 24-hour energy price bought from the upstream subtransmission substa-
tion and demand factor of entire customers in the network respectively. The standard
deviation for all these uncertain parameters and also their mean value for this chapter
are extracted from [7, 28]. Furthermore the total installed capacity of PEV charge
station must be adequate to give charge/discharge service to PEV number equal to
500. It must be mentioned that for customers that have not participated in DRP, the
energy selling price is 0.095 ($/kWh).

It is assumed that each PEV of charge station has a battery with a capacity of
80 kW and a mean charge and discharge rate of 50 kW/h. Table 11.2 gives the charge
and discharge pattern of PEVs throughout the day in percentage that enter the charge
station. Also the PEVs enter to the charge station have to pay the price equal to
energy price represented in Fig. 11.2 for the purpose of 1 kWh charge of the battery.
However when the EVs are in the mode of V2G in order to deliver their battery
power to the grid, they can sell their energy with a price equal to 0.108 $/kWh.

Table 11.3 represents the risk strategy and the CVaR risk level of all the four
customers willing to participate in DRP. For the DISCO, the total expected cost of
31.571 million ($) is obtained. Four CHP units with optimal size and location in the

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

19 20 21 22

23 24 25

26 27 28 29 30 31 32 33

Fig. 11.1 IEEE 33 bus test system schematic

Table 11.1 Required data

Parameter Value Parameter Value

MT investment cost ($) 900,000 Parking lot investment cost ($/EV) 304

MT operation cost ($/kWh) 80 Minimum voltage (pu) 0.95

MT maintenance cost ($/kWh) 15 Maximum voltage (pu) 1.05

Power factor of MT 0.9 Inflation rate 9%

Maximum number of MT 2 Interest rate 12%

Minimum power of MT (kW) 100 Load growth rate 7%

Maximum power of MT (kW) 1000 Efficiency of inverter 90%
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Fig. 11.3 Demand factor curve throughout the day

Table 11.2 Pattern of
operation mode for PEVs in
charge the stations

PEV mode of operation

Hours

0–6 6–15 15–24

V2G 0 5% 90%

G2V 100% 50% 10%
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network given in Table 11.4 are selected. Also, two PEV charge station with the
capacities of 214 and 286 PEVs must be located in the busses 12 and 20 respectively.

Figures 11.4 and 11.5 demonstrate the amount of responded demand (consump-
tion change) for every four load points participated in DRP. This change in con-
sumption represented by ‘delP’ is depicted for two sample year of second and last
and for all the five scenarios.

As it can be seen, for most of the scenarios in the off-peak hours of the day, the
change in the consumption is negative and in the mid-hours of the day that are almost
the peak hours, these changes are positive and considerable. In other words in the
off-peak hours there is negative response while in the peak-hours DR customers
have captured a positive response for DRP in both of the second and last years.

Furthermore, the expected energy consumption of these DR customers in the
second and the last year are depicted in Figs. 11.6 and 11.7. Compared to the

Table 11.3 Risk strategy and
risk level of DR customers

DR customer 7 14 27

βk 0.01 0.99 0.01

γk 0.99 0.98 0.93

Table 11.4 Optimal CHP
size and location

Parameter Values

CHP location 5 11 14

CHP size (kW) 980 1000 720
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Fig. 11.4 Consumption change in the second year for the DR customers in all the 5 scenarios
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Fig. 11.6 Expected demand level of DR customers in the second year
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expected consumption of these load points in the absence of DRP (do not participate
in the long term DRP), the main part of the load is shifted from the peak-hours to the
peak hours either the morning or mid-night in which the price for energy purchasing
from the upstream network is lower.

It should be noticed that the energy selling price has a fixed value for all the load
points within the distribution network, but the load shifting has taken placed in a
proper manner. This is due to the fact that for any amount of demand reduction,
DISCO has to pay an incentive to the customers participated in DRP. This incentive
absolutely depends on the hours of the day, means that in the peak hours its value is
high, unlike the off-peak hours that is low.

Thus it is beneficial for DR customers to reduce their consumption in the peak
hours in order to get a higher incentive from DISCO. One another important point
which may be hidden should be mentioned here is that DISCO seeks to lessen the
investment and operational related to this long term integration. Surely demand
reduction and peak shaving can help to reduce this considerable cost in the asset
management framework, especially such these customers that have a high and
considerable amount of consumption in comparison with other customers of the
network.
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Fig. 11.7 Expected demand level of DR customers in the last year
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On the other hand, since the penalty imposed to the DR customers is in direction
with the grid energy purchase price as well as the incentive price, it is preferable for
these customers to shift their consumption to the off-peak times of the day. For this
reason the negative response to the DRP (negative change in consumption) incurs a
less enough penalty amount to these customers. However it should be reminded that
the expected 24 hour energy consumption must not violate from its predefined range.
Figures 11.8 and 11.9 respectively represent the amount of penalty/incentiveΦ, for
the second and last year that verifies this issue.

11.5 Conclusion

This chapter discussed about the long term integration of PEVs and optimal siting
and sizing of CHP units and charge stations in the distribution network. With
consideration of a long term incentive-based DRP, a leader-follower Stackelberg
problem was constructed in which the leader was the DISCO and the customers
interested in DR were the followers of this game. By linearization and applying the
KKT condition along with CVAR modeling of profit for DR customers, the bi-level
problem was converted into a single-level problem. The two sited PEV charge
station had the capacity of supporting about 500 PEV. In addition, these charge
stations were located in busses that from DISCO viewpoint can help to maintain the
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Fig. 11.8 Expected penalty/incentive amount for the second year
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voltage profile of network within an acceptable range for all the scenarios. What was
important is that a successful DRP was planned for the customers willing to
participate. This was in a way that in the peak times of the day the DR customers
capture a positive response to DRP benefit from the provided incentive for them and
to help in long term integration cost reduction. While in the off-peak times they
should try to increase their consumption to compensate for the reduction in their
expected energy consumed throughout the day.

Appendix A

The nomenclature is shown below.

ΩL Set of buses

ΩS Set of scenarios

NT Number of hours in a day

Ny Integration horizon

υDri Binary parameter that is 1 if ith customer is participated in DRP

υDui Binary parameter that is 1 if ith customer is not interested in DRP

(continued)
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Fig. 11.9 Expected penalty/incentive amount for the last year
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PDr
i,y,h,ω Demand of ith DR customer in year y, hour h and scenario ω

PDu
i,y,h,ω Demand of ith DU customer in year y, hour h and scenario ω

CCCHP Capital cost of CHP ($/MW)

MCCHP Maintenance cost of CHP ($/MWh)

FCCHP Fuel cost of CHP ($/MWh)

CCCS Capital cost of charge station ($/PEV number)

MCCS Maintenance cost of charge station ($/PEV number)

ΘCS
i

PEV capacity of each charge station selected to be installed in bus i

ξCHPi
Binary decision variable that is 1 if a CHP is installed in bus i

ξCSi Binary decision variable that is 1 if a WT is installed in bus i

PCHP
i Rated power of CHP in bus i (MW)

Vi, y, h, ω Voltage of bus i in year y, hour h and scenario ω (pu)

ρ0h Selling energy price to the entire customers in hour h

ρgh Energy price bought from upstream network in hour h

EMin
i,y Minimum energy consumption of ith DR customer in year t

EMax
i,y Maximum energy consumption of ith DR customer in year t

πω Probability of scenario ω

PWy Present worth factor in year y

inf _ r Inflation rate

int _ r Interest rate

rij Resistance between bus i and j

xij Reactance between bus i and j

Td Total number of days in a year

pfi Power factor of CHP unit connected to bus i

γk CVaR risk level of DR customer k

βk Risk aversion strategy of DR customer k

Φk, y, h, ω Penalty/incentive function of DR customer k

ηk Value at Risk of DR customer k

ζk CVaR auxiliary variable of DR customer k

Xk, b, y, h,

ω

Piecewise demand of DR customer k, in block b, in year y, in hour h and in scenario ω

Sk, b, y, h,
ω

Piecewise benefit curve slope of DR customer k, in block b, in year y, in hour h and in
scenario ω

PL
i,y,h,ω Active power demand of load point in bus i, in year y, in hour h and in scenario ω
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Chapter 12
Modelling the Impact of Uncontrolled
Electric Vehicles Charging Demand
on the Optimal Operation of Residential
Energy Hubs

Azadeh Maroufmashat, Q. Kong, Ali Elkamel, and Michael Fowler

12.1 Introduction

Global attention to sustainability in energy use and reduction of greenhouse gas (GHG)
emission has become a major driving force for the development and adoption of
renewable and low-emission energy technologies. In the on-going development of the
existing power grid towards amore sustainable energy future, the adoption of such novel
technologies introduces the opportunity to shift towardsmore advanced energynetworks.
Under the smart energy network concept, the integration of distributed energy resources
(DER) into existing communities provides the potential for more efficient and economic
operation. These advantages may be achieved through the optimization of energy flows
and through the coordinated operation of various distributed energy technology compo-
nents within the network. With respect to its applicability to existing communities, there
are near-term benefits for adopting smart energy network principles, particularly in
consideration of the impacts of DER andmobility electrification on the residential sector.

12.1.1 Literature Review on Energy Hubs

The energy hub framework is an overarching concept for encapsulating the prin-
ciples of smart energy networks for optimized energy vector dispatch and for the
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coordinated utility of DERs, which have generally been studied via mathematical
modelling techniques. Most notably, the formulation of the energy hub model as a
mixed integer linear programming (MILP) problem was proposed by Geidl in
[1]. This model has been further developed in [2] by Evins et al. to more accurately
account for realistic operating characteristics of energy systems. The use of
probabilistic considerations to account for uncertainty is presented in [3] by
Alipour et al., which is implemented as a mixed integer non-linear programming
(MINLP) model. Meanwhile, an iterative approach is discussed in [4] by Batic
et al., which was aimed at addressing non-linearity in objective functions for
energy vector dispatch within the model. Multi-objective optimization have also
been considered, an example of which has been presented in [5] by Beigvand et al.
for economic and energy utility criteria. In consideration of the flexibility of the
energy hub model, it has been used as the basis for a number of energy hub
simulation studies, most of which have been investigative works for unique energy
systems or evaluative efforts that applied the energy hub model to examine various
operating and optimization strategies. For example in [6], Vahid-Pakdel et al.
applies the energy hub model to investigate a multi-energy vector system consid-
ering the presence of both thermal and electrical energy storage systems (ESS),
demand response programs, and markets, as well as wind-based renewable energy
resource (RES) adoption. In a study presented in [7], Moghaddam et al. applies an
adaptation of the model using a MINLP approach for a system containing com-
bined heat and power (CHP), electrical heat pump, boiler, absorption chiller, and
electrical and thermal ESS technologies. Lastly in [8], Maroufmashat et al. con-
sider an expansion of the energy hub to a network of interconnected hubs, in order
to study the potential for more optimized energy vector dispatch resulting from
diversity in energy consumption behavior and network size.

While the literature on energy hubs is fairly populated, there are particular
topic areas that are of significant relevance to the content of this work. Specifically,
the viability of RES integration for adoption into energy systems is critical for
their consideration as DER. This characteristic has been investigated in a number
of previous works, which have effectively concluded on their emission-reduction
and economic potentials within existing energy systems. In [9], a study was
conducted by Perera et al. to examine the potential for optimal integration of
non-dispatchable renewable resources into electrical energy hubs. The study
shows that optimal operation of the electrical energy hub can support RES inte-
gration to satisfy more than 60% of the annual electrical demand of the energy hub,
under a Sri Lanka context. In another study, Sharma et al. [10] evaluated a
centralized energy management system for residential energy hubs considering
solar PV availability. The study shows that their energy dispatch strategy can
potentially reduce energy consumption and costs by up to 8% and 17%, respec-
tively. In [11], Ha et al. investigated the optimal operation of a residential energy
hub implementing solar PV, solar-thermal, and battery ESS under a time-of-use
electricity pricing scheme. Zhang et al. [12] present a multi-energy vector
energy hub model implementing wind- and solar-based generation with hydrogen
as the core energy vector. Both studies investigate the applicability of distributed
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RES within the energy hub framework, while noting the need to address the
intermittent nature of renewable energy technologies for significant integration
into energy hub systems.

Also of significance to this work is the deploy-ability of CHP and ESS technol-
ogies, which have been studied in existing literature under the contexts of various
unique systems. These studies, however, were aimed at justifying the deployment of
such technologies and, as such, did not consider the relevance of EV adoption within
complex energy hub systems. In [13], Mohsenzadeh et al. evaluate the operational
and cost benefits of CHP implementation within energy hubs. Their study used a
simulated energy hub system with electricity and gas energy vectors to demonstrate
the potential total and operational cost savings of CHP implementation of up to 9.4%
and 10.8%, respectively, as well as improved network reliability and reduced power
losses of up to 15.4% and 16.8%, respectively. Similarly, Biglia et al. [14] examined
the applicability of CHP implementation in a hospital energy hub based on energy
and economic evaluation, under a Sardinia, Italy context. Wang et al. [15] explored
the implementation of CHP technology in an integrated energy hub system
containing heat pumps and electric boilers. The study investigated the effect of
CHP implementation on both heat and electricity networks and the optimal operation
of CHP technologies within the energy hub framework. Shams et al. [16] investi-
gated the optimization of a multi-energy vector energy hub model with the presence of
CHP technology, distributed renewable generation, and energy storage technologies.
The presence of CHP technology in the multi-energy vector systemwas noted to affect
the impact of electricity prices on the demand imposed on the natural gas network.

Meanwhile, the role of ESS technologies in energy hubs have been evaluated in
[17] by Thang et al., who notes the advantages of ESS implementation within
competitive electricity markets, highlighting the improvement in operational effi-
ciency and flexibility due to inclusion of an energy storage system. Gabrielli et al.
[18] discusses the role of both short-term and seasonal ESS technologies in
maintaining system efficiency and flexibility in an energy hub subject to significant
RES integration. Their study presents an optimized energy hub model incorporating
thermal, battery, and hydrogen ESS, along with solar-based generation technologies,
heat pumps, and power-to-gas systems. Another study, conducted by Maroufmashat
et al. in [19], also considered the potential of hydrogen as a core energy vector in an
energy hub containing renewable solar-based generation, hydrogen storage capabil-
ities, and power-to-gas systems. The role of energy storage within a network of
interconnected energy hubs has also been explored by Maroufmashat et al. in
[20]. Their work illustrates that consideration of energy storage capabilities in
combination with a variety of distributed generation technologies in large energy
hub networks provides yields lower overall system costs and increased opportunities
for integration of distributed generation resources into the network. In [21], Brahman
et al. investigates the roles of electrical and thermal ESS within a multi-energy vector
energy hub considering demand response programs in the energy vector dispatch
optimization problem. Similarly, Javadi et al. [22] presents a study on the optimal
operation of a multi-energy vector energy hub with the presence of battery ESS,
while accounting for cycling degradation costs of the ESS in the optimization. In
[23], Ye et al. incorporates both demand response programs and ESS functionality
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into an energy hub model and simulated the optimal dispatch of energy vectors
within the energy hub based on a cost objective function. The study indicates the
cost-cutting benefits of storage technologies in energy hubs that are subject to a time-
of-use electricity pricing scheme.

Across these studies, the applicability of various DER technologies have been
considered under a number of unique energy systems and conditions, which has
established the viability and benefits of different DER technologies within energy
hubs. However, recent market trends in electric mobility introduces EVs as another
potentially disruptive energy technology that should be considered in the context of
smart energy systems.

12.1.2 Plug-in Electric Vehicles in Energy Hubs

As an emerging technology, EVs have been developing at a rapid rate and has been
projected to make up to 47% of the total light duty vehicle fleet by 2050 [24]. In
comparison to traditional fossil fuel-based vehicles, EVs rely on grid-generated
electricity and battery energy storage technologies for fuel. This allows EVs to
incur significantly less GHG emissions during operation, particularly in energy
systems that can meet their charging demand with electricity derived from renewable
or low-emission energy resources. However, significant penetration of EVs into the
automotive market will consequently result in tremendous increases in electricity
consumption demand due to the charging behavior necessary to fuel EVs. This poses
a major challenge to the power grid, which must allocate appropriate generation
capacity to accommodate the additional demand. Realistically, much of the charging
demand of EV fleets will originate from the residential sector, which provides the
context for the adoption of EVs into residential energy systems as manageable
components. Most importantly, significant EV charging demands can negatively
impact the flexibility of the local energy system and, as such, must be appropriately
managed to maintain energy reliability.

Currently, several levels of EV charging rates are available for EV charging,
which can affect the shape of the electricity demand imposed on the energy hub by
uncontrolled EV charging behavior. In level 1 charging, the low charging rate
generally results in long charge durations, as well as in a flat charging profile. This
contributes to increasing the base load of the energy hub during EV fleet charging
periods. Meanwhile, the relatively higher rate of charging provided by level 2 charg-
ing will result in higher peaks in power demand, with a shorter charge period
compared to a level 1 charging scenario. Finally, DC fast charging provides a
significantly faster charge rate as compared to the other options. Thus, the charging
profiles imposed by uncontrolled DC fast charging will be composed of short but
significant power peaks during uncontrolled EV charging periods. However, EV
charging stations with DC fast charging capabilities are unlikely to be implemented
within residential energy hubs due to their high cost, and are therefore not considered
in this work.
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Within the existing literature, several forecasting efforts have been made to
evaluate the relative impact of large-scale EV integration on the power grid. These
works are often set in the context of unique power grid systems and broadly estimate
the effects of uncontrolled EV fleet charging via total annual and peak charging
demand criteria. For example, Clement et al. present in [25] a forecasting study on
the impacts of uncontrolled EV charting at the residential level, based upon historic
data of EV charging behaviors. A more recent evaluation of these impacts has been
conducted by Fischer et al. in [26]. Both studies, however, evaluate scenarios of EV
adoption within existing energy system conditions and do not consider how the
energy hub concept may be leveraged to mitigate uncontrolled EV charging behav-
iors. Other notable developments in literature include the work of Dias et al. in [27],
who compare impact scenarios between uncontrolled and controlled EV charging
strategies within the residential sector. This study, again, is set in the context of
conventional power systems and do not account for the role of DERs or for the
energy hub concept. Meanwhile, further research has been conducted by Ul-Haq
et al. in [28] to provide more realistic estimations of uncontrolled EV loads via
stochastic methods. Concisely, there is a gap in the literature in evaluating scenarios
of EV adoption into residential energy systems with uncontrolled charging behavior
under an energy hub context, which may prove to be the most effective means of
regulating volatile EV charging demands under medium to high market penetrations
scenarios of EV fleets into the transportation sector.

In response to the significant impacts of uncontrolled EV charging behaviors,
several strategies have been proposed to regulate EV charging. In one case, the
controlled or smart EV charging mode has been considered for managing EV fleets
as flexible loads via advanced communication and information technology. Sim-
ilarly, the vehicle-to-grid (V2G) charging mode considers the adoption of
bi-directional power flow infrastructure and intelligent centralized controls, in
order to integrate EV fleets into energy systems as mobile BESS grid components.
These two alternative charging modes have been discussed in a number of studies,
which have aimed to justify their operational or economic feasibility. For instance,
notable contributions to the feasibility evaluation of the V2G concept has been
made by Kempton et al. in [29, 30], who concluded that V2G may contribute
significantly to battery degradation in EVs and is consequently only economically
justified for the provision of high-value services such as peak shaving. In another
study, conducted by Locment et al. in [31], the coordinated dispatch of power is
studied for an EV charging station system, which aimed to leverage controlled EV
charging to improve the energy utility of local solar PV generation components.
Anastasiadis et al. proposed a harmony search algorithm in [32] for controlling EV
charging behavior in a microgrid containing mixed commercial and residential
loads, as well as various DER components. Yao et al. [33] considered a particle
swarm optimization approach for economic dispatch of power to a EV fleet with
V2G enabled. The energy hub considered for this study contained both renewable
and conventional energy technologies. In [34], Moeini-Aghtaei et al. presents a
framework for scheduling the charging demands of a EV fleet considering charg-
ing patterns. The coordination of EV fleet charging demands is addressed using a
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particle swarm optimization approach for multi-objective optimization, consider-
ing financial factors, RES utilization, and a convenience criterion for EV usage.
Alkahafaji et al. [35] considered the optimization of energy vector dispatch within
a system containing EV fleets, using a mixed integer quadratic programming
approach for the multi-objective optimization of financial and environmental
criterion. The study indicates the cost-cutting potential of discharging EV fleets
to maintain stability and reliability of the energy hub system. A scheme of
integrating EV fleets into smart buildings is simulated and discussed in [36] by
Wang et al. In [37], Liu et al. considers the economic and environmental optimi-
zation of an energy hub containing a EV fleet operating under both grid-connected
and islanded modes. The study presents a comprehensive learning particle swarm
optimization model for the coordinated dispatch of energy vectors within the
energy hub. Similarly, Khederzadeh et al. [38] investigates the effects of EV
fleet penetration in an energy hub operating between grid-connected and islanded
modes, with a focus on the roles of the EV fleet, ESS, and responsive loads for
maintaining islanded operation of the energy hub. In [39], Munkhammar et al.
examine the potential of home-charging of EVs considering solar PV implemen-
tation at the household level, using a case study of Westminister London. The
study notes the compatibility of solar PV generation and EV charging behavior,
both at the single household level as well as at the grid level.

While these advanced charging modes have been considered in detail in research,
they have yet to be successfully adopted in a real, large-scale energy system.
Meanwhile, current trends of increasing EV penetration into the automotive market
are likely to manifest in significant uncontrolled charging demands on existing
power grids. As such, there is an immediate research need to evaluate the realistic
impacts of uncontrolled EV charging behavior within energy hub systems, particu-
larly for high impact areas such as the residential sector. Furthermore, an under-
standing of how these uncontrollable charging demands interact with grid
components will provide insight into how best to implement available DER and
technologies to mitigate their impact on the grid.

12.1.3 Contributions of This Chapter

In this chapter, we aim to address the research need of evaluating the potential of
energy hubs for mitigating and regulating probable uncontrolled EV fleet charging
demands considering systems with complex DER technology configurations. Spe-
cifically, we consider a case study of residential energy networks with solar PV
arrays, CHP, electrical and thermal ESS, and conventional boiler heating technolo-
gies. This work employs an energy hub model based on [1] to simulate MILP-
optimized system operation via a multi-objective approach based on economic and
environmental criteria. The novelty of this study is the evaluation of realistic, near-
term impacts of EV adoption into residential energy systems under than energy hub
context. Furthermore, consideration of various scenarios of DER technology
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configurations provides insights into the planning and design of DER integration
into the residential sector in consideration of disruptive EV integration into existing
communities.

The contents of this chapter are structured as follows: the modelling approach and
the simulation scenarios are discussed in Sect. 12.2, followed by a description of the
examined energy hub system in Sect. 12.3. In Sect. 12.4, the results of the simulated
scenarios are shown, and environmental and economic analysis of the results are
presented. Lastly, concluding remarks for this work are made in Sect. 12.5.

12.2 EV Fleet Demand and Energy Hub Modelling
Approach

12.2.1 Energy Hub Model

The operation of the residential energy hub considered in this work is formulated as a
mixed-integer linear programming (MILP) problem and was modelled using the
GAMS software, which is a mathematical modelling tool designed for linear,
nonlinear, and mixed-integer optimization problems. The formulation of this
model is based on the energy balance concept and is as shown in (12.1). In this
approach, the operational flows of energy vectors within the residential energy hub is
modelled as a process of energy vector transformation, conversion, and storage,
beginning with grid feed and ending with consumption at the end-user. A holistic
diagram of this energy hub model is as shown in Fig. 12.1.

Using this model, the aim of this work is to simulate the performance of the
energy hub system under various energy technology configurations and loads, which
is set by specifying the coupling matrix and the outflow energy vector set,

Fig. 12.1 Holistic diagram of the residential energy hub model
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respectively. The coupling matrix is representative of conversion efficiencies of
implemented energy technologies while the outflow energy vector set represents
the various demand loads of end-users within the energy hub system. Furthermore,
technology constraints such as flow and capacity constraints, as well as operational
constraints, are accounted for by limiting the range of energy vector flows of the
inflow energy vectors, as shown in (12.2). Optimization of energy vector flows is
done using a weighted multi-objective MILP approach based on economic and
environmental criteria, which are evaluated in correlation to the inflow energy vector
set. The form of the overall objective function is as shown in (12.3). On the basis of
optimizing the objective function, simulation of the energy hub under various
scenarios is intended to reflect the optimal performance of the system under the
specified conditions of each scenario.

O tð Þ þ QEV tð Þ
εEV

¼ CijI tð Þ þ _E tð Þ ð12:1Þ

Where:
O(t) is the energy demand load set of the energy hub
QEV(t) is the charging required for the EV fleet
εEV is the efficiency of EV charging
Cij is the coupling matrix for input energy vector i to load j
I(t) is the inflow energy vector set
_E tð Þ is the flow of energy into storage system

Imin � I tð Þ � Imax ð12:2Þ

Where:
Imin is the set of minimum flow capacities for the inflow energy set
Imax is the set of maximum flow capacities for the inflow energy set

Z ¼ μ ∙ Z1 þ 1� μð Þ ∙ Z2 ð12:3Þ

Where:
Z is the overall objective function
Z1 is the operating cost objective function
Z2 is the emissions objective function
μ is the weight factor

The individual cost and emission objective functions are evaluated as shown in
(12.4) and (12.5).

Z1 ¼ Costfixed þ
X

t

Costoper,conv tð Þ þ Costfuel tð Þ þ Costoper,stor tð Þ� � ð12:4Þ

Where:
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Costfixed is the fixed cost of the energy technology systems
Costoper, conv(t) is the operating cost of energy conversion systems
Costfuel(t) is the cost of fuels consumed in the energy hub during operation
Costoper,stor(t) is the operating cost of energy storage systems

Z2 ¼
X

t

EF ∙ I tð Þ ð12:5Þ

Where:
EF is the set of emission factors associated with inflow energy vector set I(t).

12.2.2 Energy Storage Model

Energy storage technologies are incorporated into the mathematical model differ-
ently as compared to the energy conversion technologies, which are represented by
the coupling matrix. Instead, energy storage technologies are constrained not only by
their energy conversion efficiencies and power flow limitations, but also by their
storage capacities and their temporal state-of-charge, which represents the current
amount of energy stored. As such, these technologies are incorporated into the model
as discrete temporal systems, where their performance are additionally constrained
by a steady-state energy balance, as shown in (12.6). The state-of-charge of the
technology is as calculated using a discrete temporal method as shown in (12.7).
Further constraints were specified to limit the storage capacity of the energy storage
systems, as shown in (12.8). Additionally, due to the bidirectional power flow of
energy storage technologies, a further operational constraint is placed such that
inflow and outflow of power cannot occur simultaneously.

_Ek tð Þ ¼ Qcharge,k tð Þ ∙ εcharge,k �
Qdischarge,k tð Þ
εdischarge,k

� _Eloss tð Þ ð12:6Þ

Where:
_Ek tð Þ is the flow of energy into storage system for energy vector k
Qcharge,k(t), Qdischarge,k(t) are the power charged and discharged to storage system k,

respectively
εcharge,k, εdischarge,k are the charge and discharge efficiencies for storage system k,

respectively
Eloss(t) is the standby loss of energy from the storage system k

SoCk tð Þ ¼ SoCk t � 1ð Þ þ _Ek tð Þ
Emax ,k

ð12:7Þ

Where:
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SoCk(t) is the state of charge of the storage system k at timestep t
SoCk(t � 1) is the state of charge of the storage system k at timestep t � 1
Emax, kis the maximum storage capacity of storage system k

SoCk,min � SoCk tð Þ � SoCk,max ð12:8Þ

Where:
SoCk, min is the minimum charge capacity of the storage system k
SoCk, max is the maximum charge capacity of the storage system k

12.2.3 Monte Carlo Simulation of EV Fleet Charging
Demand

The fleet charging demand of the EV fleet used in this work is derived using a Monte
Carlo simulation, which considers stochastic elements affecting individual EV
charging behavior including arrival and departure times, daily travelled distance,
EV battery capacities, the efficiencies of EV charging nodes, and the non-linear
charging characteristics of EV batteries. The use of the Monte Carlo method in this
work is for the generation of representative fleet charging behaviors of hypothetical
vehicle fleets based upon realistic vehicle use behavior. As the basis of this approach,
2009 National Household Travel Survey (NHTS) data [40] was used to derive the
driving requirements of a fleet of light-duty vehicles in a residential context. A flow
diagram of the Monte Carlo simulation used in this study is as shown in Fig. 12.2.

Based on this Monte Carlo approach, the following EV fleet charging profiles
were derived for an EV fleet composed of 50 vehicles considering both level 1 and
level 2 uncontrolled charging behavior. Under the level 1 charging mode, EVs were
assumed to be able to charge at a power flow rate of 1.44 kW, whereas the level
2 charging mode was assumed to operate with a power flow rate of 7.2 kW. Under
each of these charging level scenarios, the EV charging impact was evaluated and
incorporated into the electricity consumption demand of the energy hub system, later
described in this chapter. The electricity demand profiles were assumed to be
consistent on a daily basis across the annual simulation, which represented the
average annual charging requirement of the EV fleet. These profiles are as shown
in Fig. 12.3. In the case of the level 1 charging scenario, an aggregate charging
demand of 436 kWh was consumed for EV fleet charging, whereas the level
2 charging scenario required 458 kWh.

12.2.4 Model Inputs

In this mathematical formulation, the inputs to the model consist of the end-user
energy vector consumption demands of the energy hub system, as represented by the
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Fig. 12.2 Flow diagram of Monte Carlo simulation for EV fleet charging demand
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outflow energy vector set. As well, environmental inputs must be specified with
respect to the relevant energy technologies, such as solar irradiation data for solar PV
arrays. The range of sizes, efficiencies, and operating capacities should also be
specified for each of the energy storage and conversion technology components in
the energy hub, as well as the operating cost and emission factors associated with the
operation of each energy technology. Lastly, relevant grid energy vector pricing
schemes and emission factors are also required to reflect the operating cost and
emission considerations with respect to grid-purchased energy vector consumed by
the energy hub system. These factors contribute to the overall operating costs and
emissions of the system and are thus relevant to the objective functions used in this
model.

12.2.5 Model Optimization and Solution Methodology

Using a weighted multi-objective optimization, the objective function considered in
the GAMS optimization account for both the operating costs and GHG emissions
resulting from energy hub operation. The overall model is implemented as a mixed-
integer linear programing problem, which is solved using the CPLEX solver. The
optimization results in optimized energy vector flows within the system and pur-
chases from the grid. The operating cost and emissions-related implications of these
power flows are determined under the economic and environmental factors that were
inputted into the model. The optimization is also dependent on the availability of
energy transformation and storage technologies, as well as the type of load demand
experienced by the energy hub. Thus, different optimized power flows will result
under different simulation scenarios due to the conditions that the energy hub is
subject to. A diagram illustrating the overall optimization process and optimization
criterion, variables, and constraints is as shown in Fig. 12.4.

Fig. 12.3 Simulated charging demand of EV fleet for level 1 and level 2 uncontrolled charging
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12.2.6 Simulation Scenarios

A total of 6 simulation scenarios were considered for the residential energy hub
system. These scenarios were selected to evaluate the effect of different EV charging
levels and the presence of distributed energy resources on the optimized operation of
the energy hub, under the implemented optimization approach. A summary of these
simulation scenarios is as shown in Table 12.1.

12.3 Residential Energy Hub System Case Study

In this study, the operational energy loads of a single residential complex were
modelled and optimized under various simulated scenarios regarding EV fleet size
and DER configurations. Within the energy hub model, the thermal and electrical
loads of a 10-story residential complex was considered as the base load of the energy
hub. The reference building model consists of 10 floors with a total floor area of

Fig. 12.4 Diagram of optimization process used in energy hub model
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7765 m2. The thermal and electrical loads of this building model have been consid-
ered to follow hourly profiles, which were assumed to vary monthly. The hourly
profiles for the thermal and electrical demands of the building are as shown in
Figs. 12.5 and 12.6, respectively.

The costs of grid-purchased electricity are evaluated using a time-of-use pricing
scheme, as reflective of Ontario, Canada conditions. Under this scheme, the cost of
electricity is evaluated in tiers that consist of off-peak, mid-peak, and on-peak prices,
which vary between summer and winter seasons and between weekdays and week-
ends. The values used for off-peak, mid-peak, and on-peak prices were 0.072 $CDN/
kWh, 0.109 $CDN/kWh, and 0.129 $CDN/kWh, respectively. A summary of this
pricing scheme for seasonal weekdays is as shown in Fig. 12.7 [41]. The price for
weekends is valued consistently at off-peak prices. Meanwhile, the costs of natural
gas were evaluated at a rate of 0.22 $CDN/m3, based on Ontario conditions.

The emission factors used to evaluate the GHG emissions associated with
energy hub operation are derived based on the fuels and grid-purchased electricity
used to support energy hub operation. For grid-purchased electricity, a time-
averaged emission factor of 0.187 kg CO2/kWh was used to reflect Ontario,
Canada conditions, which produces most of its electricity using a grid mix as
shown in Fig. 12.8 [42]. Meanwhile, an emission factor of 1.9 kg CO2/kWh was
used for natural gas.

Table 12.1 Summary of
simulation scenarios

Scenario EV charging level DER adoption

1 (Base Case) No EV Fleet Without DER

2 No EV Fleet CHP and PV

3 Level 1 Without DER

4 Level 1 No CHP, only PV

5 Level 1 CHP and PV

6 Level 2 CHP and PV
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Fig. 12.5 Hourly profiles for heat demand of the residential energy hub system
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Fig. 12.7 Time-of-use
pricing scheme for
electricity costs in Ontario,
Canada for: (a) summer
weekdays (May 1st–
October 31st) and (b) winter
weekdays (November 1st–
April 30th)
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12.4 Results and Discussion

A summary of the overall energy consumption behavior of the energy hub system in
each of the simulated scenarios is as shown in Fig. 12.9. From these results, it is seen
that the presence of uncontrolled EV fleet charging contributes to approximately
17.1% additional electricity consumption in the energy hub in comparison to a
scenario in which a EV fleet was not considered. The significant increase in electrical
power consumption of the residential energy hub indicates the potential for escalat-
ing power demand on the electrical grid as a result of EV penetration into the
automotive market. Meanwhile, residential energy hubs must also adapt the neces-
sary charging and power transfer infrastructure to accommodate the integration of
EV fleets.

With respect to DER technology options in a residential context, the simulation
results also indicate the distributed energy generation potential of CHP

Nuclear
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Hydro
23%

Wind
12%

Biofuel
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Solar
1%

Nuclear
Gas/Oil
Hydro
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Fig. 12.8 Generation grid
mix for Ontario, Canada

Fig. 12.9 Summary of energy consumption loads from simulated scenarios
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implementation in a residential context, which is shown to be able to supply up to
70% of the residential energy hub’s overall consumption demand. This indicates the
contribution of CHP implementation to improving energy security for residential
energy hubs, as the overall system becomes significantly less reliant on grid gener-
ation for meeting its operational energy requirements. With respect to scenarios
5 and 6, in which CHP implementation was considered with EV fleet charging
behavior, the results indicate the effects of significant DER implementation on
alleviating the escalating demand of EV integration into residential energy hubs.
This is due to the increased self-efficacy of the residential energy hub system, which
in turn reduces the need for additional power transfer infrastructure and spinning
reserve capacities at the grid level. PV adoption, however, is seen to play a minor
role in meeting the energy hub’s consumption demand, meeting only 3% of the total
electricity requirements of the energy hub, considering the additional load of EV
fleet charging. This is a result of the system’s limitations for solar PV implementa-
tion in the target residential energy hub. Particularly, the lack of available rooftop
surface area for solar PV array installation in residential high-rises limits the overall
generation potential of solar PV technology, relative to the consumption needs of the
building.

12.4.1 Operating Costs Analysis

A summary of the total operating costs derived for each of the scenarios is as
shown in Fig. 12.10. As shown, adoption of fleet charging behavior into the
residential energy hub results in an increase in operating costs. This increase in
costs results from the additional electrical demand imposed onto grid generation
and corresponds to an increase of 12.6% of the total operating costs of a scenario
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without EV adoption. In comparison to the 17.1% increase in overall electricity
demand determined from the energy analysis, the relatively lower increase in total
operating costs results from the factoring of space heating costs as well as the time-
of-use costs for EV fleet charging. These costs are incurred largely during
mid-peak and off-peak periods, thus incurring a lesser impact on the operating
costs of the residential energy hub as compared to its overall electricity consump-
tion. A comparison between the two levels of EV fleet charging showed that level
1 charging results in lower operating costs for the system, due to the limitations in
the rates of power purchase from the grid. These limitations extend the charging
times of the EV fleet, thus constraining a larger portion of uncontrolled EV fleet
charging behavior to occur during off-peak hours, thereby incurring lower charg-
ing costs during these periods. This indicates the advantages of controlled charging
strategies, which can potentially schedule EV fleet charging to low-peak hours to
minimize the costs of EV fleet charging, while still meeting the charging needs of
the EV fleet.

With respect to DER implementation in the residential energy hub, scenarios
considering DER implementation incur significantly lower operating costs. In com-
parison to scenarios not considering DER implementation, this corresponds to a
reduction in operating costs of up to 34%. In particular, a significant portion of this
cost reduction potential results from the adoption of CHP technology, due to the
relatively cheaper costs of natural gas purchases in comparison to grid electricity
costs. In these scenarios, optimization of the objective function for energy hub
operation resulted in increased reliance on CHP operation, based on its economic
advantage over mid- and on-peak costs of grid generation in Ontario’s time-of-use
pricing scheme. Based on this comparison, it is evident that significant DER
implementation offers an economic advantage for residential energy hub systems,
particularly in grids with high peaking prices for electricity. Lastly, a comparison
between scenarios 3 and 4 indicates that solar PV implementation within the
residential energy hub contributes to reducing the operating costs of the system by
2.5%. Again, the low significance of its contribution to the overall costs of the
system highlights the low applicability of PV technology in residential energy hubs
with spatial constraints for PV implementation.

12.4.2 GHG Emissions Analysis

As shown in Fig. 12.11, the simulation results indicated that the adoption of a EV
fleet increases the operating GHG emissions of the residential energy hub, due to the
additional energy consumption of the EV fleet. This represents an increase in annual
GHG emissions of 11.3%. Meanwhile, it is also seen that the uncontrolled level
1 charging scenario resulted in higher emissions as compared to the uncontrolled
level 2 charging scenario. This was because the optimized energy vector flows in
the energy hub for the lower charging rate scenario satisfied more of its energy
demand from CHP operation, which has a higher emission factor than compared to
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grid-generated electricity. In this case, the charging limitations of the level 1 charging
scenario extended the charging demand of the EV fleet into a profile with a longer
tail, with a less significant charging demand during on-peak periods. In this com-
parison, the results highlight the tradeoff between economic incentive offered by
CHP operation and the environmental demerit incurred by natural gas consumption,
relative to a power grid with a large portion of low emission generation.

Considering the implementation of DER technologies, CHP implementation was
found to significantly increase GHG emissions resulting from energy hub operation.
This was due to the effect of increased natural gas consumption resulting from CHP
implementation, which has a significantly higher emission factor in comparison to
Ontario’s grid generation, which derives most of its generation capacity from low
emission resources. This corresponds an increase in emissions of up to 49% of the
scenario where DER implementation was not considered. These results indicate the
negative environmental impacts of significant CHP implementation as a DER
technology in a low emission power grid. Finally, comparison between scenarios
5 and 6 showed that solar PV implementation reduces the overall emissions of the
energy hub system by 2.1%.

12.5 Conclusion

In this study, the following contributions to the literature has been made:

• Primarily, this work addresses the research gap in understanding the impact of
realistic EV adoption scenarios into existing residential communities and the
potential applicability of the energy hub concept in mitigating the volatile energy
consumption behavior of uncontrolled EV fleet charging.

Fig. 12.11 Summary of operating emissions analysis of simulated scenarios
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• This work provides insight into the compatibility of different DER technology
configurations with uncontrolled EV fleet charging within residential energy
hubs, which should aid in the planning and design of DER implementation within
such systems.

• A case study of residential systems has been examined under an Ontario, Canada
context, in order to evaluate the relevance of the study to real-world systems and
conditions.

With respect to the results of the case study, analysis of the results based on
energy, operating cost, and emissions criteria showed the impacts of EV adoption
in escalating energy consumption, operating costs, and emissions at the residential
level. Considering these effects, additional power transmission and distribution
infrastructure, as well as spinning reserve capacities, may be necessary at a grid
level to accommodate the additional demand. As well, sufficient charging infra-
structure must also be adopted within residential energy hubs to accommodate the
integration of EV fleets. Results concerning DER technology implementation
indicated the benefits of significant DER implementation within residential energy
hubs. Particularly, increased self-efficacy due to DER implementation allows the
energy hub to address increasing EV fleet charging demand using its own DER
generation resources. This could largely reduce the need for additional power
transmission and distribution infrastructure, as well as the need for spinning
reserve capacities at the grid level. The results also indicated the tradeoff between
operating costs and emissions for the two levels of EV charging considered. The
differences in EV fleet charging behavior indicate the potential benefits of con-
trolled or scheduled charging behaviors, which could leverage time-of-use pricing
schemes to provide economic and environmental benefits for the residential
energy hub.

Appendix A

The nomenclature is shown below.

Nomenclature
BESS Battery energy storage system

CHP Combined heat and power

DC Direct current

DER Distributed energy resource

GHG Greenhouse gas

ESS Energy storage system

MILP Mixed integer linear programming

MILNP Mixed integer non-linear programming

(continued)
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NHTS National Household Travel Survey

EV Electric vehicle

PV Photovoltaic

SOC State of charge

V2G Vehicle-to-grid

Variables
εcharge, k Charge efficiency for storage system k

εdischarge, k Discharge efficiency for storage system k

εEV Efficiency of EV charging

μ Weight factor

Cij Coupling matrix

Capbattery Capacity of plug-in electric vehicle battery

Costfixed Fixed cost of the energy technology systems

Costfuel(t) Cost of fuels consumed in the energy hub during operation

Costoper, conv(t) Operating cost of energy conversion systems

Costoper, stor(t) Operating cost of energy storage systems

dtravelled Distance travelled
_E tð Þ Flow of energy into storage system

_Ek tð Þ Flow of energy into storage system for energy vector k

Eloss(t) Standby loss of energy from the storage system k

Emax, k Maximum storage capacity of storage system k

EF Emission factors associated with inflow energy vector set I(t)

I(t) Inflow energy vector

Imin Minimum flow capacities for the inflow energy set

Imax Maximum flow capacities for the inflow energy set

i Index for inflow energy vector set

j Index for energy demand load set

k Index for energy storage technologies

nPEV Index for plug-in electric vehicle in fleet

ntotal Total number of plug-in electric vehicles in fleet

O(t) Energy demand load of the energy hub

Qcharge, k(t) Power charged to storage system k

Qdischarge, k(t) Power discharged to storage system k

QEV(t) Charging required for the EV fleet

SoCk(t) State of charge of the storage system k at timestep t

SoCk, min Minimum charge capacity of the storage system k

SoCk, max Maximum charge capacity of the storage system k

t Index for time

tarrival Time of arrival at energy hub

tdepart Time of departure from energy hub

Z Overall objective function

Z1 Cost objective function

Z2 Emissions objective function
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Chapter 13
Optimal Operation of Electric Vehicle’s
Battery Replacement Stations with Taking
into Account Uncertainties

Babak Mardan, Sahar Seyyedeh Barhagh, Behnam Mohammadi-ivatloo,
Ali Ahmadian, and Ali Elkamel

13.1 Introduction

Increasing the concern about climate change and global warming have conviced the
governments to solve these problems. In order to solve the mentioned problems,
they try to reduce pollutant emissions like CO2. One of the most consumed
sections is the transportation industry.Vehicles have a critical role in environmen-
tal pollution [1], since the main fuel of the vehicles is fossil fuel. According to
recent studies, 28% of CO2 emissions in the United States and 20% in Korea are
produced by transportation systems. A lot of efforts have been made to provide a
suitable way to deal with these problems and despite many obstacles to the
production of EVs. Advancement of technology and propagation of EVs are
progressing quickly [2–4]. It is aimed that EVs will have a significant impact on
the reduction of pollutants from the transportation sector. In 2015, more than
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550,000 EVs were sold worldwide, so the number of EV reached to 1.26 million
[5]. In the future years, many European countries will decide to increase the
number of EVs, such as German government, which plans to increase the number
of EVs to 1 million by 2020 and reach 5 million by 2025. Accordingly, France has
two scenarios. In the first scenario, it plans to increase its number of EVs to
1 million by 2020 and to 2.7 million by the year 2025, and in the second scenario
it plans to increase the number of EVs to 3.5 million by 2020, and 7.6 million by
2025 [6]. The main challenges for buyers of these EVs are battery pricing, charging
duration, and driving range limitation so that 45% of the price of EVs is related to
their battery [7]. For solving the problem of battery replacement costs for con-
sumers, some companies increase sales, by replacing old batteries with new ones
with only a small amount of money and change their batteries. For example, in
Europe, Renault Company uses this scenario [7]. Also, these vehicles are a kind of
load on the network, each charging of the batteries of EV has many impacts on the
daily load curve of the network, and the uncertainty of consumer behavior can have
unpredictable effects on normal network performance [8]. The EVBRSs idea is
posed to solve EVs problems in (13.3, 13.4). These stations help to reduce
concerns about EV’s limit range and their long duration for charging batteries of
EV [9]. From the power grid point of view, the performance of these stations are as
a flexible load and from consumers point of view, these stations are the service
centers that can receive money and replace the batteries of EV. These services are
like gas stations for cars which are internal combustion engines [10]. One of the
EVBRSs targets is to increase profits by attending the market and providing
services such as demand response and energy storage. These stations increase
their profits by purchasing energy and storing them by charging EV’s batteries
when energy prices are low and discharge EV’s batteries and sell energy when the
price of energy in the electricity market is high [11]. Also, if renewable energy
such as solar energy is added to the station’s system, it can increase profits. In Ref.
[12], the utilization of battery replacement stations for buses and taxis has been
considered. This article focuses on the effects of driver behavior and load effects
on the power network. In Ref. [13], the optimal charging was modeled by using the
Marcov method and also dynamic programming was performed by taking various
assumptions such as the unification of batteries, chargers and discharging battery’s
uncurtains and other assumptions into account. In [14], the scenario based on
randomized optimization was used. The Monte Carlo method is used to create
scenarios and investigate uncertainties. The amount of load and wind resources
output were considered as uncertain variables. In Ref. [15], it was aimed to
motivate EVs users to go to battery replacement stations at desired times. This
was intended to provide discounts to consumers. In this chapter, consumer behav-
ior has been studied in various scenarios. One of the goals of this chapter is optimal
planning for increasing the benefit of EVBRSs. For proper decision making, the
station’s uncertainties are also modeled by (IGDT) method.
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13.2 Electric Vehicle Battery Replacement Stations
(EVBRSs)

13.2.1 Station Structure

Battery replacement stations are considered to be centers who provide services for
end-users. One of the major problems in purchasing EVs is their higher prices.
EVBRSs are responsible for the costs associated with batteries (costs of repair,
protection, and battery replacement), and this reduces the final price for the
end-users (approximately 20–35%) [16]. On the other hand, the costs associated
with procurement of chargers and ancillary facilities would not be paid by the
end-users, and the time for energizing the EV would be reduced [17]. To have a
fast charge, the end-users should refer to EVBRSs, and it takes approximately
20–30 minutes to have the EVs charged [18] while it takes 5 minutes or less to
charge the battery. From the electric netwoks viewpoint, EVs are extra loads that are
imposed on the system. EVBRSs can solve such problems. High-tech facilities are
installed in EVBRSs in which EV’s charge processes are optimally scheduled to
stabilize the network by discharging the batteries which gain profit for EVBRSs.

13.2.2 Station Performance

The overall duty of EVBRSs is to replace the EVs go to the station with empty or
half empty batteries of EV with fully charged ones and to provide service from the
station. It took about 5 minutes to change batteries in EVBRSs. Tesla Company has
made an effort to reduce this time up to 90 second, which is less than the refueling
process of traditional vehicles [19].

During batteries replacement, the amount of charge in each battery is one of the
major variables in station modeling. The amount of charged battery and the amount
of battery charge during replacement should be considered in planning and model-
ing. In Ref. [13], for charging less than 20%, the discount is considered for
customers, but for more charging, in the other word when the battery is less than
80%, the replacement is not done. It should be kept in mind that the charge levels of
batteries which delivered by customers to the EVBRSs, is a variable and can have
different values. In EVBRSs modeling, for planning the batteries should have the
maximum possible charge and also the EVBRSs should be able to respond to all
customers. In references [11], planning is carried out in such a way that the EVBRSs
will be fined if the EVBRSs is not able to supply EVs battery. According to the
description in the planning and modeling of the EVBRSs, all details for the
EVBRS’s performance and customer satisfaction should be considered.
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13.2.3 Combining the PV System with a Station

The presence of renewable resources, such as the PV system, will help us to reduce
the number of pollutants in the main target of EVs. If the EVBRSs need power for
charging EV, these resources will charge the battery at the EVBRSs. Otherwise, the
product will be sold directly to the network. This keeps the network stable in peak
times.

13.3 Uncertainties

Uncertainty in the parameters and decision variables is one of the main challenges in
any system that can remove the system from its optimal point. Therefore, it is
necessary to study these uncertainties for better decision making and proper plan-
ning. The market price causes the uncertainties, the amount of demand, the initial
charge rate of batteries, and the amount of PV production in the EVBRSs. Various
methods have been used to solve these uncertainties in different articles. In this
chapter, the IGDT method has been employed to investigate existing uncertainties.
Also, unlike the robust optimization method, this method does not need to determine
the maximum uncertainty limit for non-deterministic parameters in this regard, it is
more flexible.

13.3.1 Information Gap Decision Theory

IGDT method is one of the most powerful methods in describing the uncertainty
[20]. Unlike some methods such as Monte Carlo and random planning (scenario
based), this method does not require the probability density function of the uncertain
parameters in the problem; robust decision-making is used against the drastic
uncertainties. IGDT method is seeking to determine the maximum uncertainty
permissive limitation for non-deterministic parameters, till the objective function
doesn’t fall outside the scope which determined by the decision maker [19, 21]. If the
uncertain parameter value in the IGDT is different from what is anticipated, there are
two strategies for designers: Risk-taking strategy and risk-averse strategy, in this
chapter risk-taking strategy has been used. This strategy is about the state in which
the uncertainty of the non-deterministic parameter has an undesirable effect on the
objective function of the problem. In other words, the true realization of the
uncertain parameter causes to increase the objective function amount from its base
state. Therefore, this strategy seeks to find, which amount is specified and
predetermined for getting the worst objective function of its base state; the maximum
uncertainty limit for a non-deterministic parameter. The decision variables should be
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obtained in such a way that the actual objective function ( f ) is against the deviation
of non-deterministic parameter γ than the predicted amount γ is calculated optimally
when the objective function is rousted against the maximum uncertainty limitation,
robust decisions are gained. In other words, the decision maker will be sure that the
non-deterministic parameter changes in the uncertainty range, the amount of the
objective function won’t exceed from the limitation, which is intended to determine
the uncertainty range of the non-deterministic parameter. The mathematical formu-
lation of this strategy is as follows (13.1, 13.2, 13.3, and 13.4) (Fig. 13.1).

Rc ¼ Maxxα ð13:1Þ
Hi X, γð Þ � 0 ð13:2Þ
Gi X, γð Þ ¼ 0 ð13:3Þ

γ � γ
γ

����
���� � α

f x, γð Þ � Λc

Λc ¼ f b X, γð Þ � 1þ βð Þ, γ 2 Γ

8>>><
>>>:

ð13:4Þ

13.4 Problem Formulation

Different methods have been used to simulate EVBRSs in various chapters. In this
chapter, by using reference [10] and modifying it, EVBRSs is simulated. The
formulation and explanation of these are discussed below.

Fig. 13.1 Performance of IGDT
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13.4.1 Objective Function

The goal of this modeling is to maximize the benefits of EVBRSs as well as buying
and selling energy. It should be noted that this model is intended to penalize the
EVBRSs for inability to provide the demand of consumers. Also, in the case of the
lack of charging at the time of replacement, according to the price of the replacement
is reduced to the percentage of the lack.

Maxobj ¼ profit ¼ BSR�
X
i2I

X
t2T

Xi,t � VOCD�
X
t2T

batshortt �

BSR�
X
i2I

X
t2T

SOCshort,%
i,t �

X
t2T

λt � embuy
t � PV1

t

� �þ
X
t2T

λt � emsell
t þ PV2

t

� � ð13:5Þ

13.4.2 Constraints

The level of SOC in each gap time is given in Eq. (13.6). If the battery is replaced at
the desired time, the SOC value is equal to the initial charge of the battery, and in
case of non-replacement x ¼ 0, the amount of battery charge is obtained from the
charge in the previous hour and the charge or discharge rate of the battery.

Soci,t ¼ Soc0i,t � 1� Xi,tð Þ þ Soci,t�1 þ batchi,t � ηch � batdisi,t

ηdis

 !

� 1� Xi,tð Þ þ Sociniti,t � Xi,t ð13:6Þ
0 � Soci,t � Socmaxi,t ð13:7Þ

F � Socmaxi,t � Sociniti,t � D� Socmaxi,t ð13:8Þ

To meet the demand of the first hour, some fully charged batteries are considered,
which is shown with Soc0i,t. The initial charge rate of batteries delivered by con-
sumers to the EVBRSs for recharging is shown by Sociniti,t .

The following formula is used to obtain the value of batshortt in each time

X
i

Xi,t þ batshortt ¼ Nt ð13:9Þ

Nmin
t � Nt � Nmax

t ð13:10Þ

The amount of lack of chargeSocshorti,t is gained from Eq. (13.11):
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Soci,t�1 þ Socshorti,t � BCmax � Xi,t ð13:11Þ

This formula has maximum nature, and it causes to increase the amount of charge
and decrease Socshorti,t of the battery during replacement.

To limit the charging and to discharge operation, the charging and discharging
capacity of the existing chargers should be taken into account. There is no possibility
of charging or discharging during the replacement operation.

batdisi,t � μmax
t � 1� Xi,tð Þ ð13:12Þ

Pch
i,t � μmax

t � 1� Xi,tð Þ ð13:13Þ

The amount of charging in each period of time should be between the minimum
and maximum of charger capacity.

μmin
t � μt � μmax

t ð13:14Þ

The amount of energy purchased and sold is modeled as follows:

embuy
t � emsell

t ¼
X
i

Pch
i,t � Pdis

i,t ð13:15Þ

To avoid charging and discharging and selling and purchasing simultaneously,
the following formulas are used:

batdisi,t � μt � ai,t ð13:16Þ
batchi,t � μt � 1� ai,tð Þ ð13:17Þ

embuy
t � M � ct ð13:18Þ

emsell
t � M � 1� ctð Þ ð13:19Þ

13.5 Model Assumptions and Simulations

Simulation of the proposed model is done in GAMS software, and the DICOPT
solver for the MINLP model and the CPLEX solver for the MIP model are used in
this chapter. At the EVBRSs, there are about 500 batteries of 24 kWh and
130 chargers of 15 kWh. For each battery replacement, BSR $70 is considered.
The inability to respond to customer demand VoCD a fine of $200 is considered.
The energy price of the PJM electricity market for the date of 2017/05/01 is given
in Fig 13.2. The maximum Socshorti,t is considered 25%. Five fully charged batteries
are considered to meet the needs of the first hour in the model. In the EVBRS’s
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uncertainty check section, a maximum of 10% reduction in the EVBRS’s profit for
the operator is considered (Fig. 13.2).

13.5.1 System Simulation Results

In this section, the base EVBRSs status is examined. The demand for different hours
is shown in Fig. 13.3. The initial battery charge level between 15% to 35% of the
battery capacity is altered. And also the maximum amount of energy in each battery
during replacement is considered 25% of battery capacity. If the demand increases,
the objective function will also increase. The results of the simulation are as follows.
The amount of the objective function is $38805.270. The total power purchased
during 24 hours is 15018.993 kWh, and the amount of power sold to the network is
3039.045 kWh. The amount of selling and purchasing power in each hour is depicted
in Fig. 13.4. Figure 13.5 shows the power generation of the PV system. During the
24 hours a day, the battery replacement was done 555 times for different consumers.
The amount of Socshorti,t and Socshorti,t in this case and in each gap, times are zero.

By maximizing the uncertainty, caused by the initial charge rate of the batteries in
each period of time (α ¼ 1), the objective function will decrease by less than 1%.
That reduction can’t exclude the objective function from the specified range by the
operator. In this case, the benefit of EVBRSs will be reached $38711.045. Also, by
maximizing the uncertainty range resulting from the production of the PV system,
the amount of EVBRSs profit will be reached $38,641,403. This reduction in the
objective function will be less than 1%. In this chapter, the uncertainty of market
price, decrease and increase in prices are investigated in two scenarios. By consid-
ering the scenario of market prices reduction, the profit of the EVBRSs increases.
This increase in profit improves the objective function. But by examining the market
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price rise scenario, with the maximum parameter range radius, the station’s profit
margin decreases. But by studying the market price rise scenario, with the maximi-
zation of the uncertainty parameter range, the profit of EVBRSs will be reduced.
However, due to changes in the way of EVBRSs schedule, this reduction in profits
will affect less than 1% on the objective function. In this case, the amount of
EVBRSs profit will be $38,750,038. Regarding the results obtained from the
investigation of the uncertainty caused by the demand, we find that the most impact
on the objective function is due to the planning of this uncertainty parameter.
Figure 13.6 shows the range of changes in demand. In this case, two scenarios of
decrease and an increase in demand have been examined. By considering the
scenario of decreasing demand and taking into account the permitted range of
objective function reduction of 10% (β ¼ 0.1), the maximum demand reduction
range occurs from the amount of alpha at the same time interval on the system
stability boundary. In this case, the demand is as shown in Fig. 13.7 and the amount
of the objective function are $34,924,743 which decreased by 10% compared to base
station status. This is the worst scenario for the EVBRSs. By contrast, by examining
the scenario of increasing demand, we found that by maximizing the demand in each
time interval (α ¼ 1), the revenue of EVBRSs increases significantly and equals
$45045.78. This scenario is the best mode for the EVBRSs.

13.6 Conclusion

According to the content presented in this work, the creation of appropriate infra-
structure for the development and creation of a suitable mark with the ability to
compete with internal combustion engines is based as one of the research interest in
this area. In this study, a suitable method for optimal operation of the EVBRSs is
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proposed, and the results indicate that planning can be profitable for the operator.
The station profit in the base mode is $38,805,27. In addition, IGDT method is
utilized to address the uncertainties. With this risk management method, the effect of
each non-deterministic decision variable in the objective function is obtained, in
order to achieve robust planning against the maximum range of uncertainties.

Appendix A

The nomenclature is shown below.

Indices
T Index of the time period

I Index of batteries

ψeq/ineq Total constraints of equal and unequal

Parameters
γ Non-deterministic parameter

Λc The critical amount of the objective function

fb The deterministic amount of the objective function

β The degree of bearing increases the objective function

M A big integer number

BSR Battery replacement cost

VoCD The cost of customer dissatisfaction

ηch Charge efficiency

ηdis Discharge efficiency

Binary Variables
Xi, t The binary variable of battery replacement

ai, t The binary variable of asynchronous charging and discharging of batteries

ct The binary variable of asynchronous purchasing and selling energy

(continued)
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Integer Variable

batshortt
The lack of battery numbers to meet the needs of customers in each hour

Variables
of Objective function

Rc The non-deterministic parameter uncertainty range

Χ Decision variable

α Maximum range of non-deterministic parameter

Γ Uncertainties

Pvt The amount of solar system production in each hour (kW)

PV1
t The amount of solar energy production used to charge the batteries of EV (kW)

PV2
t The amount of solar energy production used to sell to the network (kW)

Socshort,%i,t
The percentage of energy loss in each battery per hour

λt The price of energy in each hour ($/kWh)

embuy
t

The amount of energy purchased in each hour (kWh)

emsell
t The amount of energy sold in each hour (kWh)

Soci, t The amount of energy in each battery per hour (kWh)

Soc0i,t The amount of energy in each battery in the first hour (kWh)

batchi,t The amount of charge in each battery per hour (kWh)

batdisi,t
The amount of discharge in each battery per hour (kWh)

Sociniti,t Initial charge rate in each battery per hour (kWh)

μt The amount of battery power per hour (kWh)
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Chapter 14
Participation of Aggregated Electric
Vehicles in Demand Response Programs

Maedeh Yazdandoust and Masoud Aliakbar Golkar

14.1 Introduction

According to the report published by the international energy agency (IEA), about
30% of energy consumption and 61% of petroleum consumption is related to the
transportation system [1]. This increase in energy consumption rises economic and
political concerns, and by considering environmental concerns, EVs stand in the
center of attention as an alternative option [2]. The main reasons and motivations for
utilizing EVs are summarized as follow:

• their capability of increasing the energy security
• their capability of reducing the fossil fuels cost
• their capability of decreasing the greenhouse gases
• their capability of increasing the penetration of renewable resources [3]
• their capability of storing energy to compensate for the renewable energy uncer-

tainties [4]
• their capability of reducing the cost of establishing new power plant [5]

On the other hand, implementing Demand Response Programs (DRPs) as one of
the most important resources to mitigate the power losses by smoothing the load
profile, becomes widespread. In addition, DRPs provide lots of advantages for
consumers, aggregators, and utilities, that can be summarized as follow:

• Benefits from relative and absolute reductions in electricity demand
• Benefits resulting from short-run marginal cost savings from using demand

response to shift peak demand
• Benefits in terms of displacing new plant investment from using demand response

to shift peak demand or respond to emergencies;
• Reducing Network Losses
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• Increasing reliability of power systems
• Better integration of renewable energy sources in power systems
• Reducing the cost of electricity generation
• Reducing emissions of greenhouse gases [6]

Due to the high price of fossil fuels and high CO2 emissions, electric vehicles
could be widely used in future transportation systems to reduce both fossil fuels
consumption and CO2 emissions. Many studies have been done considering the
impact of EVs on the power systems. Most of the research has expressed that the
impact of EVs is closely related to the schedule of charging and discharging process
and moreover the electrical tariffs [7, 8]. Soares et al. [9] evaluated the impacts of
EVs on the power systems by using a simulator. Furthermore, the effect of charging
process on bus voltage can be studied by the same method.

Besides the advantages of EVs mentioned above, the energy demand will be
increased due to required energy for charging a large number of electric vehicles.
This demand increase will lead to a significant new load on the existing energy
distribution systems when vehicles are being charged. Therefore, due to the limita-
tion of distribution system capacity and EVs that should be charged during the
specific period, the process of charging should be controlled. This control should be
done to prevent overload and increase the stability of the system. In [10], a demand
response strategy is proposed for identifying overloaded transformers and remove
the problem in case of using the electric vehicle with other loads. In this way, a
demand response strategy is used to reduce the loading of distribution transformers.
In [11] association of EVs in demand response program is proposed. The main aim
of this paper is to shift the specific loads from peak hours to off-peak hours and to
study the impact of V2G and G2V options.

To deal with this issue, smart charging and discharging of EVs is highly
recommended. In this way, by managing the charging process by shifting the
charging process to the off-peak hours, the load profile of the system will be smooth.
As a result of this, power losses and operation costs of the system will be decreased
[12]. However, coordinated charging behavior of EVs should be considered. In the
presence of a large number of EVs, demand response flexibility of the whole loads
should be evaluated to design the smart charging scheme and the maximum charging
delay that each EV can stand should be calculated [13]. In [14], the natural charging
behavior characteristics of the large number of EVs is proposed through stochastic
simulation.

Another solution is the implementation of demand response programs. DRPs
cause changing in consumers behavior due to the different electrical tariffs or
incentives which is done during high wholesale market price and when the reliability
problem occurs [15].

Integration of EVs in DRPs has many advantages for utility, EV owners, and PL
operators. In [16], utility benefits consist of charging/discharging vehicle benefit,
increasing the reliability of the system, and loss reduction benefit was studied.

Although the penetration of EVs in power system leads to some problem men-
tioned above, they are in the center of attention due to their capabilities which help
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the power system. For example, their capability to behave as a shiftable load in peak
hours which can postpone the charging process and their energy storage capability
that helps the power system in this period [17].

With proper charging and communication infrastructure, EVs may eventually
either turn into Interruptible Loads (IL) when plugged in for charging or act as grid-
able storage responding to the pricing commands [18].

Since the generation of renewable resources has some uncertainties, the impor-
tance of using energy storage systems to manage these fluctuations becomes clear.
EVs, as one of the energy storage resources, could take part in this process by the
integration of EVs in DRPs [19].

Studies show that by the implementation of DRPs, greenhouse gases emission,
and cost of the power system in the presence of EVs have been reduced. In this way,
the two main goals of implementation of DRPs are fulfilled.

In this chapter, the main aim of implementing DRPs is described, and the benefits
of cooperative participation of costumer and utility in DRPs displayed. In order to
perform the DRPs in a different situation, various types of programs will be
presented. The main categories of DRPs are shown in Fig. 14.1.

The demand response capability of EVs will be described and analyzed in Sect.
14.3. This section is categorized in two main groups as follow:

• Charging and discharging behavior of EVs
• EVs as responsible demand

In Sect. 14.4, the optimization problem of the smart distribution system and
electric vehicle parking lots in the presence of EVs is formulated, and the constraints
and uncertainties are described.

Finally, the conclusion will be presented in Sect. 14.5.

Demand Response (DR) Programs

Price-based DRInsentive-based DR

1. Direct load control (DLC)
2.Curtailable load (CL)
3.Demand side bidding (DSB)

1.Time-of-use tariffs (ToU)
2.Critical peak pricing (CPP)
3.Real-time pricing (RTP)

Fig. 14.1 the main
categories of DRPs
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14.2 Demand Response Definition

Demand response (DR) has been widely documented as a potential solution for
several challenges the electrical power system is facing. Some of these issues are the
integration of intermittent renewable electricity generation and maintaining system
reliability under rapid and global electrification.

Electrical power systems are currently in a phase of transition. Part of this
transition is a paradigm shift towards more utilization of demand-side flexibility.
Traditionally, the balance between supply and demand is ensured by using supply-
side flexibility. The flexibility of consumers’ power demands is traditionally only
actively used for large industrial consumers at high power levels. With the advent of
smart distribution systems; however, there has been increasing attention for the
potential use of demand side flexibility for residential consumers as well. The
usage of demand side flexibility sources is what is usually referred to as demand
response (DR).

A demand response program tries to influence consumers to change their elec-
tricity consumption behavior in response to a signal such as dynamic prices or
incentive payments. These different types of demand response implementations
will be discussed [20].

As mentioned before, the implementation of DRPs has lots of advantages for
consumers, environment, and utilities, which can be summarized in Table 14.1 [21].

14.2.1 Types of DR Programs

A demand response program can be implemented in several forms. They can be
divided into two main groups based on how behavior changes are obtained:
incentive-based and price-based programs. In price-based programs, consumers
react to an electricity price signal, while in incentive-based programs, they receive
incentive payments independent from electricity price.

Table 14.1 advantages of DRPs implementation

Consumers Environment Utilities

Supply electricity demand
improvement

environmental degradation
reduction

Operational cost reduction

Electricity bill reduction Resources consumption
reduction

System efficiency
improvement

Service quality improvement Environmental protection Electricity generation cost
reduction

Lifestyle improvement Greenhouse gases reduction System reliability
improvement
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14.2.1.1 Incentive-Based DR

Depends on the way in which the demand change is triggered, and the form of the
incentives this type of demand response programs can be categorized into three main
groups:

1. Direct load control (DLC): These programs usually involve an aggregator as a
third party, who is given direct control over some of the consumers’ appliances.
The aggregator can then offer the flexibility of a group of consumers on the
market and makes incentive payments to the consumers in turn.

2. Curtailable load (CL): Here, utilities also issue requests for decreasing or increas-
ing demand, but the end-user remains in control over their own appliances.
Consumers are rewarded with bill credit or participation fees for following
these requests. Failing to do so will typically result in penalty fees.

3. Demand-side bidding (DSB): In these programs, consumers can bid on load
reductions in a dedicated market. If their bid is cleared, they are obliged to change
load accordingly.

14.2.1.2 Price-Based DR

This type of program tries to influence consumption behavior by providing an
electricity price that varies over time. This price would be in contrary to a flat rate
model where the price is the same at every point in time and has three main groups:

1. Time-of-use tariffs (TOU): This market model divides the day into different
periods in which different electricity prices are applied. Typically, these periods
and prices are fixed over a longer time. A typical example of TOU is a different
tariff for day and night.

2. Critical peak pricing (CPP): This pricing is mostly used in the form of an extra
component to a flat rate or time-of-use tariff. The CPP component adds an
additional part during a limited number of peak hours per year.

3. Real-time pricing (RTP): This tariff scheme provides a price signal that varies
hourly, reflecting the changes in the electricity spot price. Consumers can be
notified of the price on a day-ahead or hour-ahead basis [22].

14.2.2 Customer Response: Electric Vehicle

The main purpose of the demand response program (DRP) implementation summa-
rized in two sections: (1) energy efficiency (EE) and (2) load shifting, by the aim of
load profile flattening.

In this way, EVs, as an electricity consumer, increase the total consumption of
energy. However, by using the smart charging capability of them, they could be an
excellent resource to achieve the second aim of DRP implementation.
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In power system operation, minimizing the fluctuation of the demand and satis-
fying electricity demand during peak load period are the primary concern. On the
other hand, by increasing the number of EVs in the system, these issues become
more important.

By considering the flexibility of demand on the customer side and EVs as
shiftable loads, implementation of DRP could be a wise approach to overcome
these issues [23].

14.3 Demand Response Capability of Electric Vehicle

By increasing air pollution and global warming crisis, the usage of electric vehicles
is growing all around the world. Therefore, the integration of EVs into the power
system and its impacts on the grid is not negligible in recent years.

Loading demands are various in different hours of a day. This difference means
the residential loads consume more power at nights, which cause peak demand in
these hours and light demand right after that. On the other hand, power losses and
overloading of transformers and line are the main concern in power system opera-
tion. In this way, demand response plays an important role in peak shaving and
valley filling by shifting some loads from on-peak hours to off-peak hours. More-
over, by smoothing the load profile, it can reduce power losses.

Studies show participating EVs in DR programs can have a positive effect on load
profile. This participation can occur during the charge and discharge process of EVs.

Cost reduction effects, the comfort of users, and power loss, as well as some
standards of these smart charging, should be considered as summarized below:

• Charging EVs without considering its impacts on the power system causes higher
peak demands. DR programs that focused on discharging during peak hours and
start charging just after peak hours, effectively helped peak shaving and valley
filling. As a result, the total electricity bill decreased in spite of the increase in
some of the off-peak hours.

• Using the DR capability of the EVs by managing the charging process in both
V2G and G2V modes is an effective way to reduce the operational costs of the
system and satisfying the electricity demand as well.

• In spite of the advantages provided by smart charging, power losses due to the
numerous charge and discharge process will be increased. Besides the required
infrastructures made these process more complicated.

• EVs can also operate in vehicle to grid (V2G) mode, in which they send power
back to the grid. In this situation, a central control system is needed to commu-
nicate between the utility demand and SOC of EVs battery. Some standards
indicate the infrastructures and requirements for this kind of communication [24].

By considering the massive penetration of EVs and advantage of the implemen-
tation of DRP in smart grid, integration of EVs in DRPs become an essential issue
nowadays. In this way, the role of EVs as a part of DRP in both smart grid and
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parking lots should be investigated. Besides this, the model of DR and types of DRP
that can be performed for EVs must be extracted, and for the last step, the perfor-
mance of EVs in each DRP should be analyzed.

For the implementation of DR programs for an electric vehicle, various informa-
tion should be gathered. Some of these data are as follow:

• Price of charge/discharge
• Time of charge/discharge
• Operation of parking lots
• Traveling distance of the vehicle
• Vehicle traveling time features
• Real amount of generation (based on the number of vehicles, state of charge and

owner’s permission)

By considering the availability of these data, the next step is finding appropriate
demand side management (DSM) programs for EVs participation. Among different
kinds of DR programs that explained in the previous subsection, the DSM schemes
that would be available for the electric vehicles will be discussed in the
following [21].

14.3.1 Charging and Discharging Behaviour of EVs

Electric vehicles as shiftable loads in charging period and as DGs
in the discharging period
Most of the times, vehicles are parked at homes, streets, parking lots, or garages;
hence, EVs battery capacity can be fully utilized during such times. Therefore, EVs
could serve as decentralized energy storage in a smart grid and can act as either a
load or a generator as needed.

Considering EVs as shift able load, make this concern about the time of the second
charging occurs. One of the technologies that can be used for this issue is basic
timers. In this way, EV owners connect their cars as soon as they arrived home.
However, the charging process could be postponed to the other time by considering
the cost of electricity. Otherwise, EV owners may start charging process as soon as
they arrive home since if they don’t, they may forget charging their vehicle.

In vehicle to grid operation, it should be considered that this process causes
battery degradation and decrease the efficiency of the system though, it provides
advantages both for customers and utility. In order to overcome the battery degra-
dation issue, advanced battery technology could be a reasonable candidate. Since
EVs as an important part of the system could be more effective if they operate in both
V2G and G2V mode and in the large numbers.

Beyond enabling technology, various rate structures can be used to provide
incentives for EV owners to take advantage of the enabling technology.
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Considering these capabilities of EVs mentioned above, and the benefits of
implementing demand response programs in smart grid, integration of demand
response using the electric vehicle in the smart grid would be a good idea.

Charging Scheduling Scheme in Parking lots
By increasing the number of EVs, establishing parking lots with enough poles to
cover this number of requests is not negligible. In this way, parking lot owners
introduced to manage the process of charging. In order to evaluate the operation of
parking lot owners, the power sent to parking lots from the utility (G2V) and the
power sent from parking lots to utility (V2G), should be calculated in both energy
and reserve markets. Actually, in the demand response events, the time that EV
owners parked their vehicle, and the expected SOC at the departure time, besides all
constraints and uncertainties should be considered [25].

As mentioned, establishing parking lots in a smart microgrid (SMG) to manage
and cover the large numbers of EVs is not negligible. By considering the energy
storage capability of EV, in the situation of over generation, energy could be stored
in EVs batteries and consumed in the peak hours. On the other hand, in the case of
day-ahead market notice, EVs could participate in both energy and reserve markets.

In the following, the operation of EVs in a residential area is investigated;
however, EVs in parking lots due to the two main reasons are more important.
Actually, the main factor in parking lots is a large number of EVs that can be
controlled at the same time. By considering a large number of flexible loads can
participate in demand response programs, all the EVs could be charged, and all the
curtailments will be satisfied.

In order to evaluate the operation of different parking lots in DR events, types of
parking lots should be considered. There are three types of parking lot based on the
location.

• Residential parking lot
• Commercial parking lot
• Industrial parking lot

Each of these types is suitable for the specific mode of EVs operation (V2G or
G2V). For example, as the residential and industrial parking capacity is not available
during daytime, they more tend to operate in G2V mode. On the other hand, as the
commercial parking capacity is available during daytime, the EVs could operate in
G2V mode in these parking lots. In addition, due to the traffic in the commercial
parking lot, they are not a proper candidate for operating in V2G mode.

Studies show, participating in price-based demand response programs have cost
reduction benefits for parking lot operators. However, participating in incentive-
based demand response programs depends on the parking lot pattern, and they may
not have an acceptable operation in both G2V and V2G mode [26]. This problem
happens due to the different available capacity of parking lots.
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Charging Scheduling Scheme in Residential Area
Vehicle to building (V2B) is defined as exporting electrical power from a vehicle
battery into a building. V2B considers EVs batteries as a generation resource for the
buildings via bidirectional power transfer at certain periods, which could increase the
flexibility of the electrical distribution system operation.

It is expected that V2B operation improves the reliability of the distribution
system and provide extra economic benefits to the vehicle owners. Furthermore,
V2B reduce the home or building electricity purchase cost based on DSM programs
with customer incentives.

The objective of DSM is to improve the reliability of power supply for the
building and create revenue. For demand side management, the peak load shifting
strategy using EVs can reduce peak load demand and energy consumption. In turn, it
will reduce the electricity purchase cost for the customer and vehicle owner [21].

Due to the increase of EVs penetration and limitation of residential given
demand, consumers satisfaction become an important issue. Implementation of
demand response programs in residential level can be performed in two layers: the
neighborhood area network (NAN) and the home area network (HAN). Actually, the
main purpose of DR implementation in a residential area is to supply EVs charging
demand so that the satisfaction level of consumer do not disturb.

To evaluate EVs in a residential area, loads divided into two main categories. The
first group is shiftable loads that can be shifted to the other time due to their
flexibility and less importance. The second group is non-shiftable loads that cannot
be shifted to the other time.

The traveling duration of the EVs, the place, and the duration of the EVs parked
in that place are the important items in analyzing their charging profile. Since EVs
plug-in time follows a normal distribution curve, the normal PDF use to present the
EV plug-in time.

The main concern in the residential area is the peak hours that occur in the
evening due to the charging of arrived EVs and the peak demand of the system.

The layers of DR implementation are as follow:

A. Implementation of demand response through NAN strategy

In this strategy, to determine the impact of the presence of EVs in the distribution
system, the peak load of the system in the absence of EVs should be specified as the
maximum demand. Then each house determines its maximum demand so that the
summation of all the houses demands do not exceed the maximum demand level of
the system. Figure 14.2 shows the way in which the amount of demand dedicated to
each house is specified.

This strategy is explained as below:
All the houses demand sorted from maximum to minimum at first. Then the

maximum demand of the household section (DLi, dashed line) specified so that the
summation of all the houses demand do not pass the peak load in the absence of EVs.
As illustrated in Fig. 14.2 the houses which their consumption is more than the
maximum demand of the household section, including in the demand limitation.
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maximizeðDLiÞ
Subject to :PN
m¼1

Dm,i � DLtotal,i

Dm,i ¼ f
Lm,i, Lm,i < Dli

DLi, Lm,i � Dli
m ¼ 1, 2, . . . ,N

ð14:1Þ

where Dm,i, and Lm,i, show demand of the mth house after DR (kW) and original
demand of the mth house in time slot i; respectively, and DLtotal,i, shows available
supply (kW) of the distribution circuit of interest in time slot i.

B. Implementation of demand response on HAN strategy

Loads in the residential area divided into two main categories. The first group is
shiftable loads that can be shifted to the other time due to their flexibility and less
importance. The second group is non-shift able loads that cannot be shifted to the
other time due to their importance. In this strategy, shift able loads are controlled by
HAN based on their determined maximum demand. For the implementation of DR
in a residential area, customers preset some of their loads as shift able loads that can
be controlled by HAN control center. In this way, if the demand of the household is
more than the determined limit, HAN control center do not support the specific shift
able loads in that time. Actually, in this situation, DRPs applied in the system. The
implementation of the DRPs in the HAN strategy has three steps that described as
follow:

Step (1) In this way, customers based on the importance of the loads and their
appliance, prioritize them so that some loads are the first priority and the other
will be in the next priority.

Step (2) In this way, customers organized and schedule their loads. For example, the
time of the washing machine job and temperature limitation of the room could be
scheduled in advance.
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Fig. 14.2 Implementation
of demand response in NAN
strategy [27]
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Step (3) In the last step, based on the priority allocated in step 1 and the preset
schedule in step 2, the demand response program will be performed. Demand
response program in the HAN strategy will be performed as follow:

• In the situation that demand exceeds the determined limit, EVs will be stopped
charging

• If the HAN control center estimates that EVs need more time for charging, the
EVs charging resumed

it should be noted that in HAN strategy, customers can apply changes in both step
1 and 2 in different time of the day [27].

14.3.2 EVs as Responsible Demand

Modeling the Demand Response Programs
The main purpose of DR implementation is to change the customer’s behavior based
on the price changes. Actually, these price changes could be as a result of price-
based DRPs and their tariffs or incentive-based DRPs, and their incentive or penalty
applied to customers.

By considering that as a result of price changes, customer’s demand change from dinit

to dt at hour t, so that the impact can be formulated as follow:

Δdt ¼ dinit � dt ð14:2Þ

The amount of incentive, ζt, based on the rate of the incentive of reducing the
demand (Inct) is expressed as:

ζt ¼ InctΔdt ð14:3Þ

Similarly, the amount of penalty, ξt, based on the rate of the penalty of not
reducing the demand (Pent) can be formulated as:

ξt ¼ Pent d
cont
t � Δdt

� � ð14:4Þ

where dcontt denotes the contract level for hour t.
The customer’s benefit, B, at hour t can be obtained as follows:

Bt ¼ Revenuet � dtλt þ InctΔdt � Pent d
cont
t � Δdt

� � ð14:5Þ

where, Revenuet is the customer’s revenue from consuming d kWh energy in t-th
hour. The second item of Eq. (14.5) refers to the amount of electrical energy
consumed by the customer. The cost of energy at hour t. in addition, as mentioned
above, the third and fourth items are related to the incentive of reducing the demand
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and penalty of not reducing the demand at hour t, respectively. In this way, the total
benefit can be obtained through Eq. (14.6) presented as below:

Btot ¼
XT
t¼1

Revenuet � dtλt þ InctΔdt � Pent d
cont
t � Δdt

� �� � ð14:6Þ

Actually, the total benefit is a good factor that helps customer to decide how to
behave in case of price-based and incentive-based demand response [25].

EV in price-based DR Tariff
Time-of-use, critical peak pricing and real-time pricing are kinds of priced-based DR
tariff. In the time of use tariff, customers based on the different tariff that noticed by
utility companies can easily manage their consumption. In critical peak pricing,
tariffs are a bit higher in specific hours of a day, and in this way, customers decide
whether to participate in this type of DR or not. Actually, this type of DR is more
complicated than TOU due to the time limitation of applying tariff. In real-time
pricing events, electricity tariff announced by the utility in the day-ahead market and
based on this, customer manage their consumption behavior. Due to the limitations
and complication of CPP and RTP tariffs, TOU is more popular among residential
customers [28].

TOU and CPP tariffs are the most effective DSM schemes that usually use for the
participation of EVs in DR programs. In TOU tariff, EV owners and EV aggregators
charge and discharge based on different tariffs announced by utility companies.
Economy 7 and Economy 10 are differential tariffs available in the market. In
Economy 7 tariff, energy consumers get a lower price between 0:00 AM –

7:00 AM, and in Economy 10 tariff energy consumers get a lower price between
8 PM – 8 AM. In CPP tariff energy consumers noticed for higher energy rates for
selected hours/days.

The price changing event is a reasonable operator that encourage consumers to
shift the EV charging process. It is difficult for the utility to make a tradeoff between
the shift able loads and the incentive cost that should be paid to the customer in
exchange for this behavior.

Performance of EV in price-based DR programs
In order to analyze the performance of EV in price-based DR programs, the price
changing event and the motivation of EV owners to change their charging behavior
should be considered.

TOU
First of all, the time of use tariff is presented, and its assumptions and constraint are
formulated. In this way, by considering the evening as off-peak hours, Ts and Te as
the beginning and the end time of this period, respectively; the maximum amount of
charging can be formulated as follow:
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E ¼ PEV : Te � Tsð Þ:η ð14:7Þ

where E is the maximum amount of charging in the evening, PEV and η are the
charging power provided by the utility and charging efficiency, respectively. The
minimum SOC of EV at Ts should be as follow to guaranty that vehicle battery is
charged up to the expected level at the departure time.

SOCmin ¼ 1� PEV : Te � Tsð Þ:η
EEV

ð14:8Þ

where SOCmin is the minimum SOC of EV at Ts and EEV is the battery capacity of
EV. Actually, in order to postpone the charging process, the SOC of EV should be
more than SOCmin. Otherwise, the charging process should be started before Ts to
guaranty that vehicle battery fully charged before the departure time. In this way, the
appropriate time to start charging can be achieved as below:

Ts ¼ Te �
EEV : 1� SOC Tcurrentð Þ

� �
PEV :η

ð14:9Þ

where SOC (Tcurrent) is the current SOC of the vehicle battery.
In the case of discharging, the process could be started if SOC(Tcurrent) > SOCmin.

If it is so, the economic aspect of the discharging process can be formulated as
follow:

Csale ¼ Ccurrent:ηcha:ηdis ð14:10Þ

where Ccurrent and ηdis are the electricity price at the current time and discharging
efficiency, respectively. Moreover, Csale is the sale price in the case of discharging
by considering EV efficiency.

Actually, the discharging process of EV should be started whenever the utility
couldn’t supply a large amount of demand.

According to the above, the discharge is implemented by considering the follow-
ing constraints:

Ceqsale > Caverage

Ptotal > Pmax

�
ð14:11Þ

where Ptotal and Pmax are the actual power demand and expected power demand by
the utility, respectively.

The discharge operation following the procedures in the Fig. 14.3.
The above-mentioned formulations are available for TOU and RTP events as

well [29].
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CPP
In this part, critical peak pricing tariff is presented, and its assumptions and con-
straint are formulated.

The pricing of CPP by considering assumptions and constraint can be formulated
as below:

min
XM

m¼0
PC
tþm � PW

tþm

� �þXMþN

n¼m
PW
tþn � ΔQtþn

h i
ð14:12Þ

ΔQtþm ¼ QEV
tþm � PC

tþm

∂tþm
ð14:13Þ

XM

m¼0
ΔQtþm ¼

XMþN

n¼m
ΔQtþn ð14:14Þ

ΔQtþnPM
m¼0ΔQtþm

� θ ð14:15Þ

PC
tþm � 0 ð14:16Þ

∂tþm � PC
tþm ð14:17Þ

The objective function in this tariff could be modeled as Eq. (14.12), where PC
tþm

refers to the price in the critical peak situation at time t + m in which m illustrate the
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Fig. 14.3 Flowchart of
discharging process of EV
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length of CPP event, PW
tþm and PW

tþn refer to the price of the wholesale market at time
t + m and t + n, respectively. ΔQt + m refers to the amount of EV energy that could be
shifted to the other time and ΔQt + n refers to the amount of energy that could be
shifted to the t + n time period.

For this objective function, some constraints should be considered that described
in Eqs. (14.13), (14.14), (14.15), (14.16), and (14.17). These constraints illustrate the
connection between the price of CPP tariff and the amount of participation of EV
owners in CPP events [30].

RTP
In RTP tariff, every EV computes its willingness to defer charging through a
reservation price based on the remaining charge needed and the customer’s desire
to reach full charge and offers this price to the market operator. If the price is above
an EV buy price, it will forgo charging for the next period. If the price is above an EV
sell price, it will discharge energy back to the feeder during the next period.

The EV buy price is determined as:

PB ¼ PM þ PDK
ΔtR
ΔtA

ð14:18Þ

where PM and PD are the mean and standard deviation of the expected electricity
price over a time interval between the real-time and departure time. K is the
consumer comfort control setting, which enables the consumer to control its
charge/discharge behavior. The required time to fully charge is:

ΔtR ¼ 1� SOCð Þ β
ρ

ð14:19Þ

where SOC is the battery state of charge, β is the battery capacity in kWh, and ρ is the
charging rate in kW. The available time until the departure is:

ΔtA ¼ tdep � τ ð14:20Þ

where tdep is the departure time, and τ is the real-time.

Electric vehicles can also potentially discharge electricity to the power grid in
super peak times. Similar to the charge bidding strategy, every car can compute its
willingness to sell electricity to the grid based on the potential opportunity price of
recharging later. In the vehicle-to-grid case, an extra component is added to take the
battery degradation account. The EV sell price is:

PS ¼ PO

η2γ
þ PC ð14:21Þ
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where η is the round trip efficiency and γ accounts for battery aging. The cycling
cost, PC, accounts for the additional degradation costs of using V2G, which for
SOC < 80% are estimated based on experimental data as:

PC ¼ 0:001 k

SOC þ 0:4ð Þ2 ð14:22Þ

where k is battery capital cost in $/kWh; if SOC > 80% the cycle cost is zero. PO is
opportunity cost for discharging during the next time increment δt [31]:

PO ¼ PM þ PD k
ΔtR þ δt
ΔtA � δt

ð14:23Þ

EV in incentive-based DR tariff
Direct load control, curtailable load, and demand-side bidding are kinds of the
incentive-based tariff. Among these three types of the tariff, DLC is more popular
between customers. In the case of peak load and increase in wholesale market price,
the utility companies have permission to control the specific load remotely by the
preset preference of customers. Actually, in this way, customers convinced to allow
the utilities to change their devices time of use or interrupt them [30].

Performance of EV in incentive-based DR programs
As mentioned before, DLC as a kind of incentive-based program has a basis of
implementation of EVs. When peak load anticipated, the operator looking for
interruptible loads and EVs as a flexible load can participate in DLC program.

For participation of EVs in DLC tariff some assumption should be considered that
summarized as follow:

• It is assumed that all the EVs are plug-in in the case of DLC event are participated
in DLC program

• All the EVs by more than 1-hour charging duration, which connected to the grid
1-hour before DLC events, are suitable for DLC program.

• All the EVs by more than 2-hour charging duration, which connected to the grid
2-hour before DLC events, are suitable for DLC program.

• All the EVs which connected to the gird 3-hour before DLC events are considered
as uninterruptable loads [30].

14.4 Optimization

Optimization in the presence of EV investigated in the form of two subjects as
follow:

1. Optimization of a smart distribution company in the presence of EV
2. Optimization of parking lots
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Each of the items has its objective function, uncertainties, and constraints that
explained in following.

There are many optimization algorithms which are used in different papers such
as genetic [16], ARIMA [19], MILP [25, 34], etc. in following optimization process
presented in Sect. 14.4, MILP optimization algorithm is utilized.

To solving the optimization problem, the first step is defining the decision
variable and input parameters. Based on the [16, 19, 25, 34], the primary decision
variables in this phase are the number of EVs present in PLs, charging/discharging
schedule, and types of DR programs. Furthermore, the input parameters are mostly
SOC, arrival time, and departure time of EVs uncertainties, which expressed in
Eqs. (14.24), (14.25), and (14.26), market uncertainties Eqs. (14.35) and (14.36),
PV, and Wind generation uncertainties.

In the next step, objective function and its items are calculated, which illustrated
in Eqs. (14.27) and (14.37).

For the final step, after checking the constraints of optimization problem
Eqs. (14.28), (14.29), (14.30), (14.31), (14.32), (14.33), and (14.34), conversion
investigated, and in this way, the optimization problem could be solved. The
flowchart of solving the optimization problem is presented in Fig. 14.4.

Decision Variables and input 
parameters definition 

Yes

No

Calculate the Objective 
Function

Check the Constraints of 
Optimization Problem

Converged

End

StartFig. 14.4 The Flowchart of
solving optimization
problems
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14.4.1 Optimization of Smart Distribution System in Presence
of EV

To benefit the advantage of EVs operation in smart distribution systems (SDSs), they
considered as controllable loads. In this situation, by postponing the charging
process to off-peak instead of peak load period, the efficiency of smart distribution
systems will be improved. Actually, in this strategy, they consider a priority for
loads, and the one with less preference will be connected in off-peak hours. One of
the most important benefits of this charging mode is peak shaving that can be
occurred by implementing demand response problems in SDSs operation. By
increasing the penetration of EVs, the management and operation of the SDSs
become more critical. On the other hand, uncertainties of EVs and other elements
in SDSs such as renewable energy sources made it more complicated and should be
considered. Thus, optimal operation of SDSs by considering uncertainties and
constraint become an essential issue.

Both utility and EV aggregators try to reduce their cost. In the case of utility
companies, the operational cost will be reduced by the optimal operation of conven-
tional generation and renewable resources. Besides, in the case of EVs aggregators,
this goal will be ascertained by the optimal charging of EVs based on DRPs [26].

Uncertainties
Each part of the system based on their generation and operation have uncertainties.
In this section, the possibilities of EVs and RER generation are explained.

DGs Uncertainties
According to the topology of the system shown in Fig. 14.5, DGs are consist of PVs
andWind power. Each of them has uncertainty due to the generation that depends on

Wind power PV unit Intelligent PL Customers

Upstream Grid

Fig. 14.5 Topology of the system [17]
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solar irradiance and wind speed, respectively. In order to model the impact of
uncertainties for these DGs, there are some standard probability distribution func-
tions (PDF) that can be used for each of them. These functions are summarized as
follow:

For wind power:

• Weibull PDF
• Rayleigh PDF
• Rice
• Lognormal

For PV:

• Weibull PDF
• Lognormal
• Beta PDF

Each of these PDFs has its characteristic and be chosen based on the specific
situation to approximate the nearest function to the real operation. Among the PDFs
mentioned above, Weibull PDF for wind power and Beta PDF for PVs are the most
common.

EVs uncertainty
As well as DGs, EVs have uncertainty due to some non-fixed items which are
summarized as follow:

• Type of EV from battery capacity and rate of charge point of view
• Routine traveling pattern from time of plug in and timespan of charging possi-

bility point of view
• State of charge of the battery at first and expected SOC when disconnected
• The schedule of charging/discharging process

There are some PDFs to estimate the timespan of charging possibility in PLs. One
solution to considering these uncertainties is Monte Carlo Simulation (MCS) which
presented in [32]. In the case of multi-variables functions that each of these random
variables has their PDFs, MCS used to obtain the PDF of this function. In this
method, the PDF of the function is estimated as a normal PDF with specific mean
and standard deviation. Presence possibility of EVs in PL i, in demand level of h and
each MCS, is estimated in Eq. (14.24):

MEV
i,h ¼ μEVi,h þ 0:1� μEVi,h � λEVi,h ð14:24Þ

where MEV
i,h is presence possibility of EVs in PL i, in demand level of h, μEVi,h is

forecasted mean value of presence possibility of EVs in PL i, in demand level of
h and λEVi,h is a random variable of EVs in PL i, in demand level of h.

In [16] to model the SOC uncertainty, the scenario-based approach is presented.
The distribution curve related to the scenario-based method is divided into several
areas and each area associated with the specific scenario. In this way, two central
values should be obtained from this distribution curve:
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1. Each scenario probability
2. Input variable average value

By considering five areas for initial SOC and three areas for charging/discharging
rates in the distribution curve and the scenario-based approach, the initial SOC and
charging/discharging rates can be calculated. The initial SOC and charging/
discharging rates illustrated in Figs.14.6 and 14.7, respectively.

To model the uncertainty of the charging/discharging process which is dependent
on the SOC, we have:

tcharge ¼ SOCmax � SOCð Þ � EEV

PEV

tdischarge ¼ SOC � SOCminð Þ � EEV

PEV

ð14:25Þ

where PEV is charging power provided by the utility, EEV is the battery capacity of
EV, SOCmax and SOCmin are maximum and minimum SOC, respectively.

In this way, the expected power of PL i in demand level of h and each MCS
obtained through Eq. (14.26):
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PPL
i,h ¼

X
s¼1

X
j¼1

CPi � PEV �MEV
i,h � SOC ð14:26Þ

where CPi is the capacity of parking station i and SOC is the initial state of charge of
EV j in the scenario s.

Objective function
In smart distribution system consist of EVs, renewable energy resources (RERs),
parking lots, and customers, to manage peak load periods, all capabilities of the
component should be considered. RERs generation is one of the options that smart
distribution owners can count on them in peak periods to reduce the energy bought
from the wholesale electricity market. Customers, by participating in demand
response programs, can manage their consumption and shift their controllable
loads to off-peak periods. Besides this, intelligent PLs by scheduling charging and
discharging of EVs can play an important role in peak load periods. In this situation,
SDS should consider incentives for customers and EVs participating in DRP and
costs for EVs battery degradation in the recharging process as well.

Max OF ¼ Revenue1 þ Revenue2 � Cost3 � Cost4 � Cost5 � Cost6 ð14:27Þ

where:

Revenue1: This part related to the revenue earned in exchange for charging EVs
Revenue2: This part related to the revenue earned in exchange for customers

consumptions
Cost1: This part related to the cost paid for buying extra energy from the wholesale

electricity market
Cost2: This part related to the cost paid to EV owners in the mode of V2G
Cost3: This part related to the cost paid to EV owners in exchange for battery

degradation
Cost4: This part related to the cost spent on DRP implementation

Constraints
For the above objective function, some constraints should be considered that
explained as bellow:

1. PV and wind power generation: as mentioned before, the amount of generation of
PV and wind power depended on solar irradiance and wind speed, respectively.
Therefore their generation is bounded by this issue.

2. Permitted voltage limitation: in optimal power flow, voltage drop, and overvolt-
age of all buses should be in permitted limitation.

3. Permitted line capacity: loading of each line should be under the nominal line
capacity and don’t be overloaded.

4. Power generation and consumption balance: equilibrium should be existing
between the power generated and the power consumed, and they should be equal.
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5. Constraints of DR implementation: by implementing DR programs, controllable
load during peak hours shift to another time. It should be considered that on
off-peak hours, another peak load not occurred.

6. Constraints of EVs: As indicated in Eq. (14.28), the charging and discharging
process cannot be implemented at the same time (Xch

n,t,s and Xdch
n,t,s are binary

variables show the status of charge and discharge, respectively). According to
Eq. (14.29), the total SOC of the EVs (SOCn, t, s) is limited to the minimum and
maximum SOC (SOCmin

n,t,s, SOC
max
n,t,s). Also, according to Eqs. (14.30) and (14.31),

the EVs hourly SOC is related to some factors like the SOC remains from the
previous hour (SOCn, t � 1, s), the amount of power exchanged with the SDS and
the PLs (Pch

n,t,s,P
dch
n,t,s), the charge/discharge efficiency (ηch, ηdch), and the EVs

initial SOC (SOCarv
n,t,s). The amount of EVs power buy/sell from/to the PLs ((Pch

n,t,sÞ
and Pdch

n,t,s

� �
), are limited to their maximum value (see Eqs. (14.32) and (14.33)),

respectively. Finally, according to Eq. (14.34), the charging and discharging
procedure should be managed in such a way that the SOC reached the expected
level.

Xch
n,t,s þ Xdch

n,t,s � 1 8n, t, s ð14:28Þ
SOCmin

n,t,s � SOCn,t,s � SOCmax
n,t,s 8n, t, s ð14:29Þ

SOCn,t,s ¼ SOCn,t�1,s þ Pch
n,t,s � Δt � ηch

� �� Pdch
n,t,s � Δt
ηdch

 !
8n,

> tarv, s ð14:30Þ

SOCn,t,s ¼ SOCarv
n,t,s þ Pch

n,t,s � Δt � ηch
� �� Pdch

n,t,s � Δt
ηdch

 !
8n, t > tarv, s ð14:31Þ

0 � Pch
n,t,s � Xch

n,t,s � Rch
n 8n, t, s ð14:32Þ

0 � Pdch
n,t,s � Xdch

n,t,s � Rdch
n 8n, t, s ð14:33Þ

SOCn,t,s ¼ SOCdep
n,t,s 8n, tdep, s ð14:34Þ

The process of solving the problem
For solving this kind of problem, stochastic programming is usually used. Actually,
for problems with various uncertainties this kind of programming recommended
since Uncertainties, are considered as random variables which expressed in the
collection of scenarios. As mentioned before, to considering these uncertainties,
there are some PDFs which truncated Gaussian distribution, beta and Weibull are the
most common. In Fig. 14.8. The flowchart shows the process of solving the problem.
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According to Sadati et al. [34], integration of smart charging/discharging of EVs
and implementation of DR programs have different results based on the kind of
DRPs. In this way, results show that PBDR programs have better performance, and
among PBDR programs, CPP programs give more profit to SDSs.

On the other hand, the best case for SDSs in terms of profit is the participation of
customers in DRP and smart charging and discharging of EV. In this way, by
discharging of EVs in peak hours, SDSs buy less power from the wholesale
electricity market and sell more power to EVs.

This type of integration gives profit to SDSs, moreover, can reduce losses and
have peak shaving affects.

14.4.2 Optimization of Parking Lots

In this part, EV parking lot optimization is investigated in which PL participate in
DRPs. Based on the operating schedule and by considering the DR capability of
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Fig. 14.8 The flowchart shows the process of program solving
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EVs, the PLs decided when to charge and discharge the EVs. By considering the
battery capacity of the EVs, expected SOC of EV at the departure time and the period
of EVs attend in PLs, the charging process managed by PL operators. The main
purpose of PL operators is to gain more profit by the integration of EVs in DRPs, and
the revenue resulted from customers. PLs participate in the energy market, more-
over, based on the type of DRP participate in reserve market as well, so that, by
considering the cost of buying energy from wholesale market and the revenue of
selling energy back to the wholesale market due to the V2G capability of EVs,
maximum profit achieved for PL operators.

Uncertainties
In this section, the uncertainties of EVs operation and the related market factors are
explained.

EV uncertainty
In order to model the possibilities of EVs behavior, truncated Gaussian distribution
and normal PDF is widely employed for arrival, and departure times and the SOC at
arrival time.

In order to generate the scenarios of EVs, the behavior of each EV, and the
amount of energy stored in it should be modeled and formulated. The capacity of
each EV depends on the EV battery class.

One of the items in EVs uncertainties is the type of EVs due to its battery
capacity, which can be modeled by using probability distribution.

The details about the modeling of EVs behavior uncertainties are presented in
Sect. 14.4.1.

Electricity market uncertainty
The parking lots can be cooperated in the energy and reserve markets, to maximize
the profits. This cooperation requires accurate and reliable information about the
clearance level in the energy market and the activated spinning reserve in the reserve
market.

Since, the energy market is a dynamic procedure, and prediction of the player’s
behavior and contingencies are so difficult. Therefore, these uncertainties are
modeled probabilistically by PDFs like uniform distribution, Beta distribution,
normal distribution, etc.

In [35] through the scenario-based approach, the price electricity bought from the
grid in demand level of h, year t, and MCS is formulated in Eq. (14.35):

ρt,h ¼ ρs � PLFe
t,h ð14:35Þ

where ρs is the base price in scenario s and PLFe
t,h is the price level factor in demand

level of h, year t, and MCS. By considering normal PDF for price level factor, it can
be calculated as following in Eq. (14.36):
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PLFe
t,h ¼ μρt,h þ σρt,h � λρt,h ð14:36Þ

where μρt,h and σρt,h are the forecasted value of the price level factor and standard
deviation in demand level h and year t, respectively. λρt,h is a random variable for
electricity price, in demand level of h, year t, and MCS.

Objective function
The objective function is to maximize the parking lots profit, and as well as Sect.
14.4.2, to solve this problem, stochastic programming is used, and the objective
function is formulated in Eq. (14.37).

Max OF ¼
X

i2DRPs
αi

Revenue1 þ Revenue2 þ Revenue3þ
Revenue4 þ Revenue5 � Cost1�
Cost2 � Cost3 � Cost4

0
BB@

1
CCAþ

αi Revenue6 � Cost5 � Cost6 � Cost7ð Þ

ð14:37Þ

where:
Revenue1: The revenue of selling energy to the wholesale
Revenue2: The revenue of participating EVs in the reserve market
Revenue3: The revenue resulted from EV owners in exchange to charge of EVs
Revenue4: The revenue received from the use of parking tariff
Revenue5: The revenue of participating in IBDR programs
Revenue6: The revenue resulted from supplying the amount of reserve
Cost1: The cost regarding the EV owners share due to the participating in DRPs in

the energy market
Cost2: The cost of buying power from the wholesale market
Cost3: The cost of battery degradation in the energy market
Cost4: The cost of participating in IBDR programs in case of penalty
Cost5: The cost of battery degradation in the reserve market
Cost6: The cost of lack of supply the offered reserve
Cost7: The cost regarding the EV owners share due to the participating in DRPs in

reserve market
αi: The participation level of the EV parking lot in each DRP

According to Shafe-khah et al. [25], the participation of PLs as an effective load
in the main system in DR programs have different results based on the kind of DRPs.
In this way, results show that PBDR programs have better performance, and among
PBDR programs, TOU programs give more profit to PLs.

This type of integration gives profit to PLs, moreover, as PLs can supply spinning
reserve of system, power system benefits too.

Optimal charging scheduling
Besides the cases studied above, one of the most important issue in the operation of
parking lots are optimal charging scheduling of EVs. Although the number of
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parking lots and their poles cover numerous EVs, not all the EVs could be charged at
the same time. EVs that connected to the pole in this scale assumed as an effective
demand; therefore, the limitation of the distribution system in supplying them should
be considered.

In this way, the importance of charging schedule is determined. In spite of the
limitation of the distribution system, EVs connected to the poles should be charged
to the expected level. To achieve this goal, PL owners should manage to charge by
optimal charging schedule.

As mentioned before, based on the type of EV, the battery capacity is different.
Besides this, the time that EV owners park their cars and in consequence, the time
that they leave the PLs are different. By considering these differences, PL operators,
prioritize all EVs present in PLs to achieve the two main goals. The goals are EV
owner’s satisfaction and observing the limitation of the system.

In addition to the items discussed above, one more thing that could be concerned
is the electricity bill. By participation of PLs in DRPs and considering the charging
schedule for EVs, electricity bill could be minimized. The charging of EVs could be
managed and based on the priority, shifted to the other time, which is one of the most
important factors for participation in DRPs. Charging management system (CMS) as
a center of communication can manage the connection of parking lots and utility. As
shown in Fig. 14.9 to achieve the goals, an infrastructure in which two-way
communication established between parking lots, the CMS and database is needed.
In this way, the utility sends the DRPs, and PLs send load profile to the CMS. The
utility observes the operation of parking lots in DRPs based on the received load
profile.

Intelligent PL

UTILITY

Charging Management 
System (CMS)

Internet

Database

Fig. 14.9 Communication way of PLs in DR event and utility [36]
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By considering the DRPs defined by utility and number of connected EVs in PLs
and their priority, the CMS manages the charging schedule.

By considering many numbers of EVs in PLs and limitation of time caused by
DRP, on the other hand, the best way to charge more EVs in minimum time is by
charging with maximum power. The CMS monitors the charging poles and based on
the priority decide which EV should be charged in this way.

In the case of the day-ahead market, utility request the DRP and PL owners bid,
both through the CMS and based on internet communication. In this way and by
considering DRP, the demand reduction schedule presented by parking lot owners.

According to Leether Yao et al. [36], all the EVs in parking lots cannot be charged
at the same time. PLs assumed as a large load, and the limitation of the distribution
system should be considered. On the other hand, PL owners can manage the
charging process and based on the battery capacity of the EVs, and expected SOC
at the departure time, shift charging to the other time. Based on this capability of
PLs, they can participate in DRPs. DSB is one of the DR programs in which PL
operators can bid on load reductions in a day-ahead market. If their bid is cleared,
they are obliged to change load accordingly and in this way reduce electricity bill.

CMS as a connector, make communication between utility and PLs. Due to the
large number of EV that should be charged and distribution system capacity limita-
tion, CMS manages the charging pole. In this way, it connects the EVs based on the
priority and constraints of demand based on the DR events. In order to charge more
number of EVs, the maximum charging power method use to charge EVs in
minimum time.

The main object of the system, charging a maximum number of the EVs and
minimum electricity bill, could be achieved in this way.

14.5 Conclusion

In this chapter, the integration of EVs in demand response programs has been
studied. By increasing environmental concerns, the idea of finding an alternative
option for transportation systems receives special attentions. As a result, the electric
vehicles were chosen because of their advantages for the utility, EV owners and PL
operators. Furthermore, implementation of demand response programs due to their
advantages such as reducing network losses, increasing reliability of the power
system, and reducing the electricity generation costs, becomes widespread.

On the other hand, charging EVs without considering its impacts on the power
system, causes higher peak demands. DR programs which focusing on discharging
during peak hours and start charging just after peak hours, effectively help peak
shaving and valley filling. Using the DR capability of the EVs by managing the
charging process in both V2G and G2V modes is an effective way to reduce the
operational costs of the system and satisfying the electricity demand. In vehicle to
grid operation, it should be considered that this process causes battery degradation
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and to overcome this issue, advanced battery technology could be a reasonable
candidate.

By increasing the number of EVs, establishing parking lots in a smart microgrid
(SMG) is inevitable. The main factor in PLs is a large number of flexible loads that
can be participated in demand response programs. All the EVs should be charged in
a suitable time, and all the curtailments caused by DRPs should be satisfied. To
evaluate the operation of PL, three types of PL based on the main occupied time
considered: residential, commercial, and industrial parking lots.

Due to the increase of EVs penetration and limitation of residential given
demand, consumers’ satisfaction becomes an important issue. Implementation of
demand response programs in residential level can be performed in two layers: the
neighbourhood area network (NAN) and the home area network (HAN). The main
purpose of DR implementation in a residential area is to supply EVs charging
demand so that the satisfaction level of the consumer does not disturb. In NAN
strategy, the houses which their consumption is more than the maximum demand of
the household section, are included in demand limitation. In HAN strategy, shift able
loads are controlled by HAN based on their determined maximum demand.

The main purpose of DR implementation is to change the customer’s behavior
based on the price changes. These price changes could be as a result of price-based
DRPs, their tariffs or incentive-based DRPs, and their incentive or penalties which
are applied to customers.

To achieve maximum profit through the integration of EVs in DRPs, optimization
of the smart distribution system and PLs usually are studied. In the case of the smart
distribution system in the presence of EVs, the operational cost will be reduced by
the optimal operation of conventional generation and renewable resources. In the
case of EVs aggregators, this goal will be ascertained by the optimal charging of EVs
based on DRPs. Thus, optimal operation of SDSs by considering uncertainties and
constraints becomes an essential issue. In order to solve the objective function, DGs
uncertainties, EVs uncertainties, and constraints related to the voltage limitations,
power balance and etc. should be considered. As results show, PBDR programs have
a better performance, and among PBDR programs, CPP programs give more profit to
SDSs. Actually, by participating of customers in DRPs and smart charging and
discharging of EVs, SDSs achieve the most benefit. In this way, by discharging of
EVs in peak hours, SDSs buy less power from the wholesale electricity market and
sell more power to EVs.

In the case of PLs, The main purpose of PL operators is to gain more profit by the
integration of EVs in DRPs, and the revenue resulted from customers. As results
show, PBDR programs have a better performance, and among PBDR programs,
TOU programs give more profit to PLs. Although the number of parking lots and
their poles cover numerous EVs, not all the EVs could be charged at the same time.
All the EVs connected to the poles should be charged to the expected level in spite of
the limitation of the distribution system so that PL owners should manage to charge
by optimal charging schedule. Charging management system (CMS) as a center of
communication can manage the connection of parking lots and utility. By
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considering the DRPs defined by utility and number of connected EVs in PLs and
their priority, the CMS manages the charging schedule.

As the knowledge of authors, utilizing EVs and cooperation of DRPs are in a
transient phase from research to implementation. In this situation, providing confi-
dent electrical and communication infrastructure for the integration of EVs in DRPs
is necessary. Based on the studies, EV modeling, operational constraints, optimiza-
tion algorithm, PDFs and uncertainties modeling, and optimization problem solving
have been the primary concerns.

In this situation, considering below items can show the road map in this field:

1. In most of the studies, uncertainty modeling is considered for PLs. However,
more often, EVs have been parked in the city, not the PLs. On the other hand,
individual behavior uncertainties are different, and using a single PDF for all the
EV owners cause losing some of the EV owner’s behaviors. Therefore, using a
number of PDFs for modeling the EV owner’s behavior to model PDF interac-
tions is suggested.

2. Most of the customers do not participate in the spot market and ancillary services
individually, which cause a reduction in the participation of EVs in DRPs.
Therefore, investigating the effects of financial incentives for EVs participation
in DRPs seems necessary.

3. Study the impacts of different types of DRPs in the amount of EVs participation
can be the other issue.
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Chapter 15
Optimal Charge Scheduling of Electric
Vehicles in Smart Homes

Arezoo Hasankhani and Seyed Mehdi Hakimi

15.1 Introduction

The electric vehicles (EVs) are developing in the today network, which has
significant effect on the network demand. Defining suitable energy management
system and demand response method is an inevitable issue in today networks. In the
first step, present demand response considerations in the presence of electric vehicles
should be addressed. It is additional important to review the EVs models and its
behavior in different studies. Charging management of EVs has been done consid-
ering different objectives in objective functions including cost minimization, power
loss minimization, frequency regulation, contamination minimization, flattening the
demand and etc.

In [1], the demand response program have been developed considering the
presence of residential EVs, and its effect on electricity market have been studied.
The charging and discharging of EVs can have important role in real-time
market and can diminish the diverse effect of intermittent resources by suitable
demand response programs. In [2], the real-time pricing based demand response
method has been proposed for the smart grid including EVs and photovoltaic
units, which consider forecasting price and developing a dynamic price vector.
The demand response program has been proposed for charging EVs, which has
been solved by binary optimization problem [3]. The energy transaction through
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neighbor smart homes for charging EVs has been considered as a solution for
efficient demand response in [4].

In [5], the EVs’ charging stations have been considered as smart loads, which
have been forecasted by neural network in demand response programs. In [6], the
potential of EVs participation in demand response programs in United kingdom has
been investigated, and different EVs’ manufactures have been interviewed. The
stochastic behavior of EVs as a load has been modelled by probabilistic modelling
of EVs, and its behavior in demand response programs has been studied in [7].

The EVs model has been addressed in different studies. In [8], the charging
demand of EVs has been modelled by an integrated dynamic method, which has also
been tested in different case studies. Modelling the demand of EVs based on
different criteria including driver behavior, location of charging station and electric-
ity pricing has been done in [9]. In [10], the charging demand of EVs has been
modelled in different locations and purposes. The charging demand of EVs has been
studied in New Zealand base on high penetration of EVs [11]. The EVs variable
demand has been supplied by wind-powered stations in [12]. In this study, the
intermittent behavior of wind turbines has been forecasted by autoregressive inte-
grated moving average method, so the accessible power for supplying EVs has been
determined.

Modelling the behavior of EVs has been addressed in different studies. In [13],
the stochastic behavior of EVs and its demand has been investigated. The EVs
demand has been forecasted considering real-data traffic data [14]. The EVs demand
has been predicted by mixed generalized extreme value model [15]. In [16], the EVs’
demand has been forecasted considering the behavior of consumers. The transport
and trip behavior of EVs have been studied in [17]. The EVs’ travelling behavior has
been forecasted by a novel artificial neural network, which improve the accuracy of
forecasting by 10% [18]. In [19], the location of charging stations has been identified
by studying the behavior of EVs and applying hybrid heuristic algorithm. In another
study [20], the demand of EVs has been forecasted and controlled by using it as
a storage unit. In [21], the day-ahead demand of EV has been forecasted at business
level.

Charging management of EVs have been done by different objectives. The
integration of EVs in the UK network has been investigated considering heating
systems in order to maximize system profit and minimize carbon dioxide emission
[22]. In [23], the produced power of photovoltaic units has been forecasted in order
to charge EVs in the workplace, and the main objective in this problem is
minimizing the charging cost. In [24], the controlled charging of EVs has been
done in order to flatten the demand profile and reach the acceptable level of charge
in charging timeout. In [25], the coordination between home energy management
system and grid energy management system has been studied in order to address
the EV considering photovoltaic unit, which has been tested by Japanese distribu-
tion system data. In another study [26], the effect of EV on grid by EV to grid view
has been studied, which has been applied in two different energy management
method.
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In [27], the charging of EV has been controlled in order to regulate frequency.
The stochastic optimization has been applied in order to increase the application of
photovoltaic units and minimize the charging cost in [28]. In [29], the optimization
problem in charging EVs has been defined by two objectives of cost and waiting
time minimization. The decentralized charging plan, in which the consumer can
decide locally about their charging plan, has been proposed in [30] based on
augmented Lagrangian method. In another view, the distributed controlled charging
has been applied in order to minimize the power loss [31]. The decentralized
controlled charging of EVs has been addressed considering three different socio-
technical issues including reliability, discomfort and fairness [32].

The demand response subject and its relation with EVs will be discussed in Sect.
15.2. In addition, the EV model will be presented in Sect. 15.3. Demand in smart
home in the normal condition will be addressed in Sect. 15.4. The charging man-
agement method will be proposed in Sect. 15.5. The comparison between
uncontrolled and controlled charging will be done in Sect. 15.6. Finally, the con-
clusion remarks will be presented and summarized in Sect. 15.7.

15.2 Demand Response

As defined by the US Department of Energy, demand response is the making the
ability for industrial, commercial and residential customers to improve the pattern of
electric energy consumption in order to achieve reasonable prices and improve
network reliability. In other words, demand response can change the shape of the
electric energy consumption in such a way that the peak of the system is reduced and
expenses are transferred to off-peak hours. Figure 15.1 shows the effect of load
response program on customer consumption curve.

Demand response programs are split into two main branches and several sub-
classes, which is shown in Fig. 15.2 [33].

According to the application of each demand response programs, they can be
applied in different timescales (Fig. 15.3). For example, direct load control is directly
applied for consumers. Whenever the network needs load decrease, the consumers
reduce their load which should be done in the 1-h period. However, ancillary
programs should be managed monthly in order to be efficient.

The presence of the customer in the market and using demand response programs
will lead to more competitive markets and ultimately reduce the price of electricity
on the market. On the other hand, using these resources will increase the reliability of
the system. Advantages of presence of customers in the market can be divided into
three major groups [34]:

• Customer benefits

These benefits include economic benefits such as not purchasing electricity in
expensive times and buying at cheap prices, which is due to participating in demand
response programs for participating loads.
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• Network benefits

Network benefits can be categorized into several general groups: short-term
effects on the market, long-term effects on the market, savings in investment and
operating costs and improving system reliability.

• Additional benefits

Additional benefits that result from the implementation of demand response
programs include increasing the strength of retailers and the retail market, providing
new tools for customer management, improving market operations, and market
competitiveness and proper supply and demand interaction. The market also has
an effective relationship between the retail and wholesale markets and the isolation
of subscribers and retailers as well as the environmental benefits of reducing the
generation of fossil generators, and the other benefits that customers have on the
market.

15.2.1 Demand Response Effects on the Network

The results of the survey conducted by the Federal Energy Regulatory Committee of
the United States from regional electricity companies show that the implementation
of demand response programs puts the following effects on the power system [33]:

• Impact on reducing the costs of electricity companies (55%)
• Effect on improving network reliability (52%)
• Effect on the reduction of subscriber bill (36%)
• Impact on reducing network black-out (28%)
• Effect on increasing electricity sales (22%)
• Effect on reducing environmental pollution (18%)
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Fig. 15.3 Application timescale of demand response programs [33]
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The high presence of subscribers in the market and the use of demand response
programs and optimizing the use of electrical energy improve the competitive
market. On the other hand, the implementation of demand response programs has
important implications for reducing electricity prices in the electricity markets, and
also improves the reliability of the network to the optimum level.

A properly designed network considering the importance of demand response
programs must have at least the following features in order to meet requirements of
resources in the side of consumers and network side:

• Proper access of all customers to the network
• Establishing a reliable network
• Maximizing economic benefits
• Reducing costs

Demand response resources can be provided to the system operator as a virtual
resource. Capacity created by demand response, in addition to increasing system
reliability, can also be used as a replacement for supplying power at peak times. In
addition, demand response resources in terms of technical characteristics are also
superior to traditional ones, such as the absence of pollution and pollution, low
running costs and a very high rate of increase or decrease in load.

There are some constraints for utilization of conventional generators, such as the
minimum start-up time, the minimum shut-down time, and the minimum load. Other
constraints exist on the use of demand response programs:

• The number of times a load can be interrupted within a specified period
• Maximum operating time
• Accuracy in response

15.3 Electric Vehicles

In general, electric vehicles are divided into three categories:

• Electric Vehicle (EV)
• Hybrid Electric Vehicle (HEV)
• Plug-in Hybrid Electric Vehicles (PHEV)

Electric Vehicles
These vehicles have an electric motor with batteries for electric power supply, and
the energy of the batteries is used as a driving force for the electric motor and for the
supply of energy for other equipment. The batteries can be charged by connecting to
the power grid and the braking energy of the vehicle, and even from non-network
electrical sources such as solar cells.

The main advantages of these cars are:

• Absolutely free of greenhouse gas emissions.
• Generating very low noise.
• The efficiency is much higher than the internal combustion engines.
• The price of their electric motors is low.
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The main disadvantage of these cars is the full dependence on the battery (whose
technology still does not have the same capacity and energy density as fossil fuels).

Hybrid Electric Vehicle (HEV)
These vehicles have a fuel engine and an electric motor with sufficient battery life
(1–3 kWh) with energy saving power from the engine and the car’s brakes. Batteries
come at a time when they need help with the vehicle to produce auxiliary power, or
at the low speeds, by turning off the fuel engine, to provide the vehicle’s driving
force.

Over the past decade, about 1.5 million hybrid EVs have been sold. In developed
countries such as the United States, about 3% of existing cars are hybrid.

The disadvantages of these cars are:

• Failure to charge batteries from the power grid.
• Dependence on the fossil fuel consuming engine (inability to drive a car only with

an electric motor).

Plug-in Hybrid Electric Vehicles (PHEV)
These cars are designed to eliminate the disadvantages of hybrid electric vehicles,
and they can be charged from the network and hence require more batteries than
HEV are. In these cars, there is a complete fossil fuel engine system.

PHEVs have more batteries than HEVs (about 5 times more than HEVs).
The main difference between the batteries of these two types of EVs is that
PHEV batteries should be capable of rapid discharging and fast charging, while
HEV batteries operate in almost complete charge, and their discharge is
rarely done.

The cost of the PHEV batteries is between 1.3 and 1.5 times the cost of EV
batteries. However, because of the lower battery life, the total cost of batteries in
PHEVs is less than EV.

For these cars, the following points can be mentioned:

• With massive battery production, it costs $ 750 per kilowatt hour, which for a
mid-range car (40 km with a battery of 8 kWh), the total cost of batteries will be
about $ 6000.

• If the car’s lifespan is 200,000 km, the cost of the saved fuel will be about $ 4000,
which is less than the cost of the battery.

• Reducing the battery cost to $ 500 per kilowatt-hour creates a competition
between the PHEVs and conventional gasoline vehicles.

In this study, the EVs has been applied, and its characteristics is explained in
this section. Since the development of electric vehicles in power grids is inevitable,
their management in the grid and the use of electric vehicles as an element in the
direction of load shading can play a significant role in accelerating the develop-
ment process.

The power consumption of an electric vehicle depends on the battery discharge
characteristic and the vehicle’s driving pattern [35]. In this study, Nissan Altra is
chosen as the sample electric vehicle, with its lithium-ion battery [36].
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15.3.1 Effect of Electrical Vehicles on the Power System

EVs connected to the network have a significant impact on reducing environmental
pollution and transportation costs, especially in large cities. Considering the current
trends in the use of this device, it is a good future for this, so the study of the
interactions between EVs and distribution networks is essential. With the wide-
spread use of EVs, the pattern of consumption has changed over and over again, and
many variables for planning, designing and operating power distribution networks
will change. On the other hand, considering the changes in the structure of distribu-
tion networks for the use of smart equipment, the study of the effects of these two
issues on each other seems necessary.

EVs with chargeable batteries must be connected to the power system to charge
their batteries. Therefore, with the widespread influence of these cars, the perfor-
mance of the power system will change especially in the distribution network.
Uncontrolled battery charging can result in undesirable effects such as overload,
overvoltage, power loss, unbalanced load, harmonic, and instability [37, 38]. By
applying demand side management, not only can such problems be prevented, but
the power curve is also flattened. As a result, the capacity of a network that is only
used to respond to peak power and is only used in a very limited period of the year is
better utilized [39].

Many studies have been conducted on the integration of electric vehicles with
power grids. In [40], the effect of charging PHEVs on the distribution system has
been evaluated. In this study, the optimal charging profile has been designed to
minimize losses, and since precise prediction of residential loads is not possible, a
statistical program is used to predict it. In [41], a new planning method for
charging EVs, considering network, voltage and power constraints, while
responding to the needs of individual consumers, has been proposed. The accuracy
of the proposed method by simulating on an electric network has been confirmed.
Another reference has investigated the effect of uncontrolled and controlled PHEV
charging on the calculation of power losses and voltage deviations in three
different scenarios. In this study, controlled charging has aimed to minimize
losses, and dynamic programming techniques have been used to solve this opti-
mization problem.

In the case of smaller networks, references [42, 43] have focused on aggregating
EVs with a distributed transformer that supplies a small number of home energy, and
has proposed new control methods to overcome the transformer overload problem.
In [44], a method based on the response to the cost of electricity at the time of
consumption has been proposed to control the charge of the EVs. Comparing the
optimum charging results with uncontrolled charging indicates that controlled
charging, in addition to minimizing charging costs, increases demand at off-peak
times, so the power curve becomes more flattened.
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15.3.2 Electric Vehicle Charging Methods

Electric Vehicle Power Curve
In the figure below (Fig. 15.4), the electric vehicle demand is shown in terms of
battery charge time [45]. As shown in the figure, the time required to charge the
battery is 5 h. The Electric Vehicle demand is dependent on the starting point of
charging and the initial SOC. The Eq. 15.1 defines the relation between charging
point and the electric vehicle demand.

f xð Þ ¼

0:413x,

0:02xþ 5:9,

6:5,

�0:217xþ 65

0 � x < 15

15 � x < 30

30 � x < 270

270 � x < 300

8>>>>><
>>>>>:

ð15:1Þ

Where, f(x) is electric vehicle demand (kW), and x shows charging point
(minute). As it can be seen in the figure, EV charging characteristics include four
different steps. At the first step, the electric vehicle demand sharply increases during
15 minutes, whereas this increase slow down in the next 15 minutes. The electric
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Fig. 15.4 Electric vehicle demand characteristics based on Li-Ion charging time (Nissan
Altera) [45]
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vehicle demand remains constant 6.5 kW during next 4 h, and it decreases in the final
30 minutes.

Battery Charging Modelling
The Li-Ion battery SOC is shown in the figure below based on charging time. The
relation between charging point and SOC defines by Eq. 15.2.

SOC ¼ 0:353x, 0 � x < 255

0:22xþ 34, 255 � x � 300

�
ð15:2Þ

Where, SOC shows the battery state of charge (%), and x is charging time. As it
can be seen in the Fig.15.5, SOC has a linear relationship with x, so SOC increases
from 0 to 100 by increasing x. Reversing Eq. 15.3 defines x based on SOC.

x ¼ 2:83SOC, 0 � SOC < 90

4:55SOC � 154:55, 90 � SOC � 100

�
ð15:3Þ

Equation 15.3 is the base of calculating x0 and SOC0, which show initial
charging time and initial state of charge respectively.

The initial SOC is modelled by normal distribution function [46].

f soc0, μ, σð Þ ¼ 1

σ
ffiffiffiffiffi
2π

p e�
soc0�μð Þ2

2σ2 ð15:4Þ
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Fig. 15.5 Battery SOC based on charging time
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Where, μ and σ are average and standard deviation of initial SOC. It has been
expressed in [47] that initial SOC has relation with the travelled distance by electric
vehicle, which is explained in the next section.

Modelling the Behaviour of Electric Vehicle with Probability Distribution
Functions
The behaviour of electric vehicle can be modelled by different distribution functions.
The behaviour of electric vehicles’ users should be analysed for two different
travelled distance, arrival time and departure time. In [48], the electric vehicle
behaviour has been studied for men and women separately. Modelling electric
vehicle travelled distance can determine the amount of remained charge in battery
when users receive to home. In addition, arrival time and departure time can
determine when electric vehicle is at home, which can be used for charging time.

As it is expressed in the previous section, μ is average of initial state of charge
which is related to the travelled distance of electric vehicle [47].

μ ¼ Range� AverageDailyDrivingRange
Range

ð15:5Þ

Where, Range specifies the travelled distance by electric vehicle which is fully
charged, and it is equal to 140 mile [45]. Average daily driving range was equal to
32.72 in 2001, which is assumed 35 mile in this study. By replacing these values in
(15.5), the value of μ is obtained at 75%. Therefore, the normal distribution SOC0 is
determined with mean values of 0.75 and a standard deviation of 0.1.

The arrival time of electric vehicles is modelled by normal distribution function
according to Eq. 15.6.

f tarrival, μ, σð Þ ¼ 1

σ
ffiffiffiffiffi
2π

p e�
tarrival�μð Þ2

2σ2 ð15:6Þ

Where tarrival is the arrival time of electric vehicle to home. μ and σ for this
distribution function are equal to 17 and 2.8 respectively. As a result, according to
the number of electrical vehicles in the study system (1000 cars), the normal
distribution of arrival time is modelled between 0 and 24. On the other hand, times
between 0 and 10 are not acceptable due to the fact that they are not the usual time to
get home, and if they exist, the data will be replaced. The arrival time for different
1000 electric vehicles is shown in Fig. 15.6.

The leaving time of electric vehicle is also modelled by normal distribution
function as Eq. 15.7.

f tleaving, μ, σ
� � ¼ 1

σ
ffiffiffiffiffi
2π

p e�
tleaving�μð Þ2

2σ2 ð15:7Þ
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Where, tleaving determines the leaving time of electric vehicles. The mean and
standard deviation of this distribution function are 7 and 1 respectively
[46]. According to the number of electrical vehicles in the studied system (1000
cars), the normal distribution is applied to determine the time to reach the home,
which is a number from 0 to 24. On the other hand, time greater than 10 or less than
4 are not acceptable due to the fact that they are not commonly used to leave the
house and, if they exist, will be replaced at a later date. The leaving time of different
1000 electric vehicles is shown in Fig. 15.7.

Electric Vehicle Charging Model
The electric vehicle demand in charging time is defined as follows. It is related to
charging time, battery charging point and initial soc0.
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Fig. 15.7 Leaving time of different 1000 electric vehicles by normal distribution function with
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P t, x, soc0ð Þ ¼ f x� tð Þx0 � x � 300 ð15:8Þ

Where, P shows the electric vehicle demand, x is the battery charging point. t is
charging time and soc0 specifies initial state of charge. The charging time per day is
in the range of 0–1440 minutes, 24 h a day. Therefore, the function f (x � t) is the
same as shown in Fig. 15.1, as it corresponds to the time transmitted daily. This
means that at any time of the day, if the car is connected to the charger, the above
diagram, regardless of the connection time, requires 5 h of time for the full charge
according to the curve displayed. The battery charge status will fit the curve during
this time. x0, assuming soc0, is calculated from Eq. (15.3), where soc0 is obtained
from Eq. (15.4).

15.3.3 Effect of Electric Vehicles on Smart Homes’ Demand

The development of EVs has significant effect on demand in different places
including workplace, shopping mall, home area and charging stations, which has
been investigated in [49]. The EVs can be developed with high speed, which has an
inevitable impact on increasing the demand. In this study, the role of EVs growth in
the residential demand is analysed. It is an important issue to consider this effect
comprehensively, and determine the amount of its impact by different penetration of
EVs. Figure 15.8 shows the amount of increase in residential demand by increasing
the EVs in the smart grids. As it can be seen in this figure, it will have an increasing
trend by passage of time, which will be intensified in the future. As a result, the need
to the accurate demand response program and energy management system can be
confirmed through this rising trend.
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15.3.4 Vehicle to Grid (V2G) and Grid to Vehicle (G2V)
Effects

EVs can be applied in two different views base on their characteristics, so they can
have two direction relation with network. They can be applied in two different
modes vehicle to grid (V2G) and grid to vehicle (G2V). In G2V mode, the EVs
are applied as a normal load which are charged through connection to the network.
However, in the V2Gmode, EVs can be used as an energy storage system and can be
discharged to the network.

Air pollution in large urban areas, reliance on fossil fuels, climate change, and
rising energy costs are all challenging in the current world. These significant issues
have been raised by the transportation system and electricity generation sectors as
major consumers of fossil fuels. In particular, in order to minimize reliance on
conventional energy sources, many of the research activities have been done.

V2G technology is an emerging solution to these challenges. EVs act as an
alternative to internal combustion engines, thus representing an attractive economic
approach based on the mainstream of transport and manufacturing sectors. Recent
studies have shown that EVs have a certain advantage over other conventional
energy-saving technologies. They are easy to implement and easy to maintain, and
they ensure environmental compatibility. As a result, with their higher efficiency,
these EVs are likely to significantly increase market acceptance, especially in urban
areas.

The V2G subject can improve the application of network in the efficiency,
reliability and load flow. EVs can be applied as a load and energy storage system
by the decision of energy management system. It can be applied especially in peak
hours in order to inject electricity to the network. Network reliability, supply and
demand balance, power transfer from source to buyer, all this can be maintained by
bi-directional services. When the system provides better voltage regulation and
frequency control, the grid can maintain peak power, manage load and do efficient
rotation of reserves.

Challenges to the V2G system include battery degradation, total infrastructure
changes, additional communication between electric vehicles and the supply
network, the impact on distribution systems and its parameters, energy losses,
and other technical barriers. The high number of overcharge cycles can reduce
battery life and storage capacity. These barriers can be solved by using an eco-
nomical and more efficient battery structure with an acceptable standard for
operators and makers. Battery degradation depends on the amount of power
drawn up, as well as the depth of discharge and the number of cycles it charges.
Estimating the cost of battery degradation is difficult due to the fact that technology
is constantly evolving. The only parameter that predicts battery life is its equivalent
series resistance. Smart control minimizes the power of battery degradation to
optimize time and demand.

In this study, the main aim is determination of demand of EVs on residential
demand. It is important to assess the direct effect of EVs on residential demand in
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the present network. Considering all mentioned barriers, V2G structure needs
comprehensive changes in the present infrastructure, so the G2V mode is consid-
ered in this study as the worst condition for EVs development in the residential
areas.

15.4 Demand in Smart Homes

In order to demonstrate the efficiency of controlled charging on the residential
demand and the benefits of intelligent energy management in the home for the
development of electric vehicle, the results are examined under two scenarios. The
profile of residential demand is shown in the following figure [23].

Demand in smart homes can be considered for two different seasons including hot
and cold seasons, which have different peaks. The electricity demand increases in
the hot seasons as it is demonstrated in the Fig. 15.9. In this study, the residential
demand in hot season is considered.

In both scenarios, 1000 homes with the same load profile are considered, with the
difference that in the first scenario the typical homes and in the second scenario are
smart homes equipped with smart energy management system. The basis for this
energy management system, as described in the second scenario, is based on
minimizing the cost of domestic electricity.
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Fig. 15.9 Demand in smart home

15 Optimal Charge Scheduling of Electric Vehicles in Smart Homes 373



In order to study the effect of the development of electric vehicles in these two
scenarios, electric vehicles with the penetration level of 10%, 20% and 30% are
added to the domestic system by 100, 200 and 300 cars.

The comparison index in this study is Peak demand and the standard deviation of
the demand values in 24 h. Peak demand is the maximum value of demand in 24 h
and demand’s standard deviation, which determines the standard deviation of the
data from the demand average in 24 h.

15.5 Charging Management

For hybrid vehicles, nightly battery charging is important at home, while electric
vehicles should be able to be charged throughout the day and the ability to charge
away from home is vital. The effect of a large number of electric vehicles on the total
energy demand and demand in specific hours as well as the production and capacity
of the lines should be well assessed. In this context, the ratio of charge per night to
the day has an important role, where electricity price policy can also be effective in
this regard.

The smart grid can play a key role in this area. All new charging methods (such as
electric vehicle to grid, daily and nightly charging rates, charging in peak hours, etc.)
are only possible with smart grids.

In this section, two different scenarios for charging an electric vehicle are
considered, which will be explained in detail below:

1. Instant charging: When the infrastructure required to run the demand response
issue is not provided, the consumer is reluctant to change the charging time of his
car. As a result, the consumer charges his car as he arrives home from work. In the
first scenario, electric vehicles are charged when they arrive at home, and
charging time is not chosen based on energy management algorithm. In this
case, the charging start time is based only on when electric vehicles received
homes, so there is no optimal planning on it.

2. Charging with cost management: A cheap and simple way to postpone battery
charging is to use a timer to connect your car to network while the consumer is
charging, but starting a charging process with a time delay set by the timer. As a
result, the charging process changes from peak hours to non-peak hours. In the
second scenario, the time of charging an electric vehicle is selected based on the
electricity price, so that household electricity costs are reduced to the minimum.
In this case, it may not be necessary to start charging the car immediately after
reaching the house.

The electric vehicle demand of all added cars to the smart grid is calculated as
follows.
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Ptotal t, x, soc0ð Þ ¼
Xk

i¼1
Pi ti, xi, soc0ið Þ ð15:9Þ

Where, k is the number of electric vehicles, and i shows the ith electric vehicle.
Ptotal specifies the total demand of electric vehicles.

Scenario 1 – Uncontrolled charging: In this case, there is no incentive to deter-
mine the time of charging an electric car; therefore, electric vehicles will be charged
when they arrive at home. Arrival time of electric vehicles is determined by Eq. 15.6.
In an uncontrolled vehicle charging scenario, once the vehicle is taken to the house,
the vehicle’s charging process will begin immediately according to the remaining
battery charge, as shown in the Nissan Altra battery charge characteristics (Lithium-
Ion). The results of this process are discussed in the next section.

Scenario 2 – Controlled charging: In this scenario, unlike the previous scenario,
which do not have a method for determining the time of vehicle charging when it
came to home, the main criterion for determining the charge time of an electric
vehicle is the time of use (TOU). This criterion, based on off-peak time, mid-peak
and on-peak, determines different prices for the consumer. Accordingly, the price for
these three periods in Iran is 150, 300 and 600 Rials per kilowatt-hour (this price is
based on the first stage of daily consumption, i.e., between 0 and 100 kWh) [22]. In
the first half of the year, short, middle and peak hours are defined as 23–7, 7–19, and
19–23, respectively; Similarly, in the second half of the year, the off-peak hours are
in the range of 21 up to 5, mid-hours are in the range of 5–17, and peak hours are in
the range of 17–21 [22].

In the smart grid and in a smart home, the energy management program is set to
minimize the cost of electricity consumed by the home, and this is important in
electric vehicles by determining the time of electric vehicle charging. Therefore, in
Eq. (, time should be chosen in order to minimize the cost.

min
Xt1
t0

P tð ÞM tð Þ
 !

t0 � t � t1 ð15:10Þ

Where, P(t) is the electricity cost, P(t) shows the electric vehicle demand. t0 and t1
are initial charging time and charging timeout respectively.

15.6 Comparison Between Controlled and Uncontrolled
Charging Effect on Demand Curve
and Consumption Cost

In order to test the efficiency of proposed method, it is tested on the explained
household demand. The case study includes different smart homes which have the
various penetration level of electric vehicles. In order to study the effect of the
development of electric vehicles in these two scenarios, electric vehicles with a value
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of 10%, 20% and 30% are added to the smart homes by 100, 200 and 300 cars. As it
is explained in the previous section, the chosen comparison indices are peak demand
and standard deviation of demand.

Scenario 1 – Uncontrolled charging
In the development of electric vehicles in the first scenario, the results of the
development of 10%, 20% and 30% of the electric vehicles are shown in the
following figures. The peak demand for this scenario are 1027.8, 1120.1 and
1217.8 kW, respectively, and the standard deviation of data are 190.14, 220.28
and 252.52 kW, respectively. As it is clear from the following figures, with the
increase in electric car development, peak values and standard deviation increase,
and this has a significant negative effect on the development of an electric vehicle in
the absence of an electric energy management system.

As it is shown in Figs. 15.10, 15.11, and 15.12, the most significant effect on
residential demand in the case of electric vehicles development is between 17 to
20 h. As these are typical time for reaching home, the charging process will be
started in these hours. Although the peak time of each penetration level of electric
vehicles is different, the rising trend can be seen by increasing the penetration level.

It is additionally can be seen in Figs. 15.10, 15.11, and 15.12 that the dispersion
of data increases by raising the penetration level of electric vehicles. It is one of the
system objective to decrease the standard deviation between demand values and
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Fig. 15.10 Comparison of the effect of increasing the electric vehicle’s penetration on household
demand in an uncontrolled charging – penetration level ¼ 10%
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Fig. 15.14 Comparison of the effect of increasing the electric vehicle’s penetration on household
demand in a controlled charging – penetration level ¼ 20%
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flatten the demand pattern, which is not addressed by uncontrolled development of
electric vehicles.

Scenario 2 – Controlled charging
The demand of smart houses is shown in the following figures (Figs. 15.13, 15.14,
and 15.15) after the development of an electric vehicle with penetration level of
10%, 20% and 30%. Demand peak values for the three development factors are
960 kW; the standard deviation in these three modes is 139.42, 125.74, and
122.76 kW. As the values show, the peak value of these three scenarios is constant
for the three cases, and the standard deviation values decrease with increasing
development coefficient. The results indicate the superiority of the smart home and
the existence of an electrical energy management system.

15.7 Conclusion

Development of electric vehicles in the smart grid needs different trend in the
management of smart homes. The penetration level of electric vehicles increases
considering both controlled and uncontrolled charging view in this study. The peak
values and the standard deviation obtained from the two scenarios are summarized in
the following Table 15.1. The values of the peak and the standard deviation of the
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Fig. 15.15 Comparison of the effect of increasing the electric vehicle’s penetration on household
demand in a controlled charging – penetration level ¼ 30%
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demand. In this study, the comparison criterion is chosen for the operation of the
scenarios, which means that the lower of these values means more stability of the
network.

In the first scenario, with the increase in the number of electric vehicles, peak
values and standard deviations have increased, this is evident with regard to the
vehicle’s arrival time to a home that has a normal distribution of 17 and a standard
deviation of 2.8. Therefore, increasing the number of electric vehicles without an
electrical energy management system increases the possibility of system instability.

In the second scenario, with the increase in the number of electric vehicles, peak
demand has been fixed and, on the other hand, the standard deviation is decreasing.
The reason for this is the choice of TOU as the basis for determining the charging
time and aiming to reduce household electricity consumption; given that electricity
prices are minimum at off-peak hours, consumers are encouraged to charge their cars
in these hours, and this reduces the standard deviation and makes the system more
stable.
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