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Electric vehicles and smart grids

10.1 Introduction

The growing cost of fossil fuels and the increasing environmental health hazard impacts
of the fossil fuels in the conventional vehicles have drawn the attention of the researchers,
investors, and the governments to electric vehicles (EVs). For the last few decades, the au-
tomotive industry of any country is important not only for the economy but also for re-
search and development. Due to modernity, a large number of vehicles have appeared
on the roads. However, the increase in the number of vehicles has increased air pollution
around the world. According to the European Union, 28% of carbon dioxide emissions
come from the transport sector, while 70% come from road transport. Therefore, the world
is looking for ways to make the environment greener by reducing carbon dioxide (CO2)
emissions. Developed countries are trying to encourage people to use EVs to reduce air
pollution. Meanwhile, people are showing interest in EVs because they are environmen-
tally friendly, improve performance, are reliable, and have low electricity costs. The role of
EVs, distributed generation, and renewable energy sources in the electric power system is
shown in Fig. 10.1.

Various researchers performed optimization analysis with different software using dif-
ferent objective functions and constraints. Ioakimidis et al. [1] performed linear program-
ming in MATLAB® with peak shaving and valley filling as objective functions. They found
that the proposed algorithm is effective for the higher number of parking slots. Van Der
Meer et al. [2] used mixed-integer linear programming with maximizing profit and PV uti-
lization as an objective function in GMSA. They concluded that the V2G is not economi-
cally feasible because of the battery degradation. V2G is feasible only when the production
from the PV is higher. Ivanova et al. [3] also used mixed-integer linear programming in
CPLEX with minimizing system cost as an objective function and determined that smart
charging and using PV can save the operational cost for the owner of the parking lot.
Mohamed et al. [4] implemented fuzzy logic in MATLAB to minimize the charging cost.
The implemented algorithm is optimization-based and several objectives can be achieved
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like reducing system losses and charging costs, and improving voltage profile. Liu et al. [5]
optimized the PV utilization by implementing the metaheuristic model in MATLAB. The
proposed algorithm optimized the objective function with less computational cost and
without forecasting the unpredictable variables. The authors [6–9] implemented different
models in MATLAB with different objective functions like minimizing charging cost, max-
imizing PV utilization, minimizing peak demand, and peak shaving and valley filling.

The evolution of EVs can be categorized into five eras. The first era is called the begin-
ning of EVs, in which the EVs were invented in the USA and Scotland from 1800 to 1850.
The second era is called the first age in which the EVs appeared in the market from 1851 to
1900. The production of EVs increased historically when internal combustion engines
(ICEs) were displaced by EVs. This era is called the booming age, from 1901 to 1950.
The era from 1951 to 2000 is called the second age of the EVs in which the interest of in-
vestors, manufacturers, and the public in EVs increased because of the high prices of the
oils and the related high emissions. The current era from 2001 to onward is the third age in
which the public and private sectors are fully interested in EVs. The evolution of EVs from
the beginning to the current situation is shown in Fig. 10.2 (Table 10.1).

FIG. 10.1 Charging and discharging of EVs in the distribution system.
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10.2 Electric vehicle modeling

10.2.1 Tractive effort

Tractive effort is the force that thrusts the vehicle frontward and it is the total traction that
the vehicle exerts on the surface. The total tractive effort is defined as the sum of the aerody-
namic drag, rolling resistance force, hill climbing force, force to give linear acceleration, and
force to give angular acceleration to the rotatingmotor. We consider a vehicle of massmmov-
ing up a slope of angle ψ with velocity v, as shown in Fig. 10.4.

10.2.1.1 Rolling resistance force

Rolling resistance force also called rolling drag force and rolling friction force and is de-
fined as the resistive force in the motion of the vehicle. This resistive force is because of
the hysteresis losses in the tires, and friction in bearings and gearing systems. Rolling friction
force is represented by Eq. (10.1).

Frr ¼ μrr Frr ¼ μrr mg (10.1)

μrr is the rolling resistance coefficient and it depends upon the type of the tire and the tire
pressure. μrr is defined by Eq. (10.2).

μrr ¼
F

G
(10.2)

F is the force required to pull the tire axle horizontally in the direction of motion of the
vehicle and G is the vertical load on the tire on the flat horizontal surface.

10.2.1.2 Aerodynamic drag

Aerodynamic drag force is defined as the force which is faced by the vehicle as it moves
through the air. This drag force depends mainly on the front area of the vehicle, side mirrors,
ducts, and many other factors. Aerodynamic drag force can be calculated by Eq. (10.3).

FIG. 10.2 The evolution of electric vehicles [10].
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TABLE 10.1 Literature review of evolution of electric vehicles.

Year Description Reference

1832–1839 The first prototype of electric powered carriage was powered by nonrechargeable primary cells was invented by Robert
Anderson. After this, various electric power-based vehicles were introduced but because of inefficient electric motors and
losses in the rechargeable batteries, they could not keep pace with technology advancements

[11]

1856–1881 With the advancement in the technology and enhancement in the research and development, rechargeable batteries were
improved in terms of losses and charging discharging cycles, andDC electric motors were developed for electric vehicles. The
increase in efficiency in DC motors made them suitable for electric vehicles

[11]

1859–1881 The first lead acid battery was developed by Gaston Plante in 1859; it was rechargeable and able to be used in electric vehicles.
Research continued and the first battery was introduced to the market in 1881 by Camile Alphonse Faure

[12]

1897–1905 The development in DC motors technologies and rechargeable batteries reached the electric vehicle industry in the late 19th
century. In 1897, the first electric vehicle was introduced in the market in New York. In the next 3years, the electric vehicle
industry boomed and the electric vehicle reached 28% in 3years

[13]

1908–1935 After a successful start in 1897, the electric vehicle industry faced a threat from other technology advancements. Gasoline-
based vehicles boomed after a decade in 1908 when Henry Ford introduced a T-model vehicle powered by gasoline. Further
advancements in gasoline technology were introduced by removing the necessity of a hand crank. Further, the lower costs of
petrol compared to electricity and the shorter traveling distance of electric vehicles kept EV technology behind. The limited
charging stations further slowed down the progress of EVs. Due to all these factors, gasoline-powered vehicles received great
acceptance and EVs distressed out of acceptance. Around 1935, there was not a single EV on the road

[13]

1990–2003 When gasoline technology and the consumption of gasoline-powered vehicles were at their peaks, the emissions from
gasoline became a hurdle since it caused various health problems. Furthermore, oil prices reached their highest point, which
encouraged researchers and investors to return to electric vehicles. Governments implemented regulatory policies to
discourage emissions and promote electric vehicles. In the USA, regulatory action was taken with a mission to make it
mandatory to use 2% emission-free electric vehicles by 1998 and 10% emission-free vehicles by 2003. In 2004, the world’s first
commercial hybrid electric vehicle was introduced by Toyota (Prius model) in Japan. In the first production year, 18,000
hybrid electric vehicles were sold

[14]

2010–2012 After 2010, plug-in hybrid electric vehicles and battery electric vehicles like Chevrolet Volt, Mitsubishi i-MiEV, Nissan Leaf,
and Tesla Model S appeared in the industry. By the end of 2012, there were 180,000 electric vehicles on the road

[4]

2020-
onward

Sales of electric vehicles reached a record of 3 million in 2020 despite the fact that the overall sale of cars decreased by 16%
because of COVID-19. The sales of different types of EVs in different markets from 2010 to 2020 are shown in Fig. 10.3

[14]



Fad ¼ 1

2
ρACdv

2 (10.3)

where ρ is the density of the air, A is the front area of the vehicle, Cd is the drag coefficient
constant, and v is the wind velocity crossing the vehicle. The drag coefficient depends upon
the shape of the object and is always associated with the surface area. A lower value of drag
coefficient indicated low aerodynamics of the object.

FIG. 10.4 The forces acting upon a vehicle as it moves up the slope.

FIG. 10.3 Global electric car stock by region and mode, 2010–2020. Source: Global EV outlook 2021.
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10.2.1.3 Hill climbing force

Hill climbing force is the force required to move the vehicle up the slope; it is the compo-
nent of the weight of the car that acts along the direction of motion of the vehicle. It can be
calculated using Eq. (10.4).

Fhc ¼ mg sinψ (10.4)

The value of the hill climbing force will be negative if the vehicle is moving down the slope.

10.2.1.4 Acceleration force

If the velocity of the vehicle is changing, a new force will be developed known as the ac-
celeration force. By the third law of Newton, this linear acceleration force is given by Eq.
(10.5).

Fla ¼ ma (10.5)

For a clear picture, we will consider both linear and rotational acceleration. The force re-
quired for the angular acceleration is given by Eq. (10.6).

Fωa ¼ I
G2

ηgr2
a (10.6)

whereG is the gear ratio of the system that connectsmotor to the axle; r is the radius of the tire;
I is the moment of inertia of the rotor of the motor; and a is the linear acceleration.

10.2.1.5 Total tractive effort

The total tractive effort is the sum of the rolling resistance force, hill climbing force, aero-
dynamic drag force, and forces required to give linear and angular acceleration. Total inter-
active force is given by Eq. (10.7).

Fte ¼ Frr + Fad + Fhc + Fla + Fωa (10.7)

Example 10.1

A vehicle of weight 1550kg accelerates up a hill with a slope of 15° and a final speed 23m/s. The

density of air is 1.32kg/m3, aerodynamic drag coefficient is 0.109, rolling resistance coefficient is

0.03, frontal area of the vehicle is 1.67m2. The following need to be calculated:

(1) Aerodynamic force

(2) Rolling resistance

(3) Hill climbing force

(4) Total tractive effort

Given data
m ¼ 1550 kg

ψ ¼ 15°
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v ¼ 23 m=s

ρ ¼ 1:32 kg=m3

Cd ¼ 0:109

A ¼ 1:67 m2

μrr ¼ 0:03

Fad ¼ ?

Fhc ¼ ?

Frr ¼ ?

Solution

(1) Aerodynamic force

Fad ¼ 1

2
ρACdv

2

¼ 1

2
1:32 kg=m3
� �

1:67 m2
� �

0:109ð Þ 23 m=sð Þ2

Fad ¼ 63:5 N

(2) Rolling resistance

Frr ¼ μrr mg

¼ 0:03 1550ð Þ 9:8ð Þ
Frr ¼ 455 N

(3) Hill climbing force

Fhc ¼ mg sinψ

¼ 1550ð Þ 9:8ð Þ sin 15ð Þ
Fhc ¼ 3931 N

(4) Total tractive effort

Fte ¼ Frr + Fad + Fhc

¼ 455 N + 63:5 N + 3931 N

Fte ¼ 4449:96 N
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10.3 Technologies of electric vehicles

Electric vehicles are configured in different ways base on the available resources, cost, and
the components. The configurations are shown in Fig. 10.5.

10.3.1 Battery electric vehicles (BEVs)

Abattery electric vehicle (BEV) is a type of EV that uses the energy from the battery to drive
the electric motor and no other source of energy is used like an ICE or hydrogen fuel cell. The
technologies that are involved in BEVs are electric motors, motor controllers, and the battery
pack. The battery pack can be charged either by the external charging station or by the regen-
erative braking. The simplest diagram of a BEV is shown in Fig. 10.6. The main technologies
involved in the battery EV are discussed below.

10.3.2 Hybrid electric vehicles (HEVs)

Hybrid electric vehicles (HEVs) are EVs that use a dual propulsion system, an ICE, and an
electric motor. These systems can work either together or separately. The electric motor also
works as an electric generator that can generate energy during the braking. The efficiency of
the ICE is optimized by draining the electricity from the batteries. Moreover, an HEV can also
be defined as the EV that can be propelled through either a conventional fuel-based engine or
a rechargeable battery. The batteries can be recharged either from the external source of elec-
tricity, from the electric motor/generator, or both. Compared with the conventional ICE ve-
hicle, an HEV contains more electrical components like power electronics converters,
switching systems, advanced electricity storage systems, and electric motors/generators.
Based on the power flow from the source of energy to the point of energy consumption,
an HEV is configured in one of the following three ways.

10.3.2.1 Series hybrid electric vehicles (SHEVs)

A series hybrid electric vehicle (SHEV) consists of an ICE, generator, charger, battery, con-
verter, and electric motor. The configuration shows that both propulsion systems feed the
transmission as shown in Fig. 10.7. In a SHEV, there is no direct mechanical connection of
an ICE with the transmission. When the battery pack is fully charged, the ICE is turned off
and the battery alone operates the electric motor. In urban drive, where the braking system

FIG. 10.5 Classification of EVs based on engine technologies.
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is frequently applied, the regenerative braking recharges the batteries. The regenerative brak-
ing system is explained here. To speed up the vehicle, the driver accelerates and gives energy
to the vehicle, converting electrical energy into mechanical energy. On the other hand, when
the driver applies brakes and decelerates the vehicle, the kinetic energy of the vehicle is used
to generate the electricity that would otherwise be lost in the discs of the brakes in the form of
heat. This regenerative braking generates electricity to recharge the battery. In this way, the
ICE is operated atmaximum efficiency, which leads to better fuel efficiency and a reduction in
GHG emissions from the fuel. The configuration of a SHEV is shown in Fig. 10.7.

We can conclude that in a SHEV, an electric motor is the primary source of transmission
and the ICE is the secondary source of transmission to the drivetrain. This type of configu-
ration is used in heavy vehicles, buses, and military vehicles. The advantage of the SHEV
is that the ICE is turned off when the battery pack is fully charged and producing the trans-
mission. The other advantage is that the engine and the electricmotor are independent of each
other and can be positioned at different locations.

10.3.2.2 Parallel hybrid electric vehicles

In parallel hybrid electric vehicles, the ICE and the electric motors are directly connected to
the driveline. The configuration of a PHEV is shown in Fig. 10.8. A good performance is

FIG. 10.7 Schematic diagram of a series hybrid electric vehicle.

FIG. 10.6 Schematic diagram of battery electric vehicle.
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observed during the acceleration to bring the vehicle to a constant speed since both the engine
and the electric motor participate to drive the wheels. Contrary to a SHEV, in a parallel hybrid
electric vehicle the engine is mechanically connected to the drivetrain, and the electric motor
backs up the engine during startup. It can be seen from the configuration that both engine and
the electric motor can independently drive the wheels. If the electric motor is of high power, it
can be solely used to drive the wheels while starting or while the vehicle is stopped idle.
A bigger or high-power engine and a less powerful electric motor is used in a parallel hybrid
electric vehicle than in a SHEV. In a parallel hybrid electric vehicle, the battery pack is kept
small and is recharged by the regenerative braking system.

10.3.2.3 Series-parallel hybrid electric vehicles

Two power flow paths can be followed in the series-parallel hybrid electric vehicle, as
shown in the configuration in Fig. 10.9: the mechanical energy path and the electrical energy
path. The ICE is directly connected to the wheel drive system and to the generator that can
charge the battery. In the electrical energy path, a battery is used to drive the electric motor.
The efficiency of the series-parallel hybrid electric vehicle is questioned if the conversion from
the mechanical to the electrical is considered.

10.3.3 Plug-in hybrid electric vehicles

Plug-in electric vehicles also contain two sources of energy. One is the ICE and the other
is the battery pack. During the urban drive, the batteries are charged by the regenerative
braking system and the batteries can also be charged by the charging satiations. PHEV is
similar to the HEV with other options of a large battery pack and an external source for
charging the batteries. Since the electric power is the main propulsion in the PHEV, so a
large battery pack is required. PHEV operates in two different modes depending upon
the state of charge (SOC) of the battery. If the SOC of the battery is 100%, the PHEV operates
in charge-depletion (CD) mode, in which the battery starts discharging from 100% and
when the SOC comes to the limits of the CD range, the PHEV is switched to the charge-
sustaining (CS) mode. In CS mode, PHEV uses the energy from the other two sources, i.e.,
regenerative braking and the engine. Once the SOC of the battery reaches the limits of the

FIG. 10.8 Schematic diagram of a parallel hybrid electric vehicle.
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CD range, themode is again switched to the CDmode. Fig. 10.10 shows a schematic diagram
of a plug-in EV.

10.3.4 Fuel cell electric vehicles (FCEVs)

Fuel cell electric vehicles (FCEVs) are similar in operation to BEVs except for the source of
energy. Hydrogen fuel and the fuel cell replace the battery. The process of conversion is taken
place by taking compressed hydrogen from the vehicle-mounted tank and mixing it with the
atmospheric air that produces DC electricity to drive the electric motor and the water is pro-
duced as a by-product which is exhausted through the tailpipe. The FCEV is environmentally
friendly because no carbon is involved in the fuel and hence no carbon dioxide, carbon mon-
oxide, or hydrocarbons are emitted. In addition, there is no combustion is involved in the con-
version process, and no high temperatures are involved. A schematic diagram of a FCEV is
shown in Fig. 10.11.

FIG. 10.10 Schematic diagram of a plug-in hybrid electric vehicle.

FIG. 10.9 Schematic diagram of a series-parallel hybrid electric vehicle.
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10.4 Integration of EVs into the electric grid

The charging and discharging of the EV in the electric power grid is a major challenge in
terms of technical and economic issues. In literature, many researchers have worked on the
impact of EVs on the power distribution system. EVs are considered to be charged either at
the home or they can be charged at the public charging stations. The integration of EVs into
the grid has some serious impacts on the performance of the grid, as discussed below.

10.4.1 Phase imbalance and voltage instability

As EVs penetrate the electric grid, voltage instability becomes a challenge to the system.
This is because of the unexpected increase in the number of EV users that increases the load
demand. The changing load significantly affects the reliability of the grid voltage at the points
of common coupling of the charging station and the distribution grid.

10.4.2 Electric vehicle charging and grid interaction

Fig. 10.12 shows the EV charging system for AC level 1 and AC level 2. The EV charging
system consists of a charging point and an onboard charging system. The onboarding charg-
ing system consists of an EMI filter, a rectifier, a DC-DC converter, a protection circuit, and a
battery pack. The rectifier takes the AC input from the charging station and converts it into
DC. A DC-DC converter takes the voltage to the voltage level of the battery pack. Similarly,
Fig. 10.13 indicates the EV charging system for DC level 1 and DC level 2. The EV charging
system consists of an off-board charging point and the battery pack of the vehicle. Off-board
charging point directly converts the input AC into DC using a rectifier and a DC-DC con-
verter. DC-DC converter levels the voltage up or down according to the voltage level of
the battery. Table 10.2 shows the nominal voltage, maximum current capacity, and power rat-
ings of different AC and DC levels of charging stations. Characteristics of different AC and
DC charging levels are described in Table 10.2.

FIG. 10.11 Schematic diagram of a fuel cell electric vehicle.
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10.5 Integration of renewable energy sources with EVs

Advancements in renewable energy technologies are replacing conventional energy
sources with renewable energy sources. These intermittent renewable energy sources, espe-
cially solar energy and wind energy, have made energy production unpredictable. Through-
out the day, solar irradiance and wind speed are continuously varying. The energy
production from these sources could be larger or lower than the energy demand. Most re-
searchers have revealed in the literature that the integration of the solar photovoltaic system
and the wind energy system is technically and economically viable. These renewable energy
resources are the backbone of the distributed generation that can be used off-grid and on-grid
both. To make renewable energy sources more effective, these are integrated with the energy
storage systems. The energy storage systems absorb the energy when the production from
renewable energy sources is in excess and release energy when the generation is low. How-
ever, energy storage systems increase the cost of the system.

The use of conventional fuels in the transport sector poses serious impacts on the environ-
ment. The emission of carbon dioxide from vehicles has not only affected public health but the
temperature of the earth has also risen. The solution to the above-stated problems of the con-
ventional vehicles and the intermittency of the renewable energy sources is the integration of

FIG. 10.12 EV charging configuration at AC level 1 and AC level 2 (on board charger) [15].

44310.5 Integration of renewable energy sources with EVs



the renewable energy sources with EVs and the power grid. The concept of the integration of
the solar PV system and thewind turbines into the gridwith EVs is shown in Fig. 10.14. All the
EVs are aggregated at EV charging stations where their batteries can be charged during off-
peak hours and discharged in peak hours. A fleet of EVs can act as a backup source of energy
when the renewable energy sources are limited or during peak hours. On the other hand, this
fleet of EVs will absorb all the excess generation of electricity from renewable energy sources.

FIG. 10.13 EV charging configuration at DC level 1 and DC level 2 (off-board charger) [15].

TABLE 10.2 Characteristics of different charging levels.

Power levels Charging type Nominal voltage (V) Max. current (A) Power (kW)

AC Level 1 Slow 120 Up to 16 1.9

AC Level 2 Slow 240 Up to 80 19.2

AC Level 3 Slow 400 More than 80 �130

DC Level 1 Slow 200–500 �80 �36

DC Level 2 Medium 200–500 �200 �90

DC Level 3 Fast 200–600 �400 �240
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FIG. 10.14 Integration of renewable energy sources and EV in the electric power system.
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If a compact energy management system is adopted, EVs have the capability of becoming an
energy storage system for renewable energy sources.

10.5.1 Integration of solar energy with electric vehicles

EVs have made their way into the smart grid. The increasing demand for the charging of
EVs creates an opportunity for individual solar charging stations. The sustainability of elec-
tric charging stations and EVs depends upon the source of energy. PV power plants are al-
ready working efficiently and feeding the grid and with the increased penetration of the
EVs, the solar PVs are likely to be deployed for the EVs. Emissions from the EVs are low
if the source of the energy to the electric charging station is environmentally friendly, clean,
renewable energy. Because of the following reasons, solar photovoltaics is considered best for
electric charging stations.

• The cost of the solar PV panels and the balance of systems (BoS) is decreasing such that the
cost of 1kWh has reached grid parity.

• Nowear and tear occur and nomaintenance is required in solar PV, because of the absence
of the moving parts.

• Solar PV is easily accessible and can be installed close to the charging station, rooftop,
charging station rooftop, or roof of the vehicle.

• The surplus energy generated by the solar PV can be stored in the EVs, eliminating the
requirement of a battery for the PV system.

Fig. 10.15 shows a simplified diagram of the integration of the solar PV into the grid for the
EV. In the conventional PV system, the battery is replaced by the EV through the charge con-
troller. Keeping in view the SOC of the battery of the EV, the charge controller decides

FIG. 10.15 Integration of solar photovoltaic system into the distribution system.
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whether to charge the EV or to feed the grid through the distribution system. To the distri-
bution system, distributed generation sources, loads, and the EV charging stations are
connected that can charge the EVs and drain out the EV to the grid. In the energymanagement
system, the charging of the EVs is preferred during off-peak hours and the draining of the EV
into the grid during peak hours.

10.6 Concept and framework of V2G

Vehicle to grid (V2G) is a concept in which EVs like BEVs, HEVs, plug-in hybrid electric
vehicles (PHEVs), and FCEVs communicate to the grid for the sale of electricity. During peak
hours, the energy can be drawn from EVs to the grid to meet the energy demand at this time.
On the other hand, if a home runs on renewable energy sources like solar andwind, it may get
electricity from an EV during bad weather conditions. Power flow between EVs and grid is
shown in Fig. 10.16.

The concept of V2G or the smart grid has made the communication protocols necessary for
the integration of EVs into the smart grid. The communication protocols are beyond the safety
measures. Communication protocols are required to incorporate the following features:

• identification of the peak hours and cost of electricity sold to the grid and the tariff for peak
hours and off-peak hours and

• identification and information related to the vehicle (SOC of the vehicle, duration of the
charging session), its billing, and payment made against the vehicle charging at any public
charging station.

EV batteries can store limited energy up to 56kWh because of the capacity of the battery; an
individual EV cannot provide various ancillary services to the grid and cannot maintain the
demand and generation balance. To cope with the above problems, an aggregator is used,
which acts as a middleman between charging stations and plug-in EVs. Depending upon
the charging and discharging perspective, aggregative is seen as the power generation source
and the load, respectively. The aggregator is responsible for gathering the EVs and commu-
nicating with them and the grid. The owners of EVs that reach the charging station with a
sufficient SOC of the battery discharge this energy to the grid. The charging and discharging
of the EVs in the smart grid are shown in Fig. 10.17.

FIG. 10.16 Power flow between an electric vehicle and the power grid.
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10.6.1 Unidirectional V2G

Unidirectional V2G is also termed the smart charging or the V1G technology in which the
charging rate is controlled between an EV and the power grid. Unidirectional V2G is less ex-
pensive than bidirectional V2G, since it only involves a controller that will determine and con-
trol the peak hour-based charging rates. Ancillary services like spinning reserves and the
power grid regulation can also be provided to the smart grid by the unidirectional V2G.
An energy-trading policy between the EV owner and the power utility is required to imple-
ment the unidirectional V2G technology. The energy trading policy must ensure differing
charging rates for off-peak and peak hours. If a vehicle owner charges the vehicle in off-peak
hours, they must be charged less than for charging in peak hours.

10.6.2 Bidirectional V2G

In bidirectional V2G technology, the power flows in two ways. EVs are charged from the
charging stations, i.e., power flows from grid to vehicle. Owners of EVs also sell their surplus
energy to the grid in which energy flows from V2G. During peak hours, vehicle owners can
drain out their charged batteries to the grid in return for significant revenue and can again

FIG. 10.17 Aggregated dual grid V2G framework.
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charge their batteries in off-peak hours at cheaper rates. The battery charger of the bidirec-
tional V2G technology contains a DC/DC converter and a bidirectional AC/DC converter.
During the charging process, the power from the grid is first rectified using an AC-DC rec-
tifier, and then the DC voltages are bucked or boosted using a DC-DC converter to maintain
the EV battery voltage level. During the discharging process, the battery voltage from the EV
is first converted to the input voltage level of the inverter. The inverter converts the DC volt-
age into AC to feed the grid. A comparison between unidirectional and bidirectional V2G is
presented in Table 10.3.

10.6.3 Ancillary services

Ancillary services of the grid are used to balance the demand and supply, maintaining the
grid reliability, and supporting the power flow from the generating point to the consumer.
The novel concept V2G can provide the following ancillary services to the grid: voltage
and frequency regulation, load leveling and peak shaving, spinning reserves, and integration
of energy storage systems to mitigate the intermittency of renewable energy sources.

10.6.3.1 Frequency regulation

For electrical grids, the frequency of the power generators and the system must be within
the set tolerance known as the frequency regulation. The misalliance between the electricity
generation and the required demand leads the system toward varying frequency, which
needs control to maintain the frequency within an acceptable range. Frequency regulation
is done by adding and removing the power generator governor response, generator inertia,
and the energy storage system. Each of the methods of frequency regulation has its advan-
tages and disadvantages, and their execution takes from a millisecond to 20min. Among an-
cillary services, frequency regulation has the highest value. Ancillary services are the function
performed by the grid actors to ensure the smooth flow of electricity in the grid.

The frequency regulation of the grid requires a balance between power generation and de-
mand. The grid frequency is disturbed when the balance between generation and demand oc-
curs. Grid frequency regulation is a service provided by the power plants. The power plants
increase or decrease their generation during a frequency disturbance in the system. EVs allow
the correction of frequency variations and maintain grid stability and quality. Conventionally
frequency regulation is achieved with the help of generators that put extra cost because of the
consumption of fuel. In V2G systems, EVs can respond quickly to frequency variation through
the charging and discharging of EV batteries. Generally, when the grid frequency is low, EV
batteries are discharged andwhen the grid frequency is high, EV batteries are charged through
the grid. Frequency regulation using EVs present in the V2G system is economically beneficial.

10.6.3.2 Voltage regulation

Voltage regulation service helps in compensating for the variations in the grid because of
the mismatch between the power generation and power demand; it also facilitates the inte-
gration of the distributed energy sources into the grid. Like frequency regulation, in voltage
regulation service, EVs are chargedwhen there is increased production and less demand, and
they are discharged when the demand is higher than the power generation [16].
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TABLE 10.3 Comparison between unidirectional and bidirectional V2G.

Sr. no. Key features Unidirectional V2G Bidirectional V2G

1 Power flow • Grid to vehicle (G2V) • Grid to vehicle (G2V)
• Vehicle to grid (V2G)

2 Hardware infrastructure • Communication system • Communication system
• Bidirectional battery charger

3 Complexity • Low • High

4 Cost • Low • High

5 Services • Frequency regulation
• Power grid regulation
• Spinning reserves
• Voltage regulation
• Load shifting
• Load profile management

• Frequency regulation
• Load peak shaving
• Load leveling
• Spinning reserves
• Active power support
• Reactive power support
• Harmonic filter
• Voltage regulation
• Backup power support
• Improve power system stability
• Power factor correction

6 Optimization objective • Maximize profit
• Minimize losses
• Minimize operating cost
• Minimize emissions

• Maximize profit
• Minimize losses
• Minimize operating cost
• Minimize emissions
• Maximize the renewable energy fraction
• Minimize load curve error



7 Constraints • SOC limits of the battery
• Battery capacity
• Electric vehicle availability
• Energy prices
• Energy exchange rate limits of the battery

• SOC limits of the battery
• Battery capacity
• Electric vehicle availability
• Energy prices
• Energy exchange rate limits of the battery
• Efficiency of the system

8 Optimization method • Genetic algorithm
• Linear programming
• Convex optimization

• Genetic algorithm
• Linear programming
• Quadratic programming
• Particle swarm optimization
• Ant colony optimization

9 Advantages • Grid overloading prevention
• Profit maximization
• Emission minimization
• Load leveling

• Grid overloading prevention
• Integration of RES
• Profit maximization
• Emission minimization
• Load leveling
• Improve voltage profile
• Failure recovery

10 Disadvantages • Limited service • Complexity in infrastructure
• Battery system degradation
• Social barriers
• High investment cost



10.6.3.3 Peak shaving and load leveling

The installed capacity of the power plants in DG must be such that the peak load demand
could be satisfied. In DG, spinning reserves and nonspinning reserves plays a role in peak
shaving since the new incoming generator is synchronized to the system quickly. Peak shav-
ing can be obtained by controlling both generation-side management and load-side manage-
ment. On the load side, the unnecessary load can be avoided during peak hours, e.g., air
conditioners can be operated at relatively high temperatures. On generation-side manage-
ment, the spinning and nonspinning reserves may be brought into the systemwithin no time.

A load following power plant or a load-following strategy adjusts the output power
according to the fluctuations in the power demand all over the day. In the load-following
strategy, the power generators are either completely shut down or their output power is
curtailed at night when demand is low. In this regard, EVs in the V2G system can play a role
in peak shaving by discharging their batteries to the grid during peak hours and charging
their batteries during off-peak hours.

10.6.3.4 Spinning reserve

Spinning reserve is another ancillary service provided by EVs in the V2G system. Spinning
reserve is a type of operating reserve and is defined as the extra power generating capacity of
the generator that is already synchronized to the system. This extra power is achieved by in-
creasing the torque of the turbine rotor. In the case of steam and gas turbines, spinning is con-
trolled by the combustion in the combustion chamber, and in micro-hydro, it is controlled by
the flow rate of the fallingwater through the turbine. In the case of EVs, the spinning reserve is
offered by the energy storage systems of the EV. One challenge that might be faced is the pres-
ence of sufficient EVs during the high-demand periods with a high SOC of the batteries to
serve as a spinning reserve.

10.6.3.5 Renewable energy storage and reduction of intermittence

Almost all renewable energy resources are intermittent and vulnerable to variation
depending upon the time of the day and the weather. These variations can badly degrade
the performance of the power electronics equipment, communication, and information sys-
tems in the grid. Energy storage systems of EVs can overcome this problem. Intermittency of
renewable energy sources can be mitigated with the help of the V2G system. The surplus en-
ergy produced by the solar power plants and wind farms can be used to charge the ESS of the
EVs during the off-peak hours and this stored energy is used for journeys. During peak hours,
EVs can discharge their energy to the grid. The integration of renewable energy systems (RES)
and the EVs into the grid increases the reliability and flexibility of the grid.

10.6.4 Applications of V2G

10.6.4.1 Load shifting

Renewable energy sources like wind and solar energy are intermittent. Having backup
generators for these sources during the peak demands is not cost-effective. The use of battery
storage systems with renewable energy sources is also a bulky and expensive solution. The
batteries of the EVs can be used as a backup to the intermittent sources. During off-peak hours
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and when the sources are fully available, the generated electricity can be used to charge the
batteries of EVs. During peak hours, when the demand is much higher than the generation
and the intermittent sources are not fully available, demand can be fulfilled by the batteries
of EVs.

10.6.4.2 Load leveling and peak shaving

For a balanced system, the generation capacity of the systemmust be enough tomanage the
load. If the load demand is suddenly increased, the cost will be increased by managing the
increased load. EV batteries can be used to absorb the excessive generation during off-peak
hours, which is called load leveling. During peak periods, the absorbed energy in the EVs can
be used for load shaving. The concept of load leveling and load shifting is shown in Fig. 10.18.

10.7 Energy storage systems for electric vehicles

10.7.1 Batteries

Batteries store energy in the form of chemical energy and when required this chemical en-
ergy is converted into electrical energy. Various types of batteries have been proposed for
EVs. The most viable batteries for EVs are lead-acid batteries and lithium-ion batteries. Some
key features that are observed while choosing electrical vehicles are battery capacity and
depth of discharge (DOD), specific energy, energy density, the lifetime of the battery, effi-
ciency of the battery, and maintenance. Characteristics of different batteries that are used
in EVs are given in Table 10.4.

The following are important characteristics of lead-acid batteries which affect their use for
EVs.

FIG. 10.18 Load leveling and load shaving in a V2G framework.
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• Battery capacity and depth of discharge

The energy that a battery can deliver is calculated bymultiplying theDOD of the battery by
its capacity, hence, DOD is an important parameter in the design process of the solar photo-
voltaic integrated battery bank. Other than the DOD of the battery, battery temperature and
the battery discharge rate also affect the capacity of the battery. High battery temperatures are
not suitable since they increase the aging process, electrolyte usage, and self-discharging. Ev-
ery degree rise in temperature of a battery decreases the capacity by 1%.

• Specific energy

Specific energy is also termed gravimetric energy density of a battery, and is defined as the
amount of electrical energy that is stored for every kilogram of battery mass. The specific en-
ergy of the Li-ion battery is better than that of the Ni-Cd battery. The higher specific energy of
Li-ion makes it perfect for lighter-weight applications such as laptops and cell phones. Spe-
cific energy is measured in Wh/kg.

• Energy density

Energy density is also termed the volumetric density of a battery and is defined as the
amount of electrical energy stored per cubic meter of the battery volume. Energy density
is measured in Wh/m3. Energy density is a function of the weight of the battery and the vol-
umetric energy density is the function of the volume of the battery. A battery with a higher
energy density means that the battery would be lighter than the battery with a lower energy
density. For the same capacity, the battery with high energy density will occupy less volume
whereas the battery with lower energy density will occupy a large volume. The energy den-
sity of Li-ion batteries is higher than that of Ni-Cd batteries.

• Lifetime of the battery

With the passage of time and the increase in charging/discharging cycles, crystals of lead
sulfate are formed on the battery electrode, which reduces the effectiveness of the active ma-
terials and the capacity of the battery. Reduction in battery capacity is because of the following
parameters: charging and discharging cycles that the battery has experienced, the DOD of the
battery over its lifetime, the average battery temperature over its lifetime, and discharge of the
battery below the minimum allowed state of charge (SOCmin) for an extended period of time.

TABLE 10.4 Characteristics of EV batteries.

Characteristics Li-ion Ni-Cd Ni-MH Na-S Pb-PbO2 Na-NiCl Zn-Br2

Working temperature (°C) �20–60 0–50 0–50 300–350 �20–45 300–350 20–40

Energy density (Wh/L) 200–735 60–150 100–300 120–130 60–100 110–120 60–70

Specific energy (Wh/kg) 100–275 60–80 60–120 130 30–60 160 75–140

Specific power (W/kg) 350–3000 120–150 250–1000 150–290 75–100 150–200 80–100

Cycle durability 400–3000 2000 500 2500–4500 500–800 1500–2000 >2000

Cell voltage (V) 3.6 1.35 1.35 2.08 2.1 2.58 1.79
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• Efficiency of the battery

Energy efficiency is defined as the ability of the battery to convert one form of energy to
another electrical to mechanical and mechanical to electrical energy. The energy efficiency of
the LA battery is about 70% and the Coulomb efficiency (CE) is 85%. CE is the discharge ca-
pacity to charge capacity ratio, as shown in Eq. (10.8).

CE ¼ Qdischarge

Qcharge

(10.8)

Energy efficiency (EE) is determined by Eq. (10.9).

EE ¼ CE� VE (10.9)

where voltage efficiency (VE) is the difference between voltages at the charging and
discharging process.

• Maintenance

Maintaining the water level of the battery is necessary since the production of oxygen and
hydrogen reduces the water level of the battery.

10.7.2 Ultracapacitors

The electrochemical capacitor, also known as the supercapacitor, consists of two electrodes
named an anode and cathode separated by a dielectric insulator. A dielectric could be made
up of plastic film, glass, or ceramic.When a voltage is applied across the electrodes, an electric
field is developed between the electrodes. A capacitor stores energy in the form of an electric
field. Comparing the capacitors to other energy storage technologies, the charging of the ca-
pacitor is very fast, but the energy density is very low, and the self-discharging of the capac-
itor is very fast.

A supercapacitor is also known as an ultrafast capacitor or electrochemical capacitor.
Supercapacitors have very high capacitance having characteristics between a capacitor and
battery. An electrochemical capacitor consists of carbon electrodes separated by a porous
membrane immersed in an electrolyte. The membrane allows the ions to pass through and
blocks electrons. The capacitance and the energy are determined by Eqs. (10.10), (10.11),
respectively.

C ¼ Aε0
d

(10.10)

E ¼ 1

2
CV2 (10.11)

where A is the effective area of the electrode plates; ε0 is the dielectric constant of the insu-
lating medium; and d is the distance between the electrodes plates.

Eq. (10.10) indicates that the capacitance is directly proportional to the area of the electrode
plates and inversely proportional to the distance between the plates. The energy stored in the
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electric field of the capacitor is directly proportional to both capacitance and the voltage as
given in Eq. (10.11).

Since the supercapacitors are of low voltages, to obtain the required voltage levels,
supercapacitors are connected in series.

10.7.3 Flywheels

The flywheel is one of the favored energy storage systems for EVs because it has:

• an easily estimated SOC;
• a long life cycle;
• no degradation over a lifetime; and
• high power density.

These properties make the flywheel useful in a high and frequent flow of energy whenever
needed. In grid fluctuations and intermittent sources of energy, the flywheel can be used to
overcome the fluctuations. Flywheels can be used as an energy storage system in buses, EVs,
container cranes, construction machines, garbage trucks, charging stations, cable ferries, and
train stations; they are used for frequency regulation, microgrid stabilization, and improving
power quality.

10.8 SWOT analysis of electric vehicles

10.8.1 Strengths

• EVs and electric grids both are additives to the smart grid and microgrid concept.
• Since batteries and electric motors are involved in EVs, they are environmentally and eco-

friendly.
• Instead of increasing the power generation capacity during peak hours, EVs are best to

serve as a grid (V2G).
• Solar energy-based charging stations can be installed and the other renewable energy

sources can also be integrated into the grid.
• A regenerative braking system can increase the efficiency of the EV.
• Silent operation since less working of the engine is required.
• Simpler mechanism.

10.8.2 Weaknesses

• A longer time is required for the charging process.
• Expensive energy storage systems since different charging and discharging cycles reduce

the lifecycle of the whole system.
• Unavailability of charging stations.
• Since the technology is not mature and is relatively new in the market, its deployment and

social acceptance are based on the reputation and credibility of the EV providers.
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10.8.3 Opportunities

• Subsidies for the EV owners and the charging station owners.
• Lower taxes.
• Feed-in tariff for energy sold to the grid.
• Depletion of the fossil fuels and their rising cost.
• Solar PV grid parity.
• Development of new control techniques for charging processes of EVs.

10.8.4 Threats

• Conventional matured technologies.
• The continuous charging and discharging of the batteries decreases the lifecycle which

reduces the energy storage capacity and as a result, the owner earns less profit by selling
electricity to the grid.

• Since the EVs and smart grid depend upon the communication systems, like other systems
they may face cyber attacks degrading the grid and vehicle security.

• Competition with other technologies like hydrogen-powered fuels, alternative fuels.
• Rise in electricity prices from the grid.

10.9 Conclusion

Advancements in smart grid technologies have brought a revolution in EV deployment.
The smart grid allows EVs to be charged by the smart charging stations powered by renew-
able energy sources like wind and solar photovoltaics. EVs are classified as BEVs, plug-in hy-
brid electric vehicles, and FCEVs. EVs provide various ancillary services to the grid like
voltage and frequency regulation, peak shaving, load leveling, spinning reserve, and integra-
tion of renewable and intermittent sources to the grid. Batteries, ultracapacitors, and fly-
wheels can be used as an energy storage system in EVs. Finally, a SWOT analysis of the
EVs was presented.

Problems

Problems 1–10 contain four answer options: A, B, C, and D. Choose the correct
answer

1. What is tractive effort?
A. Aerodynamic drag force
B. Hill climbing force
C. Rolling resistance force
D. Acceleration force
E. All of the above
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2. What is the mathematical representation of aerodynamic drag force?
A. Fad¼μrr mg
B. Fad ¼ 1

2 ρACdv
2

C. Fad¼mgsinψ
D. Fad ¼ I G2

ηgr2
a

3. What is the mathematical representation of rolling resistance force?
A. Frr¼μrr mg
B. Frr ¼ 1

2 ρACdv
2

C. Frr¼mgsinψ
D. Frr ¼ I G2

ηgr2
a

4. What is the mathematical representation of hill climbing force?
A. Fhc¼μrr mg
B. Fhc ¼ 1

2 ρACdv
2

C. Fhc¼mgsinψ
D. Fhc ¼ I G2

ηgr2
a

5. What is the mathematical representation of the force required for angular acceleration?
A. Fωa¼μrr mg
B. Fωa ¼ 1

2 ρACdv
2

C. Fωa¼mgsinψ
D. Fωa ¼ I G2

ηgr2
a

6. Which of the following are types of electric vehicles?
A. Battery electric vehicles
B. Hybrid electric vehicles
C. Plug-in electric vehicles
D. Fuel cell electric vehicles
E. All of the above

7. What is the AC charging level of electric vehicles?
A. AC level 1
B. AC level 2
C. AC level 3
D. All of the above

8. What is the DC charging level for electric vehicles?
A. DC level 1
B. DC level 2
C. DC level 3
D. All of the above

9. Which of the following is an application of V2G?
A. Load shifting
B. Load leveling
C. Peak shaving
D. All of the above
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10. Which of the following is a general energy storage system for electric vehicles?
A. Batteries
B. Ultracapacitors
C. Flywheel
D. All of the above

Give brief answers to the following short questions

1. Define tractive effort and explain the role of various forces acting on the vehicle as it
moves up a hill.

2. Illustrate the working of a battery electric vehicle with the help of a schematic diagram.
3. Illustrate the working of a hybrid electric vehicle with the help of a schematic diagram.
4. Illustrate the working of a plug-in hybrid electric vehicle with the help of a schematic

diagram.
5. Illustrate the working of a fuel cell electric vehicle with the help of a schematic diagram.
6. Discuss the impact of the integration of electric vehicles into the grid.
7. Differentiate between an on-board charger and an off-board charger.
8. Discuss the characteristics of different AC and DC charging levels.
9. Why is solar photovoltaics considered best for an electric vehicle charging station?

10. Explain the concept and framework of V2G.
11. Give a brief comparison between unidirectional and bidirectional V2G.
12. Discuss the role of an aggregator in a framework of electric vehicles and the smart grid.
13. Which ancillary services are provided by electric vehicles to the grid?
14. How is frequency regulation achieved in a grid with the help of electric vehicles?
15. How is voltage regulation achieved in a grid with the help of electric vehicles?
16. How are peak shaving and load leveling achieved in a grid with the help of electric

vehicles?
17. Spinning reserve is an ancillary service of the electric vehicle to the grid. How does it act

in a conventional power plant and electric vehicles?
18. How is the intermittency of renewable energy sources overcome with the help of electric

vehicles?
19. How are electric vehicles applied in load shifting, load leveling, and peak shaving?
20. List the characteristics of lead-acid batteries based on which they are used in electric

vehicles.
21. Which energy storage system can be used in electric vehicles?
22. Present a brief SWOT analysis of electric vehicles.
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