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Abstract

This thesis proposes a Vehicle to Grid (V2G) system which coordinates among

the Electric Vehicles (EVs) present at the Charging Station (CS) to charge their

vehicles. A CS in this thesis is a place where EVs of a particular area will come

together to charge their batteries in accordance to grid norms. A sufficiently large

number of aggregated EVs in a CS could provide several important services to the

grid such as voltage regulation, peak power shaving, spinning reserve and other

ancillary services. However, allowing the EVs to charge and discharge without

any control may lead to voltage variations at the distribution node. But, if the

charging/discharging of the EVs are done in an intelligent fashion, they can act

as distributed energy storage and can smoothen the load profile of the distribution

network by providing peak shaving and valley filling.

In this thesis, different architectures of V2G system are modelled. Fuzzy Logic

Controllers (FLC) are used to control the flow of power between the grid and the

CS. Aggregator is designed to distribute the power among the batteries of EVs

present at the CS during charging and discharging.

The presented work in this thesis mainly focus on the control architecture for using

the EVs batteries as distributed energy storage systems. This enables in maintaining

the node voltage within the prescribed limit by valley filling and peak shaving. The

proposed architectures are tested on the modelled distribution network of Guwahati

city, the state capital of Assam, India. Dynamic load profiles are used to check the

effectiveness of the proposed architecture for flattening the load profile. Inclusion

of renewable energy sources at the distribution node and its coordination with the

developed V2G system has been analyzed.
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The major contributions of this thesis are as follows:

• FLC based control mechanism for EVs present at the CS.

• Integration of renewable energy sources and its coordination with the CS is

modelled.

• Multi-node CSs are modelled to coordinate EVs at the substation level.

Keywords: Charging Station, Distribution Substation, Electric Vehicle, Fuzzy

Logic Controller, Renewable Energy Sources, Vehicle to grid.
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Glossary

• Aggregator: Aggregator is a place where distribution of power is done among the bat-

teries present at the CS and this is called CS aggregator. The distribution of power

among different charging stations connected to a single node is termed as MCS aggre-

gator. Subfeeder aggregator divides the power among CS present at different CSs of

individual subfeeder.

• Battery: Battery refers to Electric Vehicle’s battery.

• Crate: An individual battery’s preferred charging/discharging rate (Crate) as set by the

EV owner.

• Charging Station (CS): A charging station is a place, assumed to be near a distribution

node (11kV/440V), where a large pool of EVs from that particular area will participate

in grid support. CS can also be at parking lots or a basement of a commercial complex.

• Controller: All the controllers are Fuzzy Logic based.

• Distribution Node: Here distribution node means 11kV/440V system.

• Electric Vehicles (EVs): Electric Vehicles are the transport system whose primary

source of energy is battery or in short they are battery operated cars whose energy rating

varies from 8 kWh to 40 kWh.

• Feeder: It is the main 11kV line from which many subfeeder is branched.

• Multi Charging Station (MCS): Three charging station connected at a single distri-

bution node to support the grid is called Multi Charging Station.
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Glossary

• Substation: Substation means 33kV distribution substation. This substation is a re-

duced network of typical Guwahati city distribution substation.

• Subfeeder: Subfeeder means 11 kV/440 V line spread across different area of the distri-

bution network such as residential, office or commercial area.
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1. Introduction

1.1 Introduction

Non-renewable energy sources are approaching extinction and therefore, countries are look-

ing for new forms of energy that can replace them [1]. Electricity is the forerunner to replace

fossil fuels like petrol and diesel. For example; the traditional vehicles which use petrol/diesel

to generate power are being replaced by vehicles, which use electricity instead. Such vehicles

are known as Electric vehicles (EVs) [2]. The penetration of EVs in the automobile market is

increasing rapidly. This rise in demand will cause a lot of stress on the electric distribution

system [3]. In India, despite a rise to the power generation, the power deficit rose to 7.5% of

peak demand in May 2012 as against 6.5% last year [4]. The surge in the deficit has certainly

increased the stress on the existing grid. It has been found that the rate of recurrence of voltage

fluctuations has increased, which has led to damage several costly appliances over the period

of time. Meanwhile, the share of EVs in the automobile sector can further increase the burden

on the existing grid to a very high value which results in voltage imbalance and power outage.

The batteries of plug-in electric vehicles can be charged at home from a standard outlet or at

a charging booth. These extra electrical loads will create an imbalance between the demand and

supply, which in turn may lead to frequency and voltage instability. Indeed, a sudden discharge

of energy from the EVs to the grid may cause a voltage swell at the concerned distribution node.

Therefore, in order to maintain grid stability, the two way energy flow between the EVs and the

grid need to be controlled properly. With the advent of large influx of EVs, new techniques for

charging of EVs have to be framed which can handle the voltage fluctuations [5]. One possible

solution to this problem is to use Vehicle to Grid (V2G) technique [6].

Vehicle to Grid (V2G) refers to a system in which the EVs communicates with the power grid

to provide support by either delivering power to the grid or by charging its battery in controlled

fashion [7]. V2G technology utilizes the stored energy in electric vehicles’ batteries and supplies

this energy to the grid whenever requested by the grid operators. Thus, like distributed energy

resources, the V2G technique can reduce the stress on the overloaded distribution systems by

meeting demand locally especially during peak hours.

2
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Through a communication link, utility grid operators can communicate with the plugged-in

vehicles (PEV). Utilities can buy energy from the car owners when it is needed and sell it back

when the demand is low. Instead of the utility having to communicate with individual vehicles,

an aggregator can be formed that would act as a commercial middleman between the utility

and the multiple vehicles [8]. The aggregator will be responsible for taking real time decisions

of charging or discharging the EVs depending on the prevailing grid conditions. Figure 1.1

shows the location of aggregator in V2G architecture.

Fleet of EVs Aggregator Grid

Communication Link Communication Link

Figure 1.1: Aggregator in V2G system.

A block diagram of an EV which is connected to the grid and used as a V2G system is

shown in Figure 1.2. Charging/discharging of EV will be done based on the grid conditions

which will be accomplished by the controller present between the EV and the grid. The power

electronics devices used for this purpose should have bidirectional converters. The control

mechanism should consider the grid conditions such as voltage. If the node voltage is low, the

controller will never allow to charge the batteries. Instead, EVs’ batteries will discharge their

excess energy to the grid. When the node voltage is high, the batteries will get charge.

The various services of the V2G for providing grid support are possible and is given in Figure

1.3. V2G based grid support are mainly divided into two parts: load leveling and ancillary

services. Load leveling implies a method to balance the load and demand. It can be achieved

with the help of regulation (to keep voltage and frequency stable) and spinning reserve (to meet

sudden demands for power). The regulation can be divided in to two separate entity such as

voltage and frequency regulation. These regulations can effectively be handled with the help

of V2G system due to faster response as compared to traditional power generators.

Voltage regulation is aimed primarily to maintain voltage within certain limits. This is also

3
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Figure 1.2: Electric Vehicles in V2G system.

concerned by minimising sudden variations in voltage. Voltage regulation is generally a local

problem as this happens mostly due to reactive loads. Moreover, most devices (conductors,

transformers, breakers, etc.) are limited by current rather than by real power. If they are

carrying significant reactive power and reactive current, they have less capacity available to

transport real power. Therefore, reactive compensation by the V2G at the distribution network

will compensate the voltage imbalance since, reactive power management and voltage control

are the same service.

Frequency regulation is used to fine tune the frequency of the grid by matching generation

to load demand. Therefore, frequency regulation must be under direct real time control of the

grid operator because it has to respond within a minute or less by increasing or decreasing

the output of the generator. Some utility operators split regulation into two elements: one for

the ability to increase power generation from a baseline level and the other to decrease from

a baseline. These are commonly referred as “regulation up and “regulation down respectively.

4
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For example, if load exceeds generation the frequency of the system drops and it indicates

that regulation up is needed. If a large number of EVs penetrate and charging/discharging is

controlled and monitored by the utility, frequency regulation can be achieved.

V2G

Load levelling

Regulation Spinning Reserve

Voltage Frequency

Ancillary services

Congestion
management

Reduction
of power losses

improvement

Power
quality

Figure 1.3: Different grid support provided by V2G.

Apart from power regulation, V2G system can be utilized for the ancillary services such

as congestion management, power quality improvement and reduction of power losses. In

the electric power system, ancillary services are very much necessary for maintaining grid

reliability, balancing the supply & demand and the overall grid stability. The importance of

ancillary services is taken into considerations when there is an outage or there is an issue of

grid instability [9, 10]. The regular trend for providing ancillary services such as regulation is

basically achieved by generators. They are operated differently which are just providing bulk

power. For regulation, generators ramp up and down to match the needs of fluctuation in the

grid [11].

However, the importance of V2G arises when the EVs’ batteries can respond faster than

generators (less than seconds) [12]. If a large pool of EVs is present, various ancillary ser-

vices can be met with ease. Unlike large generators, EVs’ batteries energy storage and power

electronics are designed to provide large and frequent power fluctuations over short time pe-

riod [13]. This makes the vehicles especially well engineered for regulation. Once a signal is

5
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received from the aggregator, the vehicle can respond in less than a second to change its power

output. A “regulation up” signal would cause the vehicle to provide power to the grid (V2G)

and a “regulation down” signal would cause a decrease in the power output or even draw power

from the grid (the regular battery charging mode). Brooks [14] successfully demonstrated use of

a single battery electric vehicle to respond to a regulation signal. Many other ancillary services

such as voltage sag, reactive power support, harmonics eliminations can be achieved with the

V2G system.

V2G is going to be an extensive study on the technology as part of a national sustainable

energy solution in various countries. V2G places smaller amounts of storage capacity at the

demand point, directly serving the customer and eliminating the need for future expansion of

a transmission and distribution grid that must meet the peak load demand [15]. This provides

better service at affordable price and has the added benefits of being environmental friendly.

The interconnection of EVs to the grid is sometimes referred to as distributed energy storage.

In future development, it is proposed that such use of EVs could buffer renewable power

sources. Electricity produced from wind energy can be stored if excess energy produced during

windy periods and can be provided it back to the grid during high load periods, thus effectively

stabilizing the intermittency of wind power. Some researchers look at this application of vehicle-

to-grid technology as an enabling factor for renewable energy to penetrate the baseline electric

market [7]. In the next section, a detailed literature survey in the V2G area are explored.

1.2 Literature review

Very few work has been found in the literature where coordination among the EVs has

been achieved to meet the ancillary services as well as on the control aspect of EVs and the

grid. However, researchers have presented the utilization of EVs for grid support in terms of

frequency regulation and as energy storage device which can help in peak shaving and valley

filling and can thus flatten the load profile. The off line optimisation techniques have been used

by many researchers to study the economic aspects of the V2G realization. Many researchers

have developed the single EV’s interaction with the grid to test the voltage and frequency
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regulation.

Utilization of EVs for frequency control has been discussed by developing an optimal ag-

gregator [16,17]. In these papers, authors have given emphasis on cost arising from the battery

charging and the revenue obtained by providing the regulation. A similar work is found in [18],

where optimal charging strategies for unidirectional Vehicle to Grid have been developed. Here

authors have developed an algorithm for unidirectional regulation. A new theoretic model to

understand the interactions among EVs and aggregators in a V2G market, where EVs par-

ticipate in providing frequency regulation service to the grid has been developed in [19]. The

authors have developed a smart pricing policy and designed a mechanism to achieve optimal

frequency regulation performance in a distributed fashion. They have shown that the pricing

model and designed mechanism work well and can benefit both EVs (in terms of obtaining

additional income) and the grid (in terms of achieving the frequency regulation). Economic

aspects of achievable power capacity from Plug-in Electric Vehicles (PEV) for V2G frequency

regulation has been analysed in [20]. Here authors have developed the model to understand the

market perspective of EVs when used for frequency regulations. In new method of frequency

regulation, supplementary load frequency control by using both EVs and heat pump water

heaters(HPWH) have been analysed [21]. In this paper, the authors have discussed about the

battery energy storage system (BESS), which is one of the effective solutions to reduce the

voltage and frequency fluctuation. However, due to high cost of the BESS, an application of

controllable loads such as EVs and HPWH to the power system control is considered for re-

duction of the required capacity of the BESS. In another work, related to frequency regulation,

a load frequency control by PHEVs, controllable loads and a co-generation unit have been

discussed [22]. This paper presents a method for tracking a secondary frequency control signal

by groups of PHEVs, controllable thermal household appliances and a decentralized combined-

heat-and-power generation unit. EVs’ batteries utilization as a storage device has been shown

to be effective in suppressing fluctuations in power demand and providing frequency control

in [16, 23]. Therefore, such systems can also provide local voltage support, thereby reducing

the need for voltage regulation at distribution node [24, 25].

7
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A different work is found in [26], where integration of V2G in a western Danish power

system has been discussed; however, more importance has been given to energy storage rather

than the V2G concept. Storage of energy in the EVs’ batteries to meet peak load demands is

discussed in [27, 28]. Here, authors have focused on the aggregated EVs’ energy utilization for

the transmission network. The impact of transport electrification on electrical networks has

been studied in [29]. This paper has shown that for effective economic dispatch and to avoid

large installations of fast-response generators, electrical networks integrating EVs must form a

symbiotic relationship. This allows present residential peaks and fast acting loads to be met by

EVs and in return, achieves well-defined load profiles. Impact of EVs on the distribution grid

and its analysis using load flow techniques have been studied in [24]. This work, however, has

not used any control techniques for charging/discharging of EVs energy from/to the grid. In

another technique, Smart Load Management (SLM) approach for the coordination of multiple

PEV chargers in distribution network is proposed [30]. Here authors have shown that by

controlling the charging rate of the PEV, proper voltage profile on the distribution feeder can

be achieved. Coordinated charging of PHEV to minimize distribution system losses has been

analysed in [31]. In this work, the relationship between feeder losses, load factor, and load

variance is explored in the context of coordinated PHEV charging and developed the optimal

charging algorithm. Few researchers have developed the concept of storing the energy during

off-peak hours and inject it back to the grid during peak hours thus achieving valley filling and

peak shaving [32–34]. Here authors have discussed different strategy of V2G to support the

grid and analysed the overall concept of V2G in terms of valley filling and peak shaving.

Economic assessment of the impact of PEVs on distribution networks has been studied in

[35]. Here authors have proposed a detailed approach for evaluating the impact of different levels

of PEV penetration on distribution network and discussed various investment and incremental

energy losses. From the result of this work and depending on the charging strategies, investment

costs can increase up to 15% of total actual distribution network investment costs, and energy

losses can increase up to 40% in off-peak hours for a scenario with 60% of total vehicles being

PEV. Load scheduling and dispatch for aggregators of PEVs has been discussed in [36]. In

8
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this paper, scheduling and dispatch of electric power by aggregators of PHEV fleets, whose

main objective is the maximization of energy trading profits has been developed. In a different

approach, optimal scheduling for charging and discharging of EVs in V2G scenario is developed

[37]. In this paper, scheduling optimization problem is discussed where charging powers of the

EVs are optimized to minimize the total cost of all EVs which perform charging during the

day. Through simulations, the authors have demonstrated that the locally optimal scheduling

scheme can achieve a close performance compared to the globally optimal scheduling scheme.

Coordinating V2G services for energy trading has been discussed in [38].

Few researchers have studied the economic aspects on ancillary services achieved by the

V2G operation. Optimal bidding of EVs to meet ancillary services has been discussed in

[18]. In this paper, an optimal bidding formulation for regulation and spinning reserves is

developed which can be used by the aggregators. These algorithms maximise profits to the

aggregator while increasing the benefits for the customers and utility. A new approach to

analyse the economic impacts of V2G regulation reserves by simulating the restrictions arising

from unpredictable mobility requests by vehicle users is studied in [39]. In this paper, two

approach (static and dynamic) has been discussed to show the unpredictable mobility of EVs.

Comparison of dynamic approach and static approach reveals that a significant difference in the

power, a vehicle can offer for ancillary services and also provides good information regarding

the size of vehicle pools. Modeling of V2G ancillary services by integrating probabilistic vehicle

travel models and ancillary services pricing into a non-linear dynamic simulation of the driving

and charging behavior of PHEVs has been studied in [40]. Results show that in order to

integrate a V2G system into the existing market and power grid, the V2G system will require

a high power home charging capability.

From the above discussions, it is analysed that the researchers have successfully studied and

demonstrated the vehicle charging/discharging behavior to control the frequency and voltage

of the grid as well as the economic aspects of V2G. However, the real time implementation of

the individual EV and their coordination with other EVs present in the nearby area for grid

support still needs deliberation. The detailed literature review is divided mainly into three
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parts as shown in Figure 1.4. It is observed that researchers have focussed to solve the problem

of regulation (voltage and frequency) through V2G as well as proved V2G to be one of the

viable storage technology of the future. Various economic aspects such as distribution network

investment based on different level of EVs penetration and the incremental energy losses are

analysed. Now the need of real time coordination among EVs are required where EVs will be

coordinated to achieve the desired power flow at the grid. This is important to validate the

V2G concept in real scenario since EVs of different specification, energy level would come to

charge/discharge. This complex scenario needs to be coordinated in real time to achieve the

desired regulation.

Transmission Distribution

Frequency regulation

Frequency regulationEconomic analysisEnergy storage

V2G  related research

Voltage regulation

Figure 1.4: Outline of existing literature on V2G

1.3 Motivation

In the literature, many researchers have assumed aggregated energy of the EVs and math-

ematically analysed the economic aspect of the V2G in terms of frequency regulation, energy

storage. They have made off line optimization techniques to study the behaviour of EVs in the

V2G scenario by developing algorithm to control the charge/discharge rate. In few research

papers, EVs and its impacts on the distribution and transmission network have been analysed

with the load flow techniques. In these works, the authors have assumed different penetra-

tion level of EVs in a city and studied the impact on the grid in terms of voltage stability,

peak shaving, and valley filling. In some literatures, single EV has been developed for V2G
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scenario and connected to the home network for bidirectional power flow. Brooks et al [14]

demonstrated that the regulation can be achieved with EVs connected to the grid. However,

aggregating the EVs together at a common place and coordinating all the EVs to achieve the

goal of grid support has not been studied. Also, it has been observed from the previous section

that in the distribution system mainly two studies have been carried out and they are namely

frequency regulation and voltage regulation. But these studies do not considered the real time

coordination of PHEVs/PEVs/EVs at the distribution network.

In this thesis, mainly the voltage regulation at the distribution network has been achieved

by coordinating the EVs. The distribution network has been taken for the analysis since EVs

will be connected at the distribution network for charging. Generally EVs will be connected

to the home network (110 V or 220V system) or at the common place to be called as charging

station (11kV/440 V system). Therefore, the impact of charging can be easily analysed in

the practical distribution network and can be studied in real time environment. Moreover, a

microgrid can be formed at the distribution level where V2G system can support the grid in

case of transmission grid failure.

For the successful implementation of the V2G, coordination of the EVs is very important.

The coordination is achieved, if the EVs of nearby distribution node area accumulate at a

particular place (charging stations) for charging during their idle time. The presence of EVs

at the Charging Stations (CSs) is more likely because 90% of the time EVs will be idle [41].

Therefore, with large penetration of EVs, CSs will be one of the best viable options to charge

the EV’s battery and possible implementation of V2G scenario.

In this thesis, the main focus is given to coordinate the EVs present at the CSs. The decision

regarding the magnitude of power flow between the CS and distribution node is decided by the

suitable controller. In other words, power flow between the grid and the CS is controlled by

designing a suitable controller which takes the information of the grid condition such as node

voltage at the point of common coupling (PCC) and total energy information of EVs at the

CS. Coordination of EVs present at the CS is shown in Figure 1.5. Power allocated by the

controller for CS is distributed among EVs present at the CS by the aggregator. EVs present at
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the CS are finally connected at a PCC(distribution node). By doing this, the energy will flow

in a controlled fashion without any impact to the distribution grid. The proper distribution

of power among the EVs present in a CS is a challenging goal, since the EVs present in the

CS will have different battery’s specification and different state of charge (SOC). In this figure,

grid refers to the node of a distribution substation, where residential or commercial area exists

and there is a possibility of large number of EVs present in this area.
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Figure 1.5: Coordination of EVs present at the CS.

1.4 Aim of the thesis

From the previous section, it is concluded that coordination of EVs in real time can be

achieved through proper design of controller and aggregator. The net power which should flow

between the CS and the grid is decided by the controller. Aggregator distributes the power

among different EVs present at the CS.

The primary aim of this thesis is to present V2G architecture where EVs present at the CS

coordinate among themselves to support the grid in terms of peak shaving, valley filling and

thus maintain the node voltage within statutory limits. The coordination of renewable energy

sources with the proposed V2G architecture has also been analysed.
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The second objective is to develop different aggregators which will coordinate among the

EVs. This is very important because the amount and direction of the power flow of individual

EV’s battery is decided at the aggregator level. Various algorithms have been developed to check

the power flow between the EV’s battery and the grid depending on the energy availability or

requirement of the battery. The ‘energy availability’ implies excess energy available with EV

to discharge to the grid and ‘energy requirement’ implies that the amount of energy required

by the EVs to charge its battery.

A Fuzzy Logic Controller (FLC) has been designed to control the power flow between the

node and the CS. FLC has been used due to its linguistic representation of rules without having

to develop a mathematical model of the system.

The charging/discharging rate (Crate) of the EV’s battery is controlled to achieve the desired

power flow between the grid and the battery. The owner’s preferred Crate limit is kept into

consideration while charging or discharging of the EV’s battery. Also, battery is not discharged

beyond the state of charge (SOC) limit set by the vehicle’s owner.

1.5 Contributions

The main contributions of this thesis are:

• A new methodology for V2G architecture has been developed at the CS and DS level.

• Multi charging station (MCS) for the EVs has been modeled and connected to a single

distribution node.

• Peak shaving, valley filling, and voltage stability using the proposed V2G architecture

are studied and analysed.

1.6 Thesis layout

Chapter 2 presents V2G implementation using FLC. Two levels of control have been mod-

eled. First level of control is at the CS level and the second one is at the node level. Here node

refers to 11kV/440 V node of a radial distribution system. The FLC takes decision based on
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the node voltage and aggregated energy available at CS. Based on these inputs, FLC decides

the amount of power flow between the CS and the node. The main work of this chapter is

to control the flow of power between the aggregated EVs’ batteries and the grid by keeping

the node voltage within specified limit. Two scenarios are analysed and the proposed model is

tested on a typical distribution grid model of Guwahati (the state capital of Assam, India). In

the next chapter, detailed modeling of the CS is provided where individual battery is controlled

to achieve the desired power flow.

In chapter 3, three different CSs are modelled. All these CSs are connected to a single

distribution node of a test system. Here, group of CSs connected at single distribution node is

termed as Multi Charging Station (MCS). The distribution of power among the CSs of the MCS

has been achieved by designing a suitable aggregator. An another aggregator is modeled at the

CS level which allocates the power among batteries present at the CS. The role of the individual

battery its control of Crate have been designed using new algorithms. These algorithms have

been designed which can handle any charging/discharging efficiencies. Dynamic load has been

considered to check the validity of the proposed V2G architecture. A real time scenario of the

EVs movement at the MCS with intra-node driving has been considered. The dynamic load

profile of the node is used to validate the FLC controller. It has been verified that the proposed

V2G architecture can achieve the valley filling, peak shaving and it maintains the voltage profile

of the node with the existing dynamic loading.

In chapter 4, the integration of renewable energy sources such as PV and wind energy in

the distribution grid and their coordination with the developed V2G architecture has been

presented. In this chapter, a single CS and its coordination with the renewable energy sources

for real time scenario has been achieved. Dynamic load profiles of residential and commercial

nodes have been used to test the proposed FLC controller.

In chapter 5, various CSs connected to different nodes of the distribution substation(DS)

has been coordinated at the DS level to achieved the grid support. The detailed algorithms for

coordination of the EVs among the CSs and the coordination of the CSs at the DS level have

been developed. The main focus of this chapter is to coordinate the EVs present at the CSs of
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multi node system and achieve the goal of V2G. In this chapter, batteries of EVs are modeled

which can calculate the capacity loss and update the batteries’ health and energy level at every

instant of time.

Finally, the conclusions and future works are presented in chapter 6.
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2. Implementation of Vehicle to Grid using Fuzzy Logic Controller

2.1 Introduction

Electric vehicle (EV) when communicates with the power system network to provide support

by either delivering power to the grid or by charging their batteries in a controlled fashion is

termed as Vehicle to Grid (V2G) [5]. V2G technology utilizes the stored energy in electric

vehicles’ batteries and supplies this energy to the grid whenever required by the grid operators.

Thus, like a distributed energy resource, the V2G technique can reduce the stress on over-loaded

distribution network by meeting demand locally, especially during peak hours.

During off peak hours, when the demand is low, the producers are reluctant to back down

generation, resulting in increase in frequency of the system beyond healthy limits. Whereas,

during peak hours, the producers are not able to meet the demand, thereby reducing the

frequency and voltage, which results in power system outage. Hence, to maintain the overall

system performance, there is a need to balance the off peak and peak demand. One of the

method to balance the off-peak and peak demand is to find some method which will store the

energy in the off-peak period and return to the grid during peak demand.

Hence, utilization of the traditional power plants at off peak by plugging in the Electric

Vehicles (EVs) and storing the energy at off peak and return the power at peak will certainly

balance the demand and supply gap. Being driven by a storage technology, EVs are bidirectional

and can act as either a source or a load.

As discussed in the previous chapter, a very little work has been found on control aspect

of EVs and the grid. Researchers have given more emphasis on the frequency regulation,

energy storage and economic analysis by aggregating the EVs at the distribution level or at

transmission level. Impact of EVs on the distribution grid and its analysis using load flow

techniques has been studied in [24]. Here, authors have not used any controlled techniques

for charging or discharging of EVs energy to the grid. In this chapter, control of energy

flow between EVs and the grid has been demonstrated using Fuzzy Logic Controllers (FLC)

mainly for voltage compensation by injecting real power. FLC has been used because it is the

most suitable for this type of uncertain environments, which eliminates the need for complex
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mathematical models of the systems. Thus, even with an involvement of a large number of

EVs, a control technique for their charge and discharge rates can be easily designed.

In this chapter, two controllers have been designed based on fuzzy logic. The first controller,

the ‘Charging Station Controller’, is at the charging station, while the second controller called

the ‘V2G controller’ has been placed at the distribution node level as shown in Figure 2.1.

The V2G controller has been placed on a particular 440V node of a 33kV substation. This

substation is a part of the typical primary distribution system of Guwahati city, India. The

main purpose of the V2G controller is to control the power flow between the concerned node

and the charging station. A charging station is a place, assumed to be near a distribution

node, where a large pool of EVs from that particular area will participate in grid support.

The second controller, the Charging Station Controller, is placed at this charging station. This

controller will decide on the individual participation of the EVs for charging or discharging.

It has been seen that a co-ordinated charging or discharging of EVs enables V2G technology

to meet voltage sag, power imbalance and other ancillary services like frequency regulation

and transient mitigation. Peak power management and voltage stability have been explored in

detail in this chapter.
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Figure 2.1: Controllers implemented in V2G infrastructure

This chapter is organized as follows.

Section 2.2 presents modeling of the distribution system of a 33 kV substation which comes

under Guwahati city distribution system. Section 2.3 presents the V2G and its impact on the

radial distribution network. Section 2.4 presents FLC used for the V2G system. Membership
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functions for the charging station controller and V2G controller have been defined in this section.

Two scenarios of EVs available at charging station is developed in Section 2.5. Analysis of

charging and discharging of EVs using FLC and its positive impact on the voltage profile

improvement and meeting peak demand are discussed in Section 2.6. Results and discussion

are presented in Section 2.7. In this section, flattening of the load profile using the results

discussed in previous section is also presented. Conclusion and future work is presented in

Section 2.8.

2.2 Modeling of the V2G system

2.2.1 A typical distribution system

The typical distribution network considered in this thesis is the primary distribution system

of Guwahati city, which is a part of the North Eastern Regional Grid of India. This network

consists of 56 nodes where 36 nodes are of 11 kV and 20 nodes are of 33 kV [42]. In this work,

a reduced 33 kV substation of the Guwahati distribution system has been modeled. A reduced

system has been modeled to decrease the simulation time. The radial test feeder of 33 kV

substation is shown in Figure 2.2. The main feeder has one transformer of 33/11kV, 5 MVA.

There is 5 sub feeders of 11 kV and having transformers rating as 11 kV/440 V, 500 kVA. The

total numbers of nodes are 20. Numbers (2.1 to 6.3) are sub feeders nodes. The charging

station is connected to a 440 V node in the distribution system since a large number of EVs

from that particular node area will accumulate at the charging station to charge or discharge

their batteries.

The peak load hours of Guwahati city are between 1700 hrs and 2100 hrs. Off peak load

hours are between 2100 hrs and 1700 hrs [43]. Peak hour load on the substation of a typical

distribution system of Guwahati city is given in Table 2.1. Off peak hour load is approximated

to be 60% of the peak hour load as per the data provided by the Assam State Electricity Board

(ASEB) [43]. The impedance of the entire section is assumed to be constant with a resistance

of 0.0027 p.u and reactance of 0.0023 p.u. The system is assumed to be a balanced three phase

system.The base values used are 500 kVA and 0.44 kV and the feeder voltage is taken to be
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Figure 2.2: Radial test feeder of 33kV substation of Guwahati city.

1.0605 p.u.

2.2.2 EV’s battery

The following assumptions have been made in modeling the EV’s battery.

• Variation of the voltage with respect to SOC is not considered.

• Loss in the battery’s capacity with respect to cycling is not considered.

Table 2.1: Existing load of substation

Nodes P(p.u.) Q(p.u.) Nodes P(p.u.) Q(p.u.)
2.1 0.50 0.22 4.2 0.63 0.33
2.2 0.47 0.23 4.3 0.67 0.23
2.3 1.13 0.64 4.4 0.53 0.37
2.4 0.27 0.15 5.1 0.45 0.39
3.1 0.42 0.29 5.2 0.23 0.13
3.2 0.94 0.43 5.3 0.84 0.46
3.3 0.13 0.09 5.4 00 00
3.4 00 00 6.1 0.37 0.18
3.5 0.25 0.17 6.2 0.23 0.13
4.1 0.23 0.13 6.3 0.73 0.45
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• Cyclic efficiency of the battery is not considered.

• Charging and discharging efficiency has not been considered.

The above mentioned assumptions are made in order to reduce the computation time. As

a consequence of these assumptions, the battery is modeled as a source capable of delivering

required power during discharging. In case of charging, the battery is modeled as a sink capable

of absorbing power from the grid.

Due to this assumptions following parameters will not be studied

• Efficiency of the charging or discharging system is not studied since the battery capacity

loss is one of the most important factor in evaluating the loss.

• Due to variation in voltage with respect to SOC, power drawn from/by the battery also

changes which effect the total power exchange between the grid and the CS. However,

due to this assumption power exchange between the grid and the CS remains constant

through out the V2G operation.

2.2.3 EVs utilization for grid support

EV battery’s energy can be utilized as a distributed energy storage and used for voltage sag

reduction at a particular node. A schematic diagram of a battery and a bidirectional converter

coupled with the distribution node via line reactance X is shown in Figure 2.3. In this figure,

the battery represents a lumped parameter and can be understood to have the total available

energy of the Charging Station (CS). With the bidirectional converter, this battery can behave

both as a source or a sink i.e. the vehicles can collectively charge or discharge respectively.

The bidirectional converter, interfaced with the EV battery, is synchronized with the grid

at point a. Power injection by the battery is the power at connection point b, which is at the

grid side. Power delivered by the battery storage can be written as:

SEV = V I∗ (2.1)
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Figure 2.3: EVs’ batteries used as a Distributed Energy Source

where,

I =
E∠δ − V ∠0

jX
(2.2)

In Eq (2.1) and Eq. (2.2), SEV and I are the power and current supplied by the battery

respectively. I∗ is the complex quantity representation of I. During discharging, E and V are

the voltages at the sending and receiving ends respectively. During charging of EVs’ batteries

E and V are the voltages at the receiving and sending end respectively. δ is the angle between

E and V . X is the line reactance between the converter and the utility node. Substituting

the value of I in Eq. (2.1) and separating the real and imaginary parts, power delivered by the

battery to the grid is as follows:

SEV =
EV sin(δ)

X
+ j

E{E − V cos(δ)}

X
(2.3)

From equation (2.3), real power PEV and reactive power QEV are given below:

PEV =
EV sin(δ)

X
(2.4)

QEV =
E{E − V cos(δ)}

X
(2.5)

If only reactive power injection by the EV is required, angle δ will be made zero. Substituting
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δ = 0 in equations (2.4) and (2.5), the active and reactive power at the sending end becomes

as follows:

PEV = 0 (2.6)

QEV =
E2 − EV

X
(2.7)

Now if only real power injection by the EV is required, angle δ will be made equal to 90 degree.

Substituting δ = 90 degree in equations (2.4) and (2.5), the active and reactive power at the

sending end becomes as follows:

QEV =
E2

X
(2.8)

Hence, EVs with the help of converters can support active as well as reactive power or a

combination of both by selecting a desired value of angle δ. The converter will be controlled in

such a way that the phase angle between E and V is always zero so as to inject only reactive

power for low voltage correction. For large amounts of voltage correction, the angle has to be

adjusted in order to inject real as well as reactive power at the concerned node. Since the aim

of this work is to present the concept of grid support by injecting only real power, a power

factor of 0.9 is assumed for all cases of charging and discharging systems.

Thus, the EVs at the charging station will be discharging during peak hours to improve

voltage level of the grid and charging during the off-peak hours of the day. During the charging

phase, the EVs’ batteries will consume power from the grid system while the power consumption

will become zero when the battery system is fully charged.

2.3 V2G and its impact on the radial distribution net-

work

A typical radial distribution system is shown in Figure 2.4, where S0 = P0 + jQ0, Si−1 =

Pi−1 + jQi−1, Si = Pi + jQi, Si+1 = Pi+1 + jQi+1 and Sn = Pn + jQn are the total apparent

power flowing in the respective branch. The apparent power is a combination of both real and

reactive power. SLi−1 = PLi−1 + jQLi−1, SLi = PLi + jQLi and SLi+1 = PLi+1 + jQLi+1 are
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2.3 V2G and its impact on the radial distribution network

the loads at respective node. Vi is the voltage of bus i, Pi and Qi are the real and reactive

power flows in line i. PLi and QLi are the loads at bus i. The batteries of the EVs, behaving

as a distributed energy resource (DER), are connected at bus i via a charging station. This

charging station injects real power PEV and reactive power QEV . The equation for voltage at

(i + 1)th bus can be obtained as [44],

ii−10 i+1 n

Si−1

SLi+1

Utility Si

SLnSLi−1 SLi

S0 SnSi+1

PEV + jQEV

Figure 2.4: A Radial System.

V 2

i+1 = V 2

i − 2(Piri + Qixi) + (
P 2

i + Q2
i

V 2
i

)(r2

i + x2

i ) (2.9)

where ri and xi are the resistance and reactance of the ith line respectively. Vi is the voltage

of the ith node. From Figure 2.4, active power and reactive power at (i + 1)th node can be

calculated with the help of forward branch equation [45].

Pi+1 = Pi − PLi+1 − Plossi

Qi+1 = Qi − QLi+1 − Qlossi

(2.10)

In above equations, Pi and Qi includes the PEV and QEV which are the active and reactive

power supplied by the charging station.

The real and reactive power losses for line i are

Plossi = Pi+1 + PLi+1 − Pi (2.11)

Qlossi = Qi+1 + QLi+1 − Qi (2.12)

As PEV and QEV which are the active and reactive power supplied by the charging station is

included in the Pi and Qi of Eq. (2.11) and Eq. (2.12), the real and reactive power loss will

reduce.
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2. Implementation of Vehicle to Grid using Fuzzy Logic Controller

The real and reactive power loss can also be written as follows.

PLossi = (
P 2

i + Q2
i

V 2
i

)ri (2.13)

QLossi = (
P 2

i + Q2
i

V 2
i

)xi (2.14)

For example, let PLi+1 is 150 kW, Pi+1 is 350 kW and Pi without inclusion of PEV is say

450 kW. Then the PLossi is 50 kW. If there is PEV of 40 kW which is included in Eq. (2.11),

PLossi will be 10 kW. Therefore, it can be proved that the real power loss can be reduced with

the injection of power by the EVs batteries.

Voltage rise caused by injection of EV’s energy to the ith node is approximated by the

following equation [46].

∆VEV =
PEV ri + QEV xi

Vi
(2.15)

As explained in the above example, power loss will reduce due to injection of real power

into the grid. However, injection of real and reactive power if not controlled, node voltage will

rise which can be observed in Eq. 2.15.

From Eq. (2.11), Eq. (2.12) and Eq. (2.15), it is found that the power injection by EVs’

battery reduces power losses and improves node voltage of the network. This is due to the

fact that power flow in the transmission and distribution systems is reduced, as EV battery

generates power locally to fulfill demand. This reduction in power losses is one of the main

features of V2G . Other benefits of V2G are peak demand management, voltage stability and

reactive support. The main work of this chapter is to utilize the V2G for voltage support and

peak demand management using Fuzzy Logic Controller (FLC).

2.3.1 Need for coordination of EVs batteries at the CS

It is observed in the previous section that by selecting the proper value of angle δ, real and

reactive power can be injected to the node. The real and reactive power losses get reduced due

to injection of power from the battery to the ith node. It implies that the control of power flow
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2.3 V2G and its impact on the radial distribution network

between the battery and the grid needs to be control. In the case of a single battery, the power

flow can be easily control by changing the proper value of angle δ. However, if a large number

of EVs are present in a CS, proper coordination among the EVs is a must to achieve the desired

power flow. Moreover, EVs which will arrive at the CS, may have different energy ratings and

initial state of charge (SOC). Therefore, a suitable algorithm has to be developed so that it can

handle different types of EVs’ batteries. Also, the proper control techniques have to be used

which can control the charging/discharging rate of EV’s battery. Injection of large power to the

node may lead to voltage rise and over-drawal of large power to charge the battery may lead to

voltage collapse. Hence, a proper control techniques needs to be developed which takes a grid

condition such as voltage of the distribution node in to account while charging/discharging.

In this chapter, the proper control techniques has been developed to control the power flow

between EVs and the grid.

2.3.2 Assumption

Following assumptions have been made in this work:

• V2G implementation using FLC has been designed at a system level. Due to large dy-

namics involved in the distribution system, converters connected to charge and discharge

the EVs’ batteries have not been modeled.

• Efficiencies of the batteries, charging system and converters have not been considered

since the aim of this work is to coordinate the EVs at the CS to provide the grid support.

• Generally, the batteries of EVs ranges from 8 kWh to 40 kWh depending on the type of

EVs [47]. In this chapter, three types of EVs are assumed to be present at the charging

station with a battery energy of 10 kWh, 16 kWh and 20 kWh respectively. Assumed

energy ratings are the standard battery ratings which have been used in the EVs.

• Total number of EVs are assumed to be 100 at the charging station. This assumption is

based on the maximum power transfer capability at the desired node (point of common

coupling).
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2.4 V2G infrastructure based on a Fuzzy Logic Con-

troller

As discussed in subsection 2.3.1, uncontrolled charging/discharging of EVs can disturb the

voltage profile of the node at which the CS is connected. Therefore, there is a need of coor-

dinating the EVs at the CS to control the flow of power between the CS and the node. In

this chapter, charging and discharging rates of batteries have been controlled using a Fuzzy

Logic Controller (FLC). For example, the input parameters to the charging station controller

are taken as the current SOC of each vehicle and the voltage profile at the node on which the

charging station is connected. For a low SOC and high node voltage, EV will charge while for

a high SOC and low node voltage, EV will discharge. However, there may also be cases where

both the SOC and node voltages are high or both are low. For such situations, low charging

or discharging rate needs to be employed. Thus, the FLC has been fine tuned to take care of

such situations as well, so as to keep the node voltage fluctuations within the specified norms.

2.4.1 Fundamentals of Fuzzy Logic Controller

Unlike binary logic, Fuzzy Logic is a many-valued logic where the fuzzy logic variables may

have truth values ranging in different degrees between 0 and 1, known as their membership

grade. Fuzzy Logic can deal with the uncertainties in the system through a simple IF-THEN

rule based approach, thereby eliminating the need for a mathematical model of the system. This

is especially useful in complex systems for which a complete mathematical model representation

may not be possible. However, the fuzzy logic based system complexity increases rapidly with

more number of inputs and outputs.

As shown in Figure 2.5, a FLC consists of four principal components: a fuzzification in-

terface, a rule base, inference logic and a defuzzification interface. The fuzzification interface

converts the binary logic inputs into fuzzy variables, while the defuzzification interface con-

verts the fuzzy variables into binary logic outputs. This conversion is achieved by means of a

membership function. The rule base is a collection of IF-THEN rules that describe the control

strategy. The output from each rule in the rule base is deduced by the inference logic to arrive
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2.4 V2G infrastructure based on a Fuzzy Logic Controller

at a value for each output membership function [48]. The “fuzzy centroid” of the composite

area of the output membership function is then computed in order to obtain a binary output

value [49, 50]. In this chpater, Mamdani type FLC [51] has been designed for the controllers.

The detail explanations of the FLC is mentioned in Appendix A.

Voltage

SOC

Inference Output

Rule

Energy

Fuzzification Defuzzification

Figure 2.5: Fuzzy Controller

2.4.2 Design of Fuzzy Controllers for V2G

The control scheme has been designed at two levels. The first one is at the CS level,

while the second is at the distribution node level. The CS level controller, named as Charging

Station Controller (CSC), will decide on the individual participation of the EVs for charging

or discharging. The input parameters to the CSC would be the individual vehicle battery’s

SOC and the current node voltage. Thus, depending on battery’s SOC and the present grid

conditions, CSC will decide the amount of energy available at the CS for grid support. For a

positive energy output, the net energy flow is from CS to the grid, while for a negative energy

output, the net energy flows from the grid to the CS.

Availability of energy will be based on number of EVs at the charging station, their battery

rating and their present SOC. The charging station will have n number of controllers, which

will depend upon the number of EVs in that node area. Designing a large number of controllers

will increase the computation time. Hence, in this chapter, three levels of SOC with different

energy rating of the batteries are considered. Therefore, only three FLC have been designed

at charging station and the structure is shown in Figure 2.6. First Controller has 30 % SOC,

second one is 60 % SOC and third one is 90% SOC. These divisions are based on the three
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levels of the SOC of vehicles reaching the charging station.

Controller 3

Fuzzy

Fuzzy 

Fuzzy

Current SOC

Node Voltage

Current SOC

Node Voltage

Current SOC

Output Energy to 
V2G Controller

Controller 2

Controller 1

Node Voltage

∑

Figure 2.6: Charging Station Controller

The second controller used at the distribution node level, known as the V2G controller, is

placed after the CSC. Depending on the energy output information from the CSC, the V2G

controller decides the amount of power flow to and from the node on which the charging

station has been connected. As shown in Figure 2.7, the energy output from the CSC is fed

to a summing block. The present energy value at the node serves as the second input to this

summing block. The net energy output from this summing block thus takes into account both

the batteries’ energy and the current grid energy. This net energy output is in turn given as

an input to the V2G controller, while the other input parameter to the V2G controller is the

current node voltage. The V2G controller now outputs the power to be given or taken from the

node. This output power is taken negative for the case where the charging station is acting as

an energy source i.e. the energy output from the CSC is positive. Whereas a positive output

power indicates that the charging station is acting as a load i.e. when the energy output from

the CSC is negative. The notations used is shown in Table 2.2. This sign convention has been

taken so as to provide a negative feedback of the grid energy at the summing block.

The output of the V2G controller, as shown in Figure 2.7 (PQ point), is connected to sub

feeder node 6.3 of Figure 2.2 for controlling the power flow between EVs and the grid. This

PQ node is the ultimate node of interest for voltage support and peak load management. FLC

output of V2G controller is the set point for the real power controller.
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Table 2.2: Controllers notations

CSC V2G
Operation
Mode

Output
Energy

Operation
Mode

Output
Power

Charging Positive Source Negative
Discharging Negative Load Positive

For example, let us suppose that total available energy at the CS is 300 kWh and the node

voltage is 0.91 p.u. The CSC controller decides that only 250 kWh of negative energy can be

given to the grid. Now 250 kWh of energy as decided by the CSC will be one of the input to

the V2G controller. This input energy information will be updated every instant of time with

the amount of power supplied to the grid with the help of integrator. This updated energy

information of the CS and the current node voltage will be the input to the V2G controller.

Now V2G controller decides the amount of power which can be supplied to the node. Let this

power be 50 kW, which should flow between the node and the CS, to maintain the node voltage

within specified limit as well to support the grid in terms of peak shaving. It implies that 50

kW can be supplied to the grid for 5 hrs.

The advantage of using a two-level control strategy here is that the current energy supplied

by the charging station to the distribution node or energy required to charge the EVs is directly

fed back to V2G controller. For a situation with a single level of control i.e. with only the

CSC present, the grid energy feedback would have to be given to all ‘n’ CSCs, where ‘n’ is

the total number of vehicles at the charging station. The merit of the distributed control

architecture implemented in this work is that in case of some fault in the centralized control

system, operation of other controllers will also be affected, whereas with distributed control, if

a controller fails, only a certain section of the grid is affected.

2.4.3 Fuzzy membership functions for V2G and CS controller

The fuzzification is largely determined by the choice of the shape of the membership func-

tions. The most common shape of membership functions is triangular, however trapezoidal and

bell curves are also used in many application. The type of shape is generally less important
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+

+ P QController
V2G Fuzzy

voltage
Node 

Net 
Energy

Integrator

charging station
Energy from the

Figure 2.7: V2G Controller

as compared to the number of curves and their placement. In order to facilitate computations,

triangular membership functions are utilized in this study for both the input and output mem-

bership functions. The Mamdani type inference (also known as the maxmin inference method),

utilizes the minimum function for the implication of the rules. Defuzzification is performed

using the center of gravity method where the center of the area encompassed by all the rules,

and is mathematically described by

u(t) =

n
∑

i=1

uiµv(ui)

n
∑

i=1

µv(ui)
(2.16)

where u(t) refers to the defuzzified overall control output, ui refers to the output variable and

µv represents the aggregated membership function.

• The input voltage is fuzzified into corresponding fuzzy signals with five linguistic variables;

very low (VL), low (L), medium (M), high (H) and very high (VH).

• The input energy is fuzzified into ten fuzzy regions representing the linguistic variables;

very negative high (VNH), negative high (NH), negative medium (NM), negative low

(NL), very negative low (VNL), very positive low (VPL), positive low (PL), positive

medium (PM), positive high (PH) and very positive high (VPH).

• The output is fuzzified into 12 fuzzy regions represented by linguistic variables;
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very negative high (VNH), negative high (NH), very negative medium (VNM), negative

medium (NM), negative low (NL), very negative low (VNL), very positive low (VPL),

positive low (PL), positive medium (PM), very positive medium (VPM), positive high

(PH), very positive high (VPH).

Similar membership functions can be defined for the charging station controller where voltage

and SOC are the two inputs and the output is the corresponding energy. The membership

functions for V2G controllers are shown in Figure 2.8, Figure 2.9 and Figure 2.10. The rule

base for V2G controller is given in Table 2.3, where ‘E’ refers to energy and ‘V’ refers to voltage.

Table 2.3: Rules for V2G Controller

E
↓
\V→ VL L M H VH

VNH VPL PL PM VPM PH
NH VPL PL VPM PH VPH
NM VPL PL PM VPM PH
NL VPL PL PM PH VPH

VNL VPL PL VNL NL NM
VPL VNL VNL NL PL VPL
PL VNL NL NM NM VNM
PM NH VNH NM NL VNL
PH VNH NH NM NL VNL

VPH VNH NH VNM NL VNL

1

0

V(p.u)

0.8 10.9 1.1

L M H VHVL 

Figure 2.8: Fuzzy Membership Function (Voltage)

Similarly, the fuzzy membership functions for the CSC are shown in Figure 2.11. Member-

ship functions for voltage and energy are similar to V2G controller. The rule base for charging

station is given in Table 2.4.
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−0.5 0 0.5

Charge/Discharge energy

1

VNH NH NM NL VNL VPL PL PM PH VPH

−1 1
0

Figure 2.9: Fuzzy Membership Function (Energy)

1 Unit of Power (kW)

1

0
−1 −0.5 0 0.5

VNH NH VNM NM NL VNL VPL PL PM VPM PH VPH

1

Figure 2.10: Fuzzy Membership Function- load/source of EV battery

Fuzzification and defuzzification example by taking practical case has been demonstrated

in Appendix A.

1

0

SOC(%)
10 100

L M H VHVL 

Figure 2.11: Fuzzy Membership Function (SOC)

Table 2.4: Rules for Charging Station Controller

V
↓
\SOC→ VL L M H VH

VL VPL PL PM PH VPH
L VPL PL PM PH PH
M VNL VPL PL PM PM
H VNH NH NM NL VNL

VH VNH NH NM NL VNL
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2.5 Possible scenarios of EVs at charging station

Table 2.5: Total energy available for grid support (Scenario I).

SOC Energy
(kWh)

No. of
EVs

SOC re-
quired for
discharging
(%)

Available en-
ergy for the
grid support
(kWh)

30 10 25 -20 -50
60 16 25 10 40
90 20 50 40 400

Total energy for discharging 390

2.5 Possible scenarios of EVs at charging station

Primary job of the EVs are commutation and hence a minimum SOC value should always

be maintained to meet any emergency needs. A minimum SOC of 50% has been assumed to

meet any emergency needs. Two scenarios are developed for calculating the energy available for

grid support as well as energy required for charging the EVs. In the first scenario, it is assumed

that 390 kWh of energy is available which is shown in Table 2.5. In the second scenario, 192

kWh of energy is available which is given in Table 2.6. These two scenarios together serve as a

base case for the study of grid support by EVs. Available energy of the battery can be found

from following equation.

Energyavailable = (
SOC − 50

100
)Energyrated (2.17)

where Energyavailable is the available energy for the grid support in kWh, Energyrated is the

rated energy of the battery in kWh.

For example, if the current SOC of the battery is 60%, a minimum SOC is kept to be 50%

and energy rating of the battery is 16 kWh then for the available energy for 25 EVs of similar

rating will be 40 kWh (Table 2.5). Similarly, if EVs arrive at the CS with 30% SOC and having

energy rating of 10 kWh with 50% minimum SOC limit, the total available energy for 25 EVs

of similar rating will be -50 kWh. The negative energy implies that instead of excess energy,

batteries need 50 kWh to charge.

Similar assumption is made for developing the scenarios for charging of EVs as well such
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Table 2.6: Total energy available for grid support (Scenario II).

SOC Energy
(kWh)

No. of
EVs

SOC re-
quired for
discharging
(%)

Available en-
ergy for the
grid support
(kWh)

20 10 20 -30 -60
40 16 30 -10 -48
80 20 50 30 300

Total energy for discharging 192

as initial SOC and energy rating of the batteries. It can be seen from Table 2.7 that charging

scenario I requires 435 kWh of energy and from Table 2.8, it is clear that charging scenario II

requires 648 kWh of energy to charge the EVs. The energy required for charging can be found

from the following equations:

Energyrequired = (
100 − SOC

100
)Energyrated (2.18)

where Energyrequired is the required energy from the grid to charge the battery in kWh and

Energyrated is the rated energy of the battery in kWh.

For example, battery with current SOC of 30%, needs to charge upto 100%. If the energy

rating of the battery is 10 kWh, then the energy required to charge during off-peak hours for

25 EVs of similar rating will be 175 kWh.

Following equations can also be used for calculating the total energy required for charging

and total energy of EVs available during discharging:

Echarging = NRSreq (2.19)

Edischarging = NRSav (2.20)

where Echarging is the total energy required during charging, Edischarging is the total energy

available for grid support, N is the total number of EVs, R is the kWh rating of battery, Sreq

is the required amount of charging in SOC and Sav is the SOC required for discharging to the

grid. Eq. (2.19) and Eq. (2.20) are used for calculating the total energy of EVs during charging
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Table 2.7: Total energy required during charging (Scenario I)

SOC Energy
(kWh)

No. of
EVs

SOC re-
quired for
charging (%)

Energy re-
quired for
charging
(kWh)

30 10 25 70 175
60 16 25 40 160
90 20 50 10 100

Total energy for charging 435

Table 2.8: Total energy required during charging (Scenario II)

SOC Energy
(kWh)

No. of
EVs

SOC re-
quired for
charging (%)

Energy re-
quired for
charging
(kWh)

20 10 20 80 160
40 16 30 60 288
80 20 50 20 200

Total energy for charging 648

and discharging.

2.6 Analysis of charging and discharging

In this section, V2G capabilities for voltage stability and peak demand management have

been explored. The simulations have been performed for both cases i.e. charging as well

discharging of the EVs. For each of these cases, the two scenarios developed in the previous

section have been simulated for a dynamic behavior of the grid. Charging and discharging of

EVs for the two scenarios are presented separately. In this analysis, grid support is provided

by injecting active power with a constant power factor of 0.9. Reactive support has not been

considered in this work. Analysis of the V2G controller is carried out for node 6.3 of Figure 2.2

for all test cases.
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2.6.1 Discharging of EVs’ energy to the grid

Based on the number of EVs and their SOCs, total available energy for the first scenario is

390 kWh, which is shown in Table 2.5. As explained earlier, the V2G controller can control the

flow of power to the distribution node based on the information regarding the available energy

at the charging station and the present node voltage. The simulation results of voltage and

power discharge to the node are presented in this part. Finally the results are compared with

discharging system of EVs at 0.85 p.f.

During peak hours, the node voltage before discharging of EVs’ energy to the grid is found

to be 0.93 p.u. and it is shown in Figure 2.12. However, the node voltage improved to 0.98

p.u. after discharging of EVs energy to the grid as shown in Figure 2.13. It is observed that

the voltage level has settled at 0.05 second. From the simulation results, it has been found that

net power discharged to the node is 104 kW and is shown in Figure 2.14. It is seen that power

injection by EV’s battery improves the node voltage of the network. Net energy supplied by
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Figure 2.12: Peak hours voltage before discharging of EVs’ energy to the grid

the charging station and the individual charging station controllers with their SOC are shown

in Figure 2.15.

Another simulation has been carried out by making the power factor of the discharging

system to be 0.85. The voltage profile at 0.85 p.f has been shown in Figure 2.16. It is seen

that voltage has been reduced to 0.956 p.u. as compared to 0.98 p.u. in the previous case.
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Figure 2.13: Peak hours voltage after discharging of EVs’ energy to the grid (Scenario I)
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Figure 2.14: Power supplied by EVs charging station ( Scenario I)

This implies that discharge of energy from the EVs with low power factor results in a poorer

grid support. This happens because a lower power factor will limit the amount of real power

output for a given apparent power rating, as the net apparent power output (VA) from the EVs

cannot exceed the given apparent power rating. This can be verified from Figure 2.17, where

the power discharge has been reduced to 98.5 kW as compared to 104 kW in the previous case.

In further simulations, a p.f of 0.9 will be used for all scenarios and test cases.

In scenario II, energy from the EVs available for grid support is 192 kWh as given in

Table 2.6. It can be seen from the simulation results, given in Figure 2.18, that the net power
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Figure 2.15: Energy from individual charging station Controllers (Scenario I)
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Figure 2.16: Voltage at node 6.3 of subfeeder 5 at a p.f of 0.85

discharged to the node is 70 kW. Figure 2.19 shows that the final voltage is 0.95 p.u. This

implies that for a low value of energy available from the EVs (192 kWh), very little improvement

is found in the voltage profile. This improvement in voltage is compared with the original node

voltage of 0.93 p.u before discharge, as in Figure 2.12. Hence, we observe that for such situation

the FLC is tuned so as not to allow any further decrease of the node voltage when grid conditions

are poor.

After the discharge of energy from the EVs, it was found that the SOC levels have also

changed. SOC levels of EVs’ battery before and after discharging are shown in Figure 2.20. It

can be observed from the figure that the charging station always ensures that the SOC of the

batteries are maintained at least at 50% level during grid support operation.
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Figure 2.17: Power discharge during off peak hours at a p.f of 0.85
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Figure 2.18: Power supplied by EVs charging station (Scenario II)

Let take an example to illustrate the SOC level of the battery. It has been observed that

50% should always be there even during grid support. Therefore, the battery with low SOC

(SOC less than SOC limit) will charge first to reach the SOC limit. However, the batteries

with higher SOC will discharge. The net discharge to the grid will be the algebraic summation

of charge as well as discharge. This can be seen in Table 2.5 where net energy available for

discharging to the grid is 390 kWh. This net energy includes the charging energy of the first

type of battery which is -50 kWh. As observed from Figure 2.15, that 104 kW of power is being

discharged to the grid. It implies that 390 kWh can support the grid for 3.75 hrs. Therefore,
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Figure 2.19: Voltage at node 6.3 of subfeeder 5 (scenario II)

the batteries with low SOC will charge to reach SOC limit of 50% even during peak hours and

the batteries with higher SOC will discharge to the grid. After 3.75 hrs, it has been observed

from the figure that batteries with 30% SOC charge to reach 50% and the batteries with 60%

and 90% will reach to 50% after discharging to the grid.
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Figure 2.20: SOC after discharging of EVs’ energy to the grid.

2.6.2 Charging of EVs from the grid

In Section 2.5, EVs’ energy required for charging is developed for two scenarios. Scenario I

given in Table 2.7 is used during peak hours and scenario II given in Table 2.8 is used during
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off peak hours. During peak hours, distribution grid is heavily loaded and thus, the controllers

will not allow all EVs to charge to their full capacity during these periods.

Charging of EVs’ batteries is analyzed for scenario I, as given in Table 2.7. In this scenario,

435 kWh of energy is required to charge the EVs. In this case, the charging station controller

will not allow all EVs to charge at the same time. The controller will restrict the flow of power

based on node voltage. It has been shown in Figure 2.21 that node voltage during charging is

0.91 p.u. Figure 2.22 shows that a total of 60 kW is drawn from the grid to charge the EVs.

The settling time is found to be 0.15 sec. The controller has limited the power flow to the EVs

so that voltage should not fall below the standard norms.
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Figure 2.21: Voltage during charging(Scenario I)

The second scenario as given in Table 2.8 has been simulated for charging of EVs during off

peak hours. In this case, a total of 648 kWh of energy is required to charge the EVs. Generally,

a high node voltage is observed during these periods because the grid is lightly loaded and

hence, the controller allows more EVs to charge. Voltage levels before and after the charging

of EVs have been shown in Figure 2.23. Initially, voltage at the node was 1.02 p.u. and due

to charging of EVs, voltage has reduced to 0.96 p.u. This reduction in voltage is due to heavy

power drawn by EVs during charging. In Figure 2.24, it is seen that a power of 170 kW is

being drawn. This implies that the controller has allowed more EVs to charge during off peak

hours as it has sensed the high node voltage during these periods.
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Figure 2.22: EVs charging from the grid (Scenario I)
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Figure 2.23: Voltage during charging ( scenario II)

After charging of the EVs, it was found that the SOC levels have changed. SOC of EVs’

batteries before and after charging are shown in Figure 2.25. EVs have attained 100% SOC in

both the scenarios after completion of the simulation.

This can be better explained, by taking a example for charging the EVs batteries for Scenario

I (Table 2.7). In this table, it has been found that 435 kWh of energy is required by the CS

to charge their batteries and from Figure 2.18, it is seen that 60 kW of power has been drawn

by the CS. It implies that during off-peak hours, the batteries will charge for 7.25 hrs. Once

the batteries completely charged, the SOC of the batteries will be 100%. Therefore, it can be
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Figure 2.24: EV’s charging from the grid (Scenario II)

concluded that the EVs batteries will charge for longer duration so that it can support the grid

in most of the off-peak hours.
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Figure 2.25: SOC of EVs’ battery after charging

2.7 Discussion of results

In the previous section, analysis of V2G using FLC has been presented for charging and

discharging of EVs. In this section, results obtained from the previous section are illustrated

for meeting the peak demand. Charging and discharging behavior of the EVs during peak and

off peak period is analyzed with the help of two scenarios developed in Section 2.5. In the
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last part of this section, flattening of load profile is demonstrated with the help of simulation

results.

2.7.1 Discharging energy to the grid

Guwahati city alone has 58 MW of peak power deficit [52]. The 33kV substation of Guwahati

city used in this work has a peak deficit of 3 MW. This substation has 20 nodes and each node

has a power deficit of 150 kW. For meeting the peak demand, scenario I developed in Section 2.5

is used. For discharging of EVs’s energy, 390 kWh of energy is available, as given in Table 2.5.

The duration for which the power is available for supporting the grid can be calculated by the

following equations:

Sgrid =
√

P 2
grid + Q2

grid (2.21)

T =
Eav

Sgrid
(2.22)

where, Sgrid is the total power taken from the battery, Qgrid is the reactive power of the

discharging system, T is the time in hours, Eav is the energy of the batteries available in kWh

and Pgrid is the real power given to the grid.

Peak demand management using EVs’ energy for various possibilities is shown in Figure 2.26.

In this figure, peak deficit of 150 kW can be managed using EVs energy in several ways. If

power injection is more than the deficit, the voltage will rise at that particular node whereas

selecting the lowest power injection, which is 97.5 kW, will make the deficit 52.5 kW for 4 hrs.

As mentioned earlier, the FLC has been designed so as to decide the power injection based on

the nodal voltage and energy available from the EVs.

Analysis of the first scenario can be validated from Figure 2.14, where power discharge to

the node during peak hours is 104 kW. The controller has sensed the node voltage and based

on the availability of EVs’ energy at the charging station, it has allowed only 104 kW of power

to be discharged. Using Eq. (2.21) and Eq. (2.22), the time required to discharge 390 kWh of

energy to the grid at 0.9 p.f is 3.375 hrs. Meeting the peak demand with the help of controller

is shown in Figure 2.26.
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Figure 2.26: Peak demand management using available energy of EV’s battery (scenario I)

Discharging of EVs for scenario II, as shown in Table 2.6, has also been demonstrated. In

this scenario, 192 kWh of EVs’energy was available for meeting the peak demand. Figure 2.27

shows various possibilities to inject the EVs’ power at the node to minimize the peak demand

deficit of 150 kW. Analysis of the second scenario can be validated with the controller output

shown in Figure 2.18, where power discharge to the node is found to be 70 kW. This implies,

the controller will allow 70 kW of power (at 0.9 p.f ) to discharge for 2.47 hrs and it will also

maintain the voltage profile of the node during these periods. The voltage of node 6.3 for the

second scenario is shown in Figure 2.19. Hence, it is concluded that discharging of EVs energy

to the grid using FLC can improve the voltage profile and also meet the peak demand without

over loading the distribution grid.

2.7.2 Charging of EVs from the grid

Charging of EVs for the two scenarios developed in Section 2.5 has also been demonstrated.

In the first scenario, as given in Table 2.7, a total of 435 kWh of energy is required. The charging

scenario I is simulated during peak hours to observe the effect on node voltage. Different

possibilities of charging the EVs’ batteries with 435 kWh energy are shown in Figure 2.28. It

is found that EVs will take 72.5 kW power to charge in 6 hrs. The time duration for drawing
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Figure 2.27: Peak demand management using available energy of EV’s battery (scenario II)

total power for charging the EVs’ batteries can be calculated by the following equation.

T =
Ereq

Pgrid
(2.23)

where T is the time taken to charge the EVs’ batteries. Ereq is the total energy required for

charging, Pgrid is the active power drawn from the grid to charge the battery. From Figure 2.22,

we observe that 60 kW of power was drawn for charging the EVs during peak hours. Like earlier

situations, a p.f of 0.9 has been assumed for charging. From Eq. (2.23), the time required to

charge the EVs is calculated to be 7.25 hrs. Hence, the controller allows EVs to charge for

a limited amount of power (60 kW) so that the grid voltage does not fall below the specified

limit.

Similarly, for the second scenario as given in Table 2.8, charging of EVs was allowed during

off peak hours where 648 kWh of energy was required for charging. Different possibilities of

charging schemes for the second scenario are shown in Figure 2.29. Selection of the appropriate

charging scheme from these different possibilities is done based on the results obtained from

Figure 2.24, where power drawn by the charging station is found to be 170 kW. Using Eq. (2.23),

the time required to charge the EVs with 648 kWh is 3.81 hrs. This implies that during the off
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Figure 2.28: Charging schemes of EVs for scenario I

peak hours, node voltage is high and the controller has allowed charging of EVs within a very

short span of time.
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Figure 2.29: Charging schemes of EVs for scenario II

2.7.3 Flattening of load profile

Analyses of the results obtained in part A and B of this section reveal that the charging

and discharging of EVs can be easily controlled using FLC. Load profile can be flattened with

the charging of EVs during off peak hours and discharging during peak hours. The voltage

stability of the distribution system is improved. As the demand is met locally, losses in the

distribution system will reduce. Using the results obtained in the previous section, flattening
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of load profile at node 6.3 is shown in Figure 2.30 . It can be seen that, as a result of this V2G

operation, there is a reduction in the peak demand deficit and a rise in the off peak load. In

the figure, load leveling has been shown for the peak and off-peak hours, only for the simulated

time. However, this operation can be extended for 24 hrs if the EV penetration in that area

is large. The charging and discharging of EVs for such a scenario can be done in slots at the

charging station.
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Figure 2.30: Flattening of load profile at node 6.3 during discharging and charging of EVs (Scenario
I)

2.8 Summary

In this chapter, the V2G concept has been explored through simulation of a typical dis-

tribution system of Guwahati city. The concept of a charging station has been introduced

where all EVs from a particular area will charge or discharge their energy to the grid from

the same location. V2G controller and a charging station controller have been designed using

fuzzy logic. These controllers have been used to control the flow of energy between EVs and

the grid. FLC has been implemented to achieve V2G operation and the impact of this V2G

operation, in terms of voltage stability and peak demand management, has been analyzed for

two different scenarios. Simulation results reveal that charging and discharging of EVs can be
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easily controlled using an FLC. Power leveling and peak saving can be achieved by charging of

EVs during off peak hours and discharging the EVs energy during peak hours.

In the next chapter, coordination of EVs at the charging station to achieve the desired

power flow is presented. The coordination of individual EVs are achieved by designing a

suitable aggregators at the CS level and at the node level.
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3.1 Introduction

In the previous chapter, concept of CS has been introduced to achieve voltage support

as well as peak shaving and valley filling using Fuzzy controllers. Aggregated EVs energy is

assumed at the CS to show the control aspects of power flow between the CS and the grid.

Two FLCs have been developed to control the flow of power

• Between the node and CS.

• Between the CS and EVs’ batteries.

However, the control strategy of charging/discharging of individual battery present in the

CS has not been considered in the previous chapter. This chapter is devoted to the discussion

of coordination among each EV present at the CS to achieve the desired power flow between

the CS and the grid. Furthermore, the coordination of CSs connected at a single distribution

node is also achieved to support the grid in terms of valley filling and peak shaving.

In this chapter, three CSs are modelled and connected to a test node of a radial subfeeder

of a substation. A group of CSs connected to a single distribution node is termed as Multi

Charging Station (MCS). Each CS consists of charging bays to accommodate the EVs to charge

their batteries. All the EVs batteries will charge in accordance to grid norms. Here grid norms

implies node voltage and it should be within specified limits (0.95 p.u to 1.05 p.u) as per the

Central Electricity Authority(CEA). The purpose of designing the MCS is due to the mobility

of most of the EVs at different places such as residential area, office area and market area. If

all these areas share a common distribution node, the grid can be supported throughout a day.

Moreover, in a realistic situation EVs may traverse between the CSs or can be in transit/idle.

The EVs not present in these areas is understood to be in transit or in idle.

The reason of having a four area based system is to provide continuous support to the test

node using the EVs. Since, the EVs would traverse within these four areas, the number of EVs

at any instant of time will nearly be the same. All the CSs may have unequal numbers of EVs

in different time slots but the total number of EVs at the MCS will always be equal in any

time slot. Thus having MCS at one node covering these regions would ensure grid support in
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terms of voltage, peak shaving and valley filling at any instant of time. By considering a real

situation, one can model the MCS to support the grid throughout a day.

In this chapter, the concept of a multi charging station (MCS) together with its control ar-

chitecture has been presented. A simulation based analysis of the proposed concept is done to

test the CSs capability to handle different scenarios. Different scenarios include sudden arrival

and departure of EVs at the CSs. Novelty of the proposed system is that, while maintaining

the voltage profile of the node, it takes into account an individual battery’s preferred charg-

ing/discharging rate (Crate) as set by the EV owner. Moreover, the system does not discharge

the batteries beyond the specified SOC limit set by the owner. The block diagram of MCS

connected to the distribution grid is shown in Figure 3.1.
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Figure 3.1: MCS connected to the distribution grid.

At the heart of the architecture, a fuzzy controller is located at the distribution node. This

controller decides the direction and the magnitude of power transfer between the grid and the

MCS using three inputs. The first input is the available energy of the EVs’ batteries. The second

input is the duration for grid support and the third input is the voltage of the distribution node

at which the CSs are connected. The output of the FLC is the power required from the CSs

which may be negative or positive. Negative power implies that energy is transferred to the grid

from the batteries while positive power implies that energy is drawn from the grid to charge
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the batteries. The entire model of the MCS is implemented on a typical distribution system of

Guwahati city (the state capital of Assam, India).

• MCS has been designed at system level.

• Converters connected to charge and discharge the EVs have not been modelled since, the

aim of this work is to show the V2G implementation at system level.

The chapter is organised as follows: Section 3.2 discusses the modelling of the MCS, distribution

grid and the battery. Section 3.3 presents the design methodology adopted for the MCS,

algorithm and development of possible scenarios. The results and their analyses are presented

in Section 3.4. Finally, conclusions are presented in Section 3.5.

3.2 Modelling of the system

Usually, the position of the EV changes as per the owner’s change of stay throughout 24

hrs duration. If the EVs are charged or discharged at different CSs at different times, an

existing load profile of the particular node can get flattened for maximum period of time. In

this section, the MCS and the EV’s battery is modelled. The existing load curve of the node

(point of common coupling) and a typical radial distribution feeder are presented along with

the practical data. The proposed model will be tested on the typical radial distribution feeder

of Guwahati city.

3.2.1 Multi charging station

MCS, which is considered in this work, comprises of three different CSs connected at a

distribution node or PCC as shown in Figure 3.2. Each CS consists of 150 charging bays i.e.,

a maximum of 150 EVs can be charged at a particular CS. Figure 3.2 shows the conceptual

block diagram of the MCS connected to a distribution node. The FLC at the test node level

collects the information about the current node voltage in p.u., total energy of the MCS in

kWh and the duration in hours (period of charging/discharging the batteries). On the basis of
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these three inputs, the FLC decides the magnitude and direction of power flow(P ). The total

power P as decided by the FLC is divided among the CSs (as P1, P2 and P3)
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Figure 3.2: Block diagram representation of MCS.

Further, the power P1 is divided (by the aggregator at the CS1) among the batteries of CS1

as Pb11 (1st battery of CS1) to Pb1n (nth battery of CS1) as shown in Figure 3.3. These are

the actual powers which flow between the batteries and the grid. Now to obtain this power

of Pb11 from the battery, a new Crate has to be obtained and is named as current Crate. This

is calculated on the basis of the SOC, SOC limit, AHR and the power requirement by the

battery(Pb11). The current Crate is the final charging/discharging rate at which the power will

flow between the grid and the battery. The detailed algorithm of the individual battery control

along with the flow chart have been presented in Section 3.3.

3.2.2 Battery

The model of the battery is taken from the simpower of the matlab simulink library [53].

Since, this chapter aims to develop the V2G implementation at the system level, EV’s battery

efficiency and its degradation have not been considered. Crate of the batteries are controlled
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Figure 3.3: Block diagram representation of a CS and the individual battery control.

during charging/discharging. Batteries are not discharged beyond SOC limit and they are

not charged/discharged beyond the Crate limit as fixed by the EVs owners. The batteries are

charged when the node voltage is high and the batteries are discharged when the voltage of the

node is low taking into account their SOC. Crate is decided on the basis of power requirement

and the available battery energy. A limit to the Crate is also taken in to consideration as set by

the EV’s owner.

The following assumptions have been made regarding the EV’s battery:

• Loss in the battery’s capacity with respect to cycling is not considered.

• Cyclic efficiency of the battery is not considered.

However, the charging/discharging efficiency of the system has been assumed to be 90% to

validate the model for any efficiency.

3.2.3 Distribution network

A reduced network of a distribution substation in the Guwahati city, India has been mod-

elled. The reduced system is a 33 kV feeder which consists of three sub feeders with 12 nodes in
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total. The main feeder has one transformer of 33/11 kV, 5 MVA rating. The sub feeders are of

11 kV and have transformer ratings of 11 kV/440 V, 500 kVA. Numbers 1.1 to 3.4 in Figure 3.4

are the sub feeder nodes. Peak hours load on the substation of a typical distribution system of

2.1 2.2 2.3 2.4

1 2 333 kV

Substation

33 kV/11 kV

Main feeder

1.1 1.2 1.3 1.4

3.1 3.2 3.3 3.4

11
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/4
40

V

11
kV

/4
40

V
11

kV
/4

40
V

Sub feeder 3

Sub feeder 2

Sub feeder 1

Figure 3.4: Radial distribution system of a substation of Guwahati city.

Guwahati city is given in Table 3.1. In this table, P and Q are the active and reactive power

respectively. The last node of a radial sub feeder is more susceptible to voltage instability as

compared to other nodes [54], [44]. Therefore, MCS is connected to the last node of the radial

sub feeder (Node 3.4). Off peak hour load is approximated to be 60% of the peak hour load

as per the data provided by the Assam State Electricity Board (ASEB) [43]. The impedance

of the entire section is assumed to be constant with a resistance of 0.0027 p.u and reactance of

0.0023 p.u. The system is assumed to be a balanced three phase system. The base values used

are 500 kVA and 0.44 kV and the feeder voltage is assumed to be 1.0605 p.u.

Table 3.1: Existing load of substation

Nodes P(p.u.) Q(p.u.) Nodes P(p.u.) Q(p.u.)
1.1 0.39 0.13 2.3 0.43 0.21
1.2 0.51 0.31 2.4 0.00 0.00
1.3 1.01 0.61 3.1 0.33 0.18
1.4 1.21 0.75 3.2 0.65 0.32
2.1 0.34 0.19 3.3 0.71 0.35
2.2 0.81 0.33 3.4 0.61 0.31

Having discussed the general model of the system, the next section deals with the problem

formulation.
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3.3 Design of MCS for dynamic load management

The changes in distribution node voltage are generally caused due to variation of load on the

system. Low voltage causes loss of revenue, inefficient lighting and possible burning out of some

motors. High voltage causes lamps to burn out permanently and may cause failure of other

appliances. Therefore, a good distribution system should ensure that the voltage variations at

consumers’ terminals are within permissible limits. The statutory limit of voltage variations as

per Indian Electricity Grid Code is approximately +/- 10% of the rated value at the consumer

terminals [55]. Thus, if the declared voltage is 440 V, then the highest voltage at the consumer

end should not exceed 484 V while the lowest permissible voltage at the consumer’s side should

not be less than 396 V.

With the penetration of a large number of EVs, maintaining the grid voltage will be a

challenging task. Due to the movement of the EVs from one place to another, their load on the

grid will be unpredictable. The grid connected CSs will be one of the most suitable methods to

balance the EVs load on the distribution network. The proposed MCS will maintain the node

voltage within statutory limit and will also operate the grid in stable region by controlling the

flow of power between the grid and the batteries. This section discusses the individual battery

control and its algorithm, the algorithm for power division among the CSs and also among the

batteries. Finally, the FLC is presented which controls the flow of power.

3.3.1 Individual battery control and its algorithm for charging and
discharging

Charging and discharging of an EV’s battery can be controlled by changing the Crate. The

required crate of the individual batteries can be calculated as follows.

Crate =
Pbij

VjAhrj

(3.1)

where, Pbij is the power required/available to charge/discharge the jth battery of ith CS. Vj and

Ahrj are the voltage and current Ampere Hour (AHR) of the jth battery of ith CS. However,

the Crate calculated in Eq. (3.1) should not exceed the preferred rate of the vehicle’s owner and
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this is taken into account in the proposed model as shown in the flow chart in Figure 3.5.

Current Ampere Hour is calculated as:

Ahrj = Ahrrating(SOCrem/100) (3.2)

where, Ahrrating is the rated AHR of the battery. In the case of discharging, SOCrem is the

difference of the current SOC (SOCcr) and SOC limit (SOClt) and it is calculated as below.

SOCrem = SOCcr − SOClt (3.3)

In the case of charging, SOCrem is calculated as below.

SOCrem = 100 − SOCcr (3.4)

Using Eq. (3.1) and Eq. (3.2), the current of the battery is calculated based on the required

Crate and Ahrj of the battery and is given below.

Ahrbj = AhrjCrate (3.5)

where, Ahrbj is the current which flows between the battery and the grid. Ahrbj is positive,

if power is flowing to the battery during charging and negative if power is flowing to the grid

from the battery during discharging.

The detail flow chart for charging and discharging of a battery is shown in Figure 3.5. In this

figure, C limit
rate is the preferred maximum Crate set by the vehicle’s owner. Vbat is the voltage of

the battery. All the other symbols have same description as mentioned in Eq. (3.1) to Eq. (3.5).

For example, if AHRrating, Vbat, SOCcr and SOClt of a battery (1st battery of CS1) is 32

AHR, 250 V, 90 and 25 respectively then SOCrem can be found from Eq. (3.3) to be 65 and

Ahrj can be found from Eq. (3.2) to be 20.8 AHR. If Pb11= 1.16 kW, which is the power

required for discharging to the grid by the EV’s battery as decided by Eq. (3.12) during peak

hours, Crate at 90% of SOC can be calculated using Eq. (3.1) as 0.223.
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Figure 3.5: Flow chart for controlling the flow of power in individual battery.

3.3.2 Distribution of power among CSs and batteries

The division of power among the CSs is based on the capacity of the CS to handle the

power. This is restricted by the power rating of the device. Power can not be injected into the

grid beyond the rating of the transformer. Different rating of the transformers implies different

power handling capacity of CSs. If transformers’ rating for the three CSs are assumed to be

150 kVA, 100 kVA and 150 kVA, then the maximum power that can be injected or drawn by

the MCS will be 400 kVA. Therefore, the FLC will be set to deliver a maximum of 400 kVA

of power to/from the MCS. Power required by each CS can be calculated on the basis of the

transformer ratings as follows.

The distribution of power among the CSs can be achieved based on the transformer ratings
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of the CSs or the energy available/ required by the CSs. Power can not be injected into the

grid or drawn by the CS beyond the rating of the CS’s transformer and it is calculated using

the following equations.

Pi = (
Pti

n
∑

i=1

Pti

P )η (3.6)

where, Pi is the power available/required by the ith CS, Pti is the ith transformer power rating

in kVA, P is the power injected/drawn from the grid which is decided by the FLC and η is the

efficiency of the charging/discharging system. Power division based on the transformer rating

is effective if the CS has energy in accordance with the rating of the transformer.

The division of power among the CSs can be made on the basis of transformer’s rating.

However, there can also be a situation in which one of the CS has the highest available energy

with a lower transformer rating. In this chapter, each CS has different energies at different

time slots and hence, the division of the power is made according to Eq. (3.7) and Eq. (3.8). In

the case of charging and discharging, the distribution of power among the CSs are as follows.

Pi = (
Ei

E
P )η (Charging) (3.7)

Pi = (
Ei

E
P )

1

η
(Discharging) (3.8)

where P is the power which should be drawn/supplied from/to the node, Pi is the net power

exchanged at the ith CS, Ei is the available/required batteries energy of the ith CS and E is

the total energy available/required by the MCS. η is the charging/discharging efficiency of the

system.

Available/required energy Ei can be calculated as follows.

Ei =

m
∑

j=1

Ebij (3.9)

where Ebij is the energy available/required by the jth battery of the ith CS and is calculated
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as follows:

Ebij =
SOCrem

100
VbatAhrrating (3.10)

where SOCrem is same as of Eq. (3.3) or Eq. (3.4) depending on whether Ebij is the energy

available in the battery during discharging or energy required by the battery during charging.

Total energy of the MCS can be calculated as follows.

E =

n
∑

i=1

Ei (3.11)

Similarly, Pi can be redistributed to each battery of the ith CS and this is as follows.

Pbij =
Ebij

m
∑

j=1

Ebij

Pi (3.12)

In Eq. (3.12), Pbij is the power available/required by the jth battery of ith CS and Pi is same

as defined in Eq. (3.7). Power division among the batteries is based on the available/required

energy of the battery.

For example, suppose the power required to be discharged to the grid is found to be 246

kW as decided by the FLC. If energy available at CS1, CS2 and CS3 are found to be 255 kWh,

700 kWh and 200 kWh respectively. By using Eq. (3.7), P1 can be calculated to be 54.31 kW.

Similarly, if available energy of each battery is known, the power to be discharged to the grid

by an individual battery can be calculated using Eq. (3.12).

3.3.3 Fuzzy logic based V2G controller

Mamdani type FLC [49, 51] has been designed in this work. Defuzzification is performed

using the centre of gravity method [50, 56]. FLC designed for the MCS have three inputs and

one output.

The output membership function indicates positive power or negative power.

• ‘Positive power’ implies that CSs require power to charge their batteries.

• ‘Negative power’ implies that CS is supplying power to the grid.
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The membership functions of the controller are as follows:

• The first input, i.e., voltage is fuzzified into corresponding fuzzy signals with three lin-

guistic variables; low (L), medium (M) and high (H).

• The second input, i.e., total available energy and third input, i.e., duration for the grid

support are fuzzified with three linguistic variables similar to the first input.

• The output is fuzzified into six fuzzy regions represented by linguistic variables; negative

high (NH), negative medium (NM), negative low (NL), positive low (PL), positive medium

(PM) and positive high (PH).

The rule base for V2G controller is given in Table 3.3. The membership functions for three

inputs, i.e. voltage (Vp.u.), Energy (E) and Duration (D) are shown in the Figure 3.6. The

membership for the output power is also shown in the same figure.

For example, if node voltage is 0.95 p.u, energy availability is high and the duration is high

(say 5 hrs during peak hours), then FLC will decide the power flow to be negative. It infers

that the batteries have to discharge their stored energy for peak shaving and voltage support.

In another case, though very exceptional, where say all the batteries arrive below the SOC limit

and the voltage is very low (say 0.92 p.u). The controller will not allow the batteries to charge.

Take another scenario, where the node voltage is (0.98 p.u), and all the batteries arrive at lower

SOC than SOC limit. In this case, the batteries will charge but with a very low Crate because

the controller will limit the power drawn by the batteries. Some critical cases are summarized

in Table 3.2, when all the EVs arrived have either SOC < SOClt or SOC > SOClt.

3.3.4 Assumptions and background

In this work, the total numbers of EVs are assumed to be 200, out of which 150 are assumed

to be at the CS and 50 in transit/idle. For ease of representation, all the EVs at the CSs have

been divided into five groups namely A,B,C,D and E, each consisting of 40 EVs. This division

is based on energy rating, SOC initial (SOC at the time of EVs arriving at the CS), SOC limit

(the vehicle owner’s preferred minimum state of charge), Ampere Hour (AHR) and C limit
rate of
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Figure 3.6: Membership functions for three inputs and one output of the V2G Controller.

Table 3.2: Some critical cases for the V2G Controller

Node voltage
Batteries’

SOC
Controller

action
Remarks

0.92 SOC <SOClt
Not allow to

charge
Charging power

P is zero

0.98 SOC <SOClt

Allow to charge
but with slow

rate

Charging power
P is very low

1.02 SOC >SOClt

Allow to
discharge but
with slow rate

Discharging
power P is very

low

1.08 SOC >SOClt
Not allow to

discharge
Discharging

power P is zero

the batteries as shown in Table 3.4. Initial SOC of the batteries can be categorised into three

groups namely Low (below 40%), Medium (40% to70%) and High (70 % and above). Few EVs

are assumed to have arrived at lower SOC than specified SOC limit. This assumption is valid

because in real scenario, EV’s battery may arrive below specified SOC limit. Such batteries

will always charge first even during peak hours. For example, 10 kWh batteries (40 % SOC)

will always charge first to reach the SOC limit (45%). The Li-Ion batteries have been used in

the proposed work. Generally, the nominal voltage of the EVs’ batteries ranges from 96V to

300 V [57]. In this work, the nominal voltage of the batteries is assumed to be 250V.

It is assumed that the EVs have only three possible destinations and all the EVs are do-

ing intra-node driving. These are namely residential, commercial and office areas as given in
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Table 3.3: Rule base for V2G controller

Input Output
Voltage Energy Duration Power

L L L NH
L L M NM
L L H NL
L M L NH
L M M NM
L M H NL
L H L NH
L H M NM
L H H NL
M L L PL
M L M PL
M L H PL
M M L NH
M M M NM
M M H NL
M H L NH
M H M NM
M H H NL
H L L PH
H L M PM
H L H PL
H M L PH
H M M PM
H M H PL
H H L PH
H H M PM
H H H PL
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Table 3.4: Specifications of the EVs’ battery

Type of
battery

Energy
(KWH)

SOC
initial
(%)

SOC
limit
(%)

AHR C limit
rate

A 8 70 25 32 3
B 10 40 45 40 2.5
C 16 50 30 64 3
D 20 85 40 80 4
E 24 30 20 96 4

Table 3.5. Some of the EVs which are not present in CS of these areas are assumed to be in

transit/idle. The reason of having a four area based system is to provide continuous support

to the test node using the EVs. Since, the EVs would traverse within these four areas, the

number of EVs at any instant of time will nearly be same. The transition diagram is shown

in Figure 3.7. As shown in Table 3.5, all the CSs have unequal numbers of EVs in different

time slots but the total number of EVs at the MCS will always be 150. Thus having MCS at

one node, covering these regions, would ensure grid support in terms of voltage, peak shaving

and valley filling at any time. In Table 3.5, ‘To’ indicates that EVs will depart to CS/Transit

in next time slot. ‘From’ indicates that EVs have arrived from CS/Transit from previous time

slot. For example, ‘To-T’ (0900 hrs-1700 hrs in CS1) implies that EVs will depart to Transit,

‘From-C’(1700 hrs-2200 hrs in CS3) implies that EVs have arrived from the CS of commercial

area. First and third time slots indicate off peak hours and the second time slot indicates

peak hours [43]. 10% of SOC is assumed to be consumed when an EV moves from one CS in

previous time slot to the other CS in next time slot. It means that EVs with 45% SOC in peak

hours(1700 hrs-2200 hrs) at CS1 will have 35% SOC in off-peak hours(2200hrs-0900 hrs) when

it arrives at CS3. EVs coming from ‘Transit’ have same SOC initial as mentioned in Table 3.4.

3.4 Results and discussions

In this section, two case studies of the proposed MCS and their corresponding results have

been demonstrated. The simulation results are presented for the following case studies. The
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Residential Commercial Office
(C)(R)

In transit
(O) or Idle (T)

Transition of EVs

Figure 3.7: Transition of EVs between possible destination.

power factor of the entire system is assumed to be unity. The case studies are as follows.

Case I: This case study consists of three parts because simulation is carried out for three

different time slots as mentioned in Table 3.5. Sudden departure of certain high SOC EVs

during peak hours and arrival of low SOC EVs during off peak hours is also studied along with

the controller output. Each node of the test system including the test node (3.4) has a steady

state load as mentioned in Table 3.1.

Case II: Similar to case I, but the simulation is carried out for variable load on test

node(3.4). Load curve for 24 hours on a particular day is obtained from the substation and is

used as a dynamic load at the test node. The behavior of the CS is analysed for flattening the

load profile and mitigating the voltage imbalance.

3.4.1 Case I

Initially, the simulation is carried out for three time slots. It is followed by the analyses

of sudden departure and arrival of certain EVs at the CS. In every analysis, simulation re-

sult of the power flow is shown for 1 second to demonstrate the dynamics of the controller.

Charging/discharging efficiency of the system is assumed to be 100%. However, for the shake

of comparison, Case I(a) and Case I(b) are also simulated by taking the efficiency to be 90%

and the results are compared. Crate of the batteries for different time slots and for each CS has

been mentioned in Appendix C.
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Table 3.5: Time wise distribution of EVs between CSs

Time slot EVs in Residen-
tial area (R):
CS1

EVs in Com-
mercial area
(C): CS2

EVs in Office
area (O): CS3

EVs in Tran-
sit or Idle (T)

0900 hrs-
1700 hrs

10

To-T=10

40

To-T=20
To-O=20

100

To-C=60
To-R=20
To-T=20

50

To-R=20
To-C=30

1700 hrs-
2200 hrs

40
From-O=20
From-T=20

To-R=20
To-T=10
To-O=10

90
From-T=30
From-O=60

To-R=70
To-T=20

20
From-C=20

To-T=10
To-C=10

50
From-R=10
From-C=20
From-O=20

To-T=10
To-R=40

2200 hrs-
0900 hrs

130
From-C=70
From-R=20
From-T=40

To-O=80
To-C=30
To-T=20

10
From-O=10

To-R=10

10
From-R=10

To-C=10

50
From-T=10
From-O=10
From-C=20
From-R=10

To-T=30
To-O=20

3.4.1.1 Case I(a): 0900 hrs-1700hrs (off-peak hours)

The third input i.e. ‘duration’ of the FLC in this case is 8 hrs. Based on the grid health

(in this case, node voltage) and the total energy required by the MCS, the controller decides

that 126.50 kW of power has to be drawn from the grid to charge the batteries as shown in

Figure 3.8. Positive power indicates that the power is drawn by the CS to charge the batteries.

The division of the power between the CSs is based on the energy required by each CSs. It is

found that CS1, CS2 and CS3 require 8.43 kW, 33.7 kW and 84.3 kW of power respectively.

Total energy required by the MCS for the entire duration is 1086 kWh and is shown along with

the required energy of the individual CS in Figure 3.9. As the energy reduces over a period

of time, the power remains same due to increase in Crate of the batteries. The status of the

batteries, i.e., initial and final SOC, is shown in Figure 3.10.
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Figure 3.8: Case I(a): (Off-peak hours: 0900 hrs-1700 hrs):- Power supplied by the grid to the CSs.
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Figure 3.9: Case I(a): (Off-peak hours: 0900 hrs-1700 hrs):- Energy required by CSs for charging
the EVs’ batteries.
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Figure 3.10: Case I(a): (Off-peak hours: 0900 hrs-1700 hrs):- Initial SOC and final SOC of the
batteries.
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The control architecture works even after taking the charging efficiency of the system to

be 90%. The total power drawn from the grid to charge the batteries is 126.5 kW at η=0.9

(Eq. (3.7), which is similar to the power drawn at η=1 (Figure 3.8). However, charging power

received at the MCS is 113.85 kW. The power received by the MCS at η=1 and η=0.9 have

been shown in the Figure 3.11 along with the charging power received by the individual CS

at η=0.9. Since, the power drawn by the node is equal in both the cases, node voltage do

not change and hence no effect on the control scheme. However, the duration of charging will

increase with the change in the efficiency from 8.58 hrs(η=1) to 9.53 hrs(η=0.9).

0
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P
ow

er
 (
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)

MCSη =1
MCSη =0.9

CS
2CS

1
CS

3

126.5
113.85

7.59

30.36

75.9

Duration for grid support: 9.53 hrs

Figure 3.11: Case I(a): (Off-peak hours: 0900 hrs-1700 hrs):- Power received at the MCS for charging
their batteries at η=1 and η=0.9.

3.4.1.2 Case I(b): 1700 hrs-2200hrs (peak hours)

The peak period is between 1700 hrs and 2200 hrs and therefore, FLC takes 5 hrs duration

as one of the input. During peak hours, the voltage of the node is generally below 0.95 p.u [43]

and therefore, the batteries with higher SOC (>SOC limit) will start discharging and will stop

when the SOC limit is reached. Total power delivered by the MCS is 246 kW and is shown

in Figure 3.12. This power is negative, which implies that the power is flowing from the CS

to the grid as per the convention explained in Section 3.3. Total energy drawn by the grid is

1099 kWh and the duration for which the grid is supported is 4.47 hrs as shown in Figure 3.13.

Initial and final SOC of the EVs batteries which have arrived from CSs and Transit have been
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shown in Figure 3.14. It is observed that EVs which come from CSs have initial SOC of 90%

while EVs coming from Transit have initial SOC similar to that as mentioned in Table 3.4. It

is important to note that EVs have not been discharged beyond the SOC limit.
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Total power supplied by the MCS: 246 kW

CS3: 41.27 kW

CS1: 56.45 kW

CS2: 147.6 kW

Figure 3.12: Case I(b): (Peak hours: 1700 hrs-2200 hrs):- Power supplied to the grid by the CSs.
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Figure 3.13: Case I(b): (Peak hours: 1700 hrs-2200 hrs):- Energy available at CSs for discharging
to the grid.

Now, after including the discharging efficiency to be 90%, the net power discharged to the

grid is 246 kW and it is equal to the power discharged at η=1 (Figure 3.12). However, the

power drawn by the MCS is 273.33 kW (Eq. (3.8)) and is shown in Figure 3.15. Since, the

power injection to the node is equal in both the cases of η, node voltage do not change and

hence no effect on the control scheme. The only visible difference is in the duration for the

grid support which will reduce from 4.47 hrs(η=1) to 4.02 hrs(η=0.9). This implies that with

a change in η, the net power injection to the grid remains same, but the power discharged by

the MCS has increased and is shown in Figure 3.15.
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Figure 3.14: Case I(b): (Peak hours: 1700 hrs-2200 hrs):- Initial SOC and final SOC of the batteries.
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Figure 3.15: Case I(b): (Peak hours: 1700 hrs-2200 hrs):- Power supplied to the grid by the MCS
at η=1 and η=0.9.
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3.4.1.3 Case I(c): 2200 hrs-0900hrs (off peak hours)

During off peak hours, the node voltage is generally high (1.05 p.u to 1.1 p.u). The dura-

tion of the off-peak period is more than the peak period and therefore, the length of charging

can be extended for maintaining the node voltage within specified limit (0.95 p.u. to 1.05

p.u.) for longer period. Also, durability of the batteries increases with slower rate of charg-

ing/discharging. A total of 157 kW of power is required by the CSs to charge their batteries

as shown in Figure 3.16. Total energy required by the MCS is 1646 kWh and is shown in Fig-

ure 3.17. For complete charging of the EVs batteries, the time required is 10.48 hrs. This is a

valid result which shows that the voltage has been maintained near unity for a longer duration.

During off peak hours, batteries of all the CSs have been charged up to 100% of SOC as shown

in Figure 3.18.
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Total power drawn by MCS: 157kW

Figure 3.16: Case I(c): (Off-peak hours: 2200 hrs-0900 hrs):- Power supplied by the grid to the CSs.

Voltage of the sub feeder node has been shown in Table 3.6 with and without MCS for

the three different time slots. It is observed that MCS connected at the test node have higher

voltage support as compared to the adjacent nodes. However, because of the MCS, all the other

nodes’(3.1, 3.2 and 3.3) voltage have been improved and they are near to the specified limit.

3.4.1.4 Case I(d): High SOC EVs leave CS2 during peak hours

In this case, 30 EVs of CS2 during peak hours have suddenly departed after 2 hrs. This

results in drop of energy level by 244.58 kWh at CS2 as shown in Figure 3.19. As a result,

75

TH-1125_09610202



3. Multi Charging Station for dynamic load management

CS1 CS2 CS3 MCS
0

500

1000

1500

2000

E
ne

rg
y(

kW
h)

123.4 kWh123.4 kWh

1400.2 kWh

1646 kWh
Total duration:10.48 hrs.

Figure 3.17: Case I(c): (Off-peak hours: 2200 hrs-0900 hrs):- Energy required by CSs for charging
the EVs batteries.
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Figure 3.18: Case I(c): (Off-peak hours: 2200 hrs-0900 hrs):- Initial SOC and final SOC of the
batteries.
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Table 3.6: Voltage(p.u) of the sub feeder nodes

Sub
feeder

3
Case I(a) Case I(b) Case I (c)

Nodes
Without

MCS
With
MCS

Without
MCS

With
MCS

Without
MCS

With
MCS

3.1 1.08 1.05 0.99 1.01 1.09 1.06
3.2 1.05 1.03 0.97 0.98 1.08 1.05
3.3 1.05 1.02 0.94 0.97 1.08 1.04
3.4 1.06 1.01 0.92 0.99 1.07 1.02

the controller adjusts the power distribution with the remaining batteries’ energy. This can be

calculated as follows.

Erem = Eavail − Eexit (3.13)

where, Erem is the remaining available energy at the MCS after sudden departure of certain

EVs, Eavail is the total energy available at the MCS before departure of these EVs and Eexit is

the total available energy of the departed EVs at the time of exit. It is observed in Figure 3.20

that the controller has maintained a lower power level of 160.72 kW as compared to 246 kW

(case I(b)) so that the voltage does not fall below a specified limit. The duration of the grid

support has also been reduced to 4.24 hrs in comparison to 4.47 hrs (case I (b)). Voltage of

test node without MCS support, with MCS support and after the departure of high SOC EVs

from CS2 have been shown in Figure 3.21.
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Figure 3.19: Case I(d): (High SOC EVs leave CS2 during peak hours: 1700 hrs-2200 hrs):- Energy
available before and after sudden departure of high SOC EVs.
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Figure 3.20: Case I(d): (High SOC EVs leave CS2 during peak hours: 1700 hrs-2200 hrs):- Total
power before and after departure of high SOC batteries from CS2 after 2 hrs.
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Figure 3.21: Case I(d): (High SOC EVs leave CS2 during peak hours: 1700 hrs-2200 hrs):- Voltage
of Node 3.4, before CS support, with CS support and after departure of high SOC from CS2.
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3.4.1.5 Case I(e): Low SOC EVs arrive at CS1 during off-peak hours

With sudden arrival of few EVs with low SOC batteries at the CSs during off peak hours,

the node voltage may fall. This is due to increase in load as the new EVs will also charge their

batteries. Figure 3.22 shows that the required energy to charge the EVs is increased due to

sudden arrival of low SOC EVs after 4 hrs and the duration for charging has been increased

from 8.58 hrs to 8.95 hrs. Now, the FLC will adjust the power flow to maintain the voltage

within specified limit. Total energy required after the sudden arrival of EVs during off peak

hours is given below.

Etotal = Ereq + Earrival (3.14)

where, Etotal is the total energy required to charge the EVs’ batteries at the MCS after sudden

arrival of certain EVs, Ereq is the total energy required by the MCS before arrival of the EVs

and Earrival is the total required energy to charge the EVs battery which have suddenly arrived

at the CS. The power required by the CSs to charge the EV’s batteries before and after the

arrival of EVs has been shown in Figure 3.23. It is seen that the power drawn by the MCS

after arrival of new EVs at CS1, is increased to 182.63 kW compared to 126.5 kW(case I(a)).

The power requirement has been increased but not in the ratio of arrival of low SOC EVs’

batteries. This is due to the controller action, which maintains the voltage of the node by

allowing the EVs to charge the batteries with lower Crate. Voltage of the test node during

off-peak hours without MCS support, with MCS support, after the arrival of low SOC EVs are

shown in Figure 3.24. Voltage of the node without FLC is found to be 0.94 p.u. after sudden

arrival of low SOC EVs. Similar results can be shown during peak hours and off- peak hours

with various combinations of sudden arrival and departure of the EVs.

3.4.2 Case II: Validation of MCS by implementing the actual load

curve of Node 3.4

In this part, load curve of a particular node has been implemented as a dynamic load to

observe the behavior of the proposed MCS. Figure 3.25 shows the load curve of test node (3.4)

of 33 kV substation model. The output of the proposed FLC has been shown in Figure 3.26,
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for 24 hrs duration. Positive power indicates charging of the EVs’ batteries and negative

power indicates discharging of EVs’ batteries to the grid. Voltage of the test node with and

without implementation of the MCS have been shown in Figure 3.27. It is observed that V2G

implementation has improved the voltage profile of the node as well as helped in peak shaving

& valley filling. FLC controls the voltage of the node by controlling the flow of power between

the node and the MCS. The same EVs configuration defined in Table 3.5 has been used for

three different time slots with dynamic loading and all the parts are shown together to show

the combined effect. As the load changes, the controller adjusts the power requirement of the

CSs by changing the flow of power between the grid and the batteries.
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Figure 3.25: Case II: Load curve of Node 3.4 without MCS.
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Figure 3.26: Case II: V2G controller decision of power flow between grid and battery. (positive :
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Energy available/required by the MCS due to dynamic load on the test node is shown in

Figure 3.28. In this figure, negative energy implies that energy is available at the MCS and

power is drawn by the grid. Similarly, positive energy implies that energy is required by the
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Figure 3.27: Case II: Test node (3.4) voltage with and without MCS.

MCS to charge the EVs batteries and MCS draws the power from the grid. The SOC of

the batteries for first time slot at CS1 is shown in Figure 3.29. From this figure, it can be

observed that the battery type A arrives with an initial SOC of 70% at 0900 hours. According

to Figure 3.25, the grid is under stress and needs energy. Since the battery type A has healthy

SOC, it discharges energy to the grid from 0900 hours to 1300 hours. At the end of this interval

the SOC of the battery becomes 44%. From 1300 hours to 1700 hours, the grid is no more

under stress (Figure 3.25) and the battery can charge itself. At 1700 hours the SOC of the

battery reaches 72%. This strategy shows that the starting SOC (the SOC when the vehicle

arrives at the CS at 0900 hours) is almost same as the end SOC (when the vehicle leaves the

CS at 1700 hours). However, in between when the vehicle was idle, it interacted with the grid

and provided grid support. This holds true for battery types C, D and E as well. In case of

battery type B, the initial SOC is low but by the time EV leave the CS, its SOCs have reached

a healthy level. As shown in Figure 3.29, EVs are not discharged up to SOC limit due to low

requirement of power by the grid. Also, the EVs are not charged up to 100% SOC due to less

energy drawn from the grid.

From the results of Case I and Case II, it is observed that the proposed MCS can handle the

flow of power between the grid and the batteries without affecting the stability of the grid. In

both the cases, the voltage is found within acceptable norms of the grid. SOC of the batteries

have been maintained as per the SOC limit set by the vehicles owner.
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Figure 3.28: Case II: Energy available/required at the MCS due to dynamic load at the test node.
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Figure 3.29: Case II: SOC of the batteries at CS1 at the MCS due to dynamic load at the test node.

3.5 Summary

In this chapter, MCS for the EVs has been modelled at the system level. The purpose

of designing the MCS is to coordinate the flow of power between the grid and the batteries

in a controlled fashion using FLC. A suitable algorithm has been designed which takes into

consideration Crate and SOC of the batteries. EVs batteries are not discharged beyond the

owner’s preferred SOC limit and Crate. An algorithm for distribution of power among the CS

and the batteries is also developed. The complete model is tested on a typical distribution grid

of a city. MCS is capable of handling different scenario of EVs arrival and departure during

peak and off peak hours. The dynamic load profile is obtained for a particular node and used to

test the proposed model. It is verified that the proposed MCS can stabilize the grid by valley

filling and peak shaving and the proposed controller can work at any charging/discharging

efficiency.

It has been observed that proposed MCS can maintain the voltage profile of a distribution
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node by valley filling and peak shaving for a complete 24 hrs duration. This is achieved by

modelling the MCS based on different time slots. In the next chapter, coordination of the

renewable energy sources in presence of the single CS at a particular node has been presented.
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4. Integration of renewable energy sources and its interaction with the V2G system

4.1 Introduction

Distributed generation (DG) using renewable energy is going to play a vital role in the

energy grids across the world [58]. However, to meet the base load and peak load demands, the

renewable based DG has to be effectively coupled with energy storage systems (ESS) [59]. The

ESS becomes essential due to the fact that renewable energy sources are highly intermittent [60].

If proper storage and coordination of renewable based DG with the grid is not done, then it

will result in grid instabilities [61]. Hence, storage is imperative for large scale penetration of

renewable based DG [62, 63]. Also, with the installation of distributed generation in a radial

distribution network, higher power export to the transmission network is possible. If some

storage devices are present at the distribution node level, they can store the excess energy

during off peak hours and supply back to the grid during peak hours. The utilization of

Electric Vehicles (EVs) as a distributed storage is becoming more popular as they can be used

for commuting as well as for storage.

If a large number of EVs penetrate in the market, then their batteries can be utilised for

the storage of excess energy produced by the DG. Hence, the EVs have a potential to act as

distributed energy storage systems (DESS) and also provide support to the grid by injecting

the excess stored energy back to the grid. In this chapter, a charging station (CS) capable

of V2G interaction with the renewable energy sources is proposed and modelled. The CS is

connected at a node of the distribution grid and at this node a mini Wind farm and Solar PV

farm are also connected. The motivation behind choosing this configuration is to demonstrate

the interaction between EVs, distribution grid and the DG. It is shown in this chapter that

besides performing their main task of transporting its owner, EVs are able to store the excess

energy produced by DG effectively and release it back to the grid during peak hours. The main

focus is made on the utilisation of solar energy during day time and wind energy at night. In

both the cases, EVs batteries can be utilised to store the excess energy produced by solar and

wind farm during off peak hours and supply the power back into the grid when required.

In this thesis work, a real time smart CS for the EVs has been modelled. Real time implies
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that the voltage of the test node (PCC) and energy of the batteries gets updated at every

instant of time. Also, the sudden arrival and departure of EVs with different specifications and

user preferences have been taken into consideration. Now, based on the total EVs present at

the CS at any instant, the ‘available energy’ and the ‘required energy’ of the individual battery

and the total EVs batteries energy are calculated. ‘Available energy’ is the excess energy of the

battery and this energy can be discharged to the grid. ‘Required energy’ of the battery implies

the amount of energy required from the grid for charging up to 100% of SOC. Based on the

energy calculated, distribution of power, among the batteries, which would flow between the

grid and the EV’s battery, is decided. For example, batteries having high energy requirement

will draw more power from the grid to charge. Also, the batteries having less available energy

can discharge a lesser amount of power to the grid and vice versa.

To protect the battery from over-discharging, an algorithm has been developed which pre-

vents operation beyond the specified end-of-discharge voltage similar as used in chapter 3.

Another algorithm is designed to check the owner’s preferred maximum Crate. This implies

that the individual EV’s battery is not charged or discharged beyond the specified Crate. FLC

is implemented at the distribution node (PCC). FLC requires a set of three variables to decide

the amount of power flow between the grid and the CS. These are namely the energy available

from the CS, voltage of the distribution node and the power to be compensated. The power

flow between the grid and the CS may be negative or positive. ‘Negative power’ implies, power

has to be transferred to the grid from the batteries and ‘positive power’ implies, power is drawn

from the grid to charge the batteries.

The entire model of the CS is simulated by modeling a practical system which is a reduced

substation of Guwahati city. The ratings of solar PV plant and wind turbine used in this work

are 50 kW and 60 kW respectively. Insolation and wind speed of the Guwahati city (250006′

N, 910035′E) have been obtained for a particular day from Regional Meteorological Centre,

Guwahati [64]. The average insolation of Guwahati city is found to be 4.47 kWh/m2/day.

Based on these data, a power curve has been estimated for the 50 kW solar cells and 60 kW

wind turbine. Lower power ratings of the renewable energy sources have been assumed due
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to their integration with the 11 kV/440 V sub feeder in the proposed 33 kV substation of

Guwahati city. EVs’ CS and its interaction with the renewable energy sources are shown in

Figure 4.1.

Grid Information
(Voltage)

Solar Power

Wind Power

Existing Load

Distribution Node
Point of Common Coupling

compensated
Power to be 

Energy available

EV Charging

StationControl Signal

Power Signal

Fuzzy Logic

Controller

Figure 4.1: EV charging station and its interaction with renewable energy sources.

Following assumptions have been made in this work.

• CS for the EVs using FLC has been designed at system level.

• Due to large dynamics involved in the distribution system, converters connected to charge

and discharge the EVs have not been modelled. Also the converters for the solar and wind

energy have not been modelled.

• Efficiencies of the batteries, charging system and converters have not been considered since

the aim of this work is to elaborate on the implementation of grid support at system level.

• Loss in the battery’s capacity with respect to cycling is not considered.

The chapter is organised as follows: Section 4.2 discusses the modelling of the charging sta-

tion, distribution grid and the battery. Section 4.3 formulates the problem in which, integration

of renewable energy source, algorithm, FLC are discussed. The results and their interpretation

are presented in Section 4.4. Conclusions are presented in Section 4.5.
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4.2 Modelling of the V2G system

In this section, modelling of the CS which is capable of coordinating with the renewable

energy sources is presented. The distribution network where the test model is validated is also

discussed. EV’s battery used for the modelling of the V2G is similar as used in Chapter 3,

Section 3.2.

4.2.1 Modelling of the charging station

CS is a place where all the EVs of particular distribution node area will participate for grid

support. The proposed CS will utilize the EVs’ batteries to discharge their excess energy to

the grid for meeting the peak demand and other required ancillary services. A total of 50 EVs

are assumed to be present at the CS. All the EVs may have different battery conditions such

as initial SOC, SOC limit and Crate limit (limit set by the vehicles’ owner). Assuming real

conditions, EV’s battery may arrive at the CS below the specified SOC limit and will always

charge first to reach the SOC limit. For example, 10 kWh batteries (40% SOC) will always

charge first to reach the SOC limit (say 50%) even during peak hours. The detailed technical

specifications and the functioning of CS are discussed in section 4.3.

4.2.2 Distribution substation

The distribution test system presented in chapter 3, Section 3.2 has been used to validate

the proposed model.

4.3 Controllers and aggregators

In this section, Fuzzy Logic based controller which is used to control the flow of energy

between the grid and the CS has been discussed. The detailed explanation of the V2G system

and its coordination with the renewable energy sources has been discussed along with the

aggregators.
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4.3.1 Integration of renewable energy sources

Power curves for the solar and wind energy sources have been obtained for a particular day

of the year 2011 based on the insolation and wind speed of Guwahati city [64]. The power curve

is the power obtained from the solar/wind energy v/s time (24 hours duration). Similarly, an

existing load curve of the 11 kV/440 V distribution node has been obtained from the substation.

From these two inputs,(i.e. total power available from the renewable energy sources and the

existing load) the effective load (net load) is obtained. Another load, i.e. ‘base’ load which is

provided by the substation has been used to find the power to be compensated. At this load,

the voltage remains close to unity. Now, the difference between the effective load (net load)

and the base load is the ‘power to be compensated’ by CS. The detailed diagram is shown in

Figure 4.2. The power to be compensated can be positive or negative. Positive power implies

EVs batteries at the CS have to be charged and negative power implies that the stored energy

in the batteries have to be discharged to the grid.
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Figure 4.2: Power to be compensated by the EVs present at the CS.

The ‘power to be compensated’ together with the voltage of the distribution node and the

available energy of the batteries are used as the inputs of the FLC. Based on these three inputs,

FLC decides the amount of power to be drawn from the grid to charge the EVs batteries or

the power to be injected into the grid. This power is referred as ‘required power’ by the CS.

The block diagram of the CS and its integration with the renewable energy sources is shown in

Figure 4.3.
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Figure 4.3: Flow chart for controlling the flow of power in individual battery.

4.3.2 Fuzzy Logic Controller

The ‘required power’ obtained by the CS from the FLC can be negative or positive. Negative

power indicates deficiency of power (the EVs at the CS can discharge their excess energy to

the grid). Positive power implies the excess power generated by the renewable energy sources

which may be utilised by the EVs present at the CS. However, charging or discharging of the

EVs’ batteries will depend upon the requirement of energy by the CS or availability of the

batteries energy at the CS. Therefore, the third input to the FLC is taken to be the energy

available at the CS. The energy required will be the complement of the energy available. The

FLC is shown in Figure 4.4.

Fuzzy Logic

Controller
available energy

Batteries 

Power to be 
compensated

Node Voltage
 (Vp.u.)

charging/discharging

Power (P)
required for

Figure 4.4: Block diagram of the FLC

Membership functions for inputs and outputs are shown in Figure 4.5. In this figure, V (p.u.)

is the voltage of the node in p.u., E is the energy available in the batteries, Pcomp is the power

to be compensated and P is the required power by the CS. The membership functions of the

controller are as follows.
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• The first input, node voltage is fuzzified into corresponding fuzzy signals with three

linguistic variables; low (L), medium (M) and high (H).

• The second input, power to be compensated is fuzzified into six fuzzy regions representing

the linguistic variables; negative high (NH), negative medium (NM), negative low (NL),

positive low(PL), positive medium (PM) and positive high (PH).

• The third input, available energy is fuzzified with three linguistic variables similar to the

first input.

• The output is fuzzified into seven fuzzy regions represented by linguistic variables; nega-

tive high (NH), negative medium (NM), negative low (NL), zero (ZR), positive low (PL),

positive medium (PM) and positive high (PH).

Rule base for the FLC is mentioned in Table 4.1, where V is the node voltage in p.u., Pcomp is

the power to be compensated, E is the energy available from the CS and P is the total power

which should flow between the grid and the CS.
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Figure 4.5: Membership functions of the FLC.

For example, let us take the first rule mentioned in Table 4.1. If node voltage V is L, Pcom

is NH and E is L, then the batteries need to deliver power to the grid. Since the batteries
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Table 4.1: Rule Base for the FLC

Input Output Input Output
V Pcomp E P V Pcomp E P
L NH L NL M PL L PL
L NH M NM M PL M PL
L NH H NH M PL H PL
L NM L NL M PM L PL
L NM M NM M PM M PL
L NM H NM M PM H PL
L NL L NL M PH L PL
L NL M NL M PH M PL
L NL H NL M PH H PL
L PL L ZR H NH L ZR
L PL M ZR H NH M NL
L PL H ZR H NH H NL
L PM L PL H NM L ZR
L PM M ZR H NM M NL
L PM H ZR H NM H NL
L PH L PL H NL L ZR
L PH M ZR H NL M ZR
L PH H ZR H NL H ZR
M NH L NL H PL L PL
M NH M NL H PL M PL
M NH H NL H PL H PL
M NM L NL H PM L PM
M NM M NL H PM M PM
M NM H NL H PM H PM
M NL L NL H PH L PH
M NL M NL H PH M PM
M NL H NL H PH H PL

themselves have low energy availability, it can deliver only low power to the grid and hence P

is NL. If E were M or H, P would be NM or NH. Now, let E be the energy required instead of

energy available. Energy available L implies energy required is H. Using the same input already

used in the former case, power output P for the inputs (Rule 1) would be NL. This is because,

at low node voltage, power cannot be drawn by the batteries, though the grid have high energy

requirement.

4.3.3 Division of power among the batteries

The control flow diagram of a CS is shown in Figure 4.6. The power required by the CS

to charge the batteries or discharge the batteries energy to the grid is represented by P . Here,

P can be negative or positive depending on the direction of power flow. Again, P is divided
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among the batteries of CS as Pb1 (1st battery of CS) to Pbn (nth battery of CS). If Pb1 is

positive, the battery will get charged and if negative, the battery will be discharged. Charging

and discharging of the EV’s battery can be controlled with the help of an algorithm which

is explained in the next subsection. In this part, division of power among the batteries is

discussed.

The amount of power flow (P ) which is decided by the FLC is divided among the batteries

as:

Pbi =
Ebi

E
P (4.1)

where, Pbi is the power required by the ith battery of the CS, Ebi is the available energy of the

ith battery and P is the output power as decided by the FLC. The total energy of the batteries

E can be calculated as follows:

E =
i=n
∑

i=1

Ebi (4.2)

where, Ebi can be the available energy in the battery for discharging or the required energy

by the battery for charging. This can be derived using the following equations.

Ecom
avail = Erated(SOCinitial/100) − Ecom (4.3)

where, Ecom
avail is the energy available after commuting certain distance, Erated is the rated energy

of the EV’s battery, SOCinitial is the SOC at the time of starting from home/office and Ecom is

the energy used while commuting. Now, the SOC after commuting can be found as:

SOCpostcom = (
Ecom

avail

Erated

)100 (4.4)

where, SOCpostcom is the SOC of the battery after commuting, Ecom
avail and Erated are same as

defined in Eq. (4.3). Using Eq. (4.3) and Eq. (4.4), the ‘energy available’ and ‘energy required’

for the ith battery can be found as:
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Ebi(avail) = ((SOCpostcom − SOClt)/100)Erated (4.5)

Ebi(required) = ((100 − SOCpostcom)/100)Erated (4.6)

where Ebi(avail) and Ebi(required) are the energy availability and the energy required for the

ith battery.

Distribution Node

Battery 1

Algorithm:
Charging and
discharging of 

battery

P
ow

er
 fl

ow

N
od

e 
V

ol
ta

ge

A
H

R

S
O

C
 li

m
it

S
O

C

Fuzzy Logic
Controller

CS
Aggregator

Pb1

Crate

Current

Total Power
(P)

C
lt r
a
te

Compensated
Power to be

Energy
Total available

Node Voltage

PbnPb2

Figure 4.6: Control flow from the charging station to individual battery.

4.3.4 Individual battery control

Individual battery control discussed in this part is similar as discussed in the chapter 3.

However, to maintain the continuity few equations are repeated in this subsection.

To control the flow of energy between the grid and an individual battery, an algorithm has

been developed. Charging and discharging of an EV’s battery can be controlled by changing
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the Crate. Power required for charging/discharging the battery and ‘available/required’ energy

of the battery are used to calculate the Crate and it is given as:

Crate =
Pbi

ViAhri
(4.7)

where, Crate is the required charging/discharging rate of the individual batteries. Pbi is the

power required to charge/discharge the ith battery of the CS. Vi is the voltage of the ith battery

and Ahri is the current Ampere Hour (AHR) of the ith battery. However, the Crate calculated

in Eq. (4.7) should not exceed the preferred rate of the Vehicle’s owner and this is taken into

account as given in the flow chart of Chapter 3 (Figure 3.5).

Current Ampere Hour is calculated as:

Ahri = Ahrrating(SOCrem/100) (4.8)

where, Ahrrating is the rated AHR of the battery, SOCrem is the difference of the current SOC

(SOCcr) and SOC limit (SOClt). In the case of discharging, SOCrem is calculated as follows:

SOCrem = SOCcr − SOClt (4.9)

In the case of charging, SOCrem is calculated as below.

SOCrem = 100 − SOCcr (4.10)

Finally, the current of the battery is controlled based on the required Crate and Ahri of the

battery. Using Eq. (4.7) and Eq. (4.8), the battery current is calculated as given in Eq. (4.11).

Ahrbi is the current which flows between the battery and the grid. Ahrbi is positive, if power

is flowing to the battery during charging and negative if power is flowing to the grid from the

battery during discharging.

Ahrbi = AhriCrate (4.11)

The detailed flow chart for charging and discharging of a battery is similar as shown in

96

TH-1125_09610202



4.3 Controllers and aggregators

Figure 3.5 of chapter 3. In the Figure 3.5, C limit
rate is the preferred maximum Crate set by the

vehicle’s owner(refer Table 4.2) and Vbat is the voltage of the battery. All the other symbols

have same description as mentioned in Eq. (4.8) to Eq. (4.10).

For example, if AHRrating, Vbat, SOCcr and SOClt of a battery (1st battery of CS) is 32

AHR, 250 V, 90 and 25 respectively then SOCrem can be found from Eq. (4.9) to be 65 and Ahri

can be found from Eq. (4.8) to be 20.8 AHR. If Pb1= 1.16 kW (power required for discharging

to the grid by the EV’s battery), as decided by Eq. (4.1) (say during peak hours) then the Crate

at 90% of SOC can be calculated using Eq. (4.7) as 0.223.

4.3.5 Assumptions and background

As mentioned in Section 4.3, there will be a maximum of 50 EVs at the CS. However, for

the sake of better representation all these EVs are divided into 5 categories. Table 4.2 shows

the type of batteries along with their energy ratings in kWh, commuting energy in kWh (energy

consumed by EV while commuting), initial SOC, SOC after commuting, SOC limit and Crate

limit. The energy available to discharge to the grid and energy required by the batteries for

charging are also shown in the table. Eq. (4.3)- Eq. (4.6) have been used to find the available

and required energy of the batteries as mentioned in Table 4.2.

The following assumptions are made to validate the proposed model.

• The initial SOC of the EVs’ batteries at the time of leaving from their home or office is

taken to be 90%.

• EVs will travel an average distance of 20 Km to reach the CS and the energy consumed

in travel is assumed to be 6 kWh per 20 km [65,66].

• EVs’ arrival at the CS is assumed to be Gaussian because in real situations, EVs may

arrive and depart CS at different times as per the owners’ need . The cumulative number

of EVs are assumed to vary at every hour(Figure 4.7 and Figure 4.8).

Accordingly, the energy curve is estimated for two different time slots. Two types of time

slots have been considered assuming two scenarios:
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Table 4.2: Battery specifications

Energy
rating
(kWh)

Comm-
uting
energy
(kWh)

Initial
SOC
(%)

SOC
after
com-
mut-
ing
(%)

SOC
limit
(%)

Crate

limit
energy
avail-
able
(kWh)

energy
required
(kWh)

10 6 90 33 20 2 1 7
12 6 90 45 25 2.5 1.8 7.2
16 6 90 58 30 1.5 3.6 7.6
20 6 90 67 35 2 5 8
24 6 90 72 40 3 6 8.4

Total energy of 5 EVs(kWh) 17.4 38.2

• First scenario is that EVs will travel to office or working place from their residential area

in the morning hours and they will return in the evening hours.

• Second scenario is considered during night hours. In this case EVs starts arriving at the

residential area in evening hours and stay during night in the same area. However, they

start leaving for the office or working place in the morning hours.

The two time slots are as follows:

• First slot is taken during day time (0800 hrs-1800 hrs)

• The second slot is during night time (1800 hrs- 0800 hrs).

Two types of energy curves (energy availability and energy required) are shown in the

(Figure 4.7 and Figure 4.8) and these curves are used in the simulation work. The energy

availability and energy required curves are based on the assumed gaussian curves for arrival of

EVs at the CS.

However, the energy utilization curve of the batteries available at the CS will be different

because, the energy required/available will be updated at every instant of time. This is because,

the power is changing at every instant of time and therefore the energy required/available will

change depending on the FLC output. The energy utilization curve is shown in the result

section (Figure 4.20). The two type of energy curves are as follows:
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Type A: EVs arrive during day time at the CS directly from their residence will have

energy curve similar to Figure 4.7. The duration of the EVs’ availability at the CS during the

day time is assumed to be from 0800 hrs to 1800 hrs. This curve shows the energy available

for peak shaving and energy required for charging the EVs. In other words, this energy curve

is the cumulative energy (available and required) due to arrival of EVs in a particular hour.

Numbers mentioned in the figure are the cumulative number of EVs at that time. The energy

(available/required) is calculated using Eq. (4.3)- Eq. (4.6) and also mentioned in Table 4.2.

For example, at 1000 hours, 30 EVs have arrived. Using Table 4.2, the available energy of

30 EVs will be 104.4 kWh and the required energy for charging is 229.3 kWh. It implies that

EVs can charge as well as discharge depending on the grid condition. Similarly at 1800 hrs,

5 EVs are present and therefore, the available and required energy will be 17.4 kWh and 38.2

kWh respectively.

It can also be observed from Figure 4.7 that the energy available in the batteries is low

when compared to energy required by the batteries. This is due to the assumption regarding

the batteries SOC limit and their commuting energy.
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Figure 4.7: Energy curve during day time as per the arrival of EVs at the CS

Type B: EVs which arrive at the CS in other times such as in the evening hours will have

the energy curve as shown in Figure 4.8. The duration for this type of energy curve is longer

as compared to Type A, because during this period, (1800 hrs. to 0800 hrs.) most of the

EVs will be in residential area. Numbers mentioned in the figure are the cumulative number of

EVs at the respective hours. It is observed that between 2300 hrs and 0300 hrs, movement of
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EVs to & from the CS will reduce to zero. Hence, cumulative numbers of EVs at the CS will

become constant(50 EVs) and so will be the available and required energy.
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Figure 4.8: Energy curve during evening and night time as per the EVs arrival at the CS

The proposed CS is validated for two distribution nodes each having a different load pattern

but similar solar & wind power profile. At a time, only one node has a dynamic load profile

and other nodes are assumed to have constant load as mentioned in Table 3.1. Base load for

the two test nodes is found to be 150 kW. The peak and off peak load is compared with base

load. The load above the base load is called the peak load (peak shaving area) and below it is

called off-peak load (valley filling area). The load profile mentioned in CASE I and CASE II

are without the integration of renewable energy sources. Two case studies are described below.

CASE I: The load curve of the first test node(Node 3.3) is shown in Figure 4.9 and this is

obtained from the substation on a particular day of the year 2011. This node has a commercial

as well as residential load. The peak load starts exceeding the base load from the day time and

reaches its peak during evening hrs due to lightening in the commercial as well as residential

area. During 0800 hrs-1800 hrs, the energy of EVs arriving at the CS will be utilised as per the

Type A energy curve and during 1800 hrs-0800 hrs, the same will be utilised as per Type B

energy curve, as shown in Figure 4.9.

CASE II: The load curve of the second test node (Node 2.3) is shown in Figure 4.10,

which is obtained from the substation. This node consists of only industrial load. Therefore

peak load is found in the day time as shown in the figure. As the peak load is during the day

time, hence, energy of EVs arriving in the office hours will be utilized at the CS (Type A).
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Figure 4.9: : Load curve of node 3.3, without integration of renewable energy sources

The simulation is carried out between 0800 hrs to 1800 hrs.
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Figure 4.10: Load curve of node 2.3, without integration of renewable energy sources.

4.4 Results and discussion

4.4.1 Case I: Commercial and residential load at node 3.3

Load curve of node 3.3 which is shown in Figure 4.9, has been utilised for the real time

implementation of the proposed model. In Figure 4.11, the solar power and the wind power

curves along with the total power obtained from these two power curves (solar and wind)

have been shown. With the inclusion of renewable energy sources at the node, some part

of the existing load is met by the renewable energy sources. Therefore, with the inclusion

of renewable energy source, the effective load demand reduces. The load profile without the

renewable sources and the effective load with integration of renewable energy sources are also

shown in the figure. It is seen that the load above the base load will lead to drop in the
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voltage level and load lower than the base load will lead to rise in the voltage level. In other

words, valley filling area is increased and the peak shaving area is reduced with the inclusion

of renewable energy sources. If the utilisation of EVs in peak and off-peak hours is achieved

then the load curve is flattened and the voltage becomes closer to unity.
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Figure 4.11: CASE I: Load curve of node 3.3 with integration of renewable energy sources

Considering the base load to be 150 kW, ‘power to be compensated’ is shown in Figure 4.12.

X and Y marked regions in the figure represents the amount of power to be compensated

(Pcomp). Negative area (Y) is for discharging excess energy to the grid and the positive area

(X) is for charging the EVs batteries at the CS. Type A and Type B energy curve is used

between 0800 hrs - 1800 hrs and 1800 hrs - 0800 hrs respectively. With the utilization of EVs

as a storage, X and Y area can be reduced resulting in the flattening of the node voltage. The

voltages of the node with and without integration of the solar and wind energy sources are

shown in Figure 4.13. It is observed that voltage of the node diverges from 1 p.u to a higher

value with the integration of renewable energy sources.

Now, based on the energy availability at the CS, node voltage and power to be compensated

(Figure 4.12), FLC decides the flow of the amount of power between the grid and the CS and

it is shown in Figure 4.14. It is observed from this figure that at 0800 hrs, there is a large

gap between the FLC output and the power to be compensated. This is due to low energy

availability of battery during this time, which is a consequence of the assumption of Gaussian

arrival of the EVs at the CS. But after this duration, the difference is very small. Similar

scenario is observed at 1800 hrs. The node voltage after the inclusion of the FLC based CS has
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Figure 4.12: CASE I: Power to be compensated at node 3.3 with the integration of solar and wind
energy
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Figure 4.13: CASE I: Voltage of node 3.3 with and without integration of renewable energy sources.

been maintained near to unity due to flattening of the load profile and it is shown in Figure 4.15.

4.4.2 Case II: Industrial load at node 2.3

In this case, the load curve as shown in Figure 4.10 is used to study the interaction of

renewable energy sources in the presence of FLC based CS. The analysis will be done only

between 0800 hrs and 1800 hrs since, only industrial load is connected at this node and therefore,

people working in this area will park their EVs at the CS only during day time. Load curve of

node 2.3 with integration of solar and wind power is shown in Figure 4.16. With the integration

of renewable energy sources, the effective load has been reduced. Therefore, the valley filling

area is increased and the peak shaving area is reduced as shown in the figure.

The ‘power to be compensated’ has been shown in Figure 4.17. ‘X’ and ‘Y’ marked region
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Figure 4.14: CASE I: FLC power output and the power to be compensated
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Figure 4.15: CASE I: Node voltage with implementation of FLC based CS

in the figure represents the amount of power to be compensated. Negative area (Y) is for

discharging the excess energy to the grid and positive area (X) is for the charging of EVs

batteries at the CS.

The voltage of the node 2.3 (with and without renewable energy sources) is shown in Fig-

ure 4.18.

The FLC output is shown in Figure 4.19. In this figure, FLC output is only shown for 0800

hrs to 1800 hrs. It is observed that the proposed controller maintains almost similar curve as

that of ‘power to be compensated’. Similarly, the voltage of the node can be shown to be near

to unity after the inclusion of FLC based CS.

The energy utilization for the CASE I and CASE II have been shown in Figure 4.20. The

positive energy shown in this figure is the required energy and the negative energy is the

available energy. These energy curves are different from the curves shown in Figure 4.7 and
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Figure 4.16: CASE II: Load curve of node 2.3 with integration of renewable energy sources.
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Figure 4.18: CASE II: Voltage of node 2.3, with and without renewable energy sources

Figure 4.8. It is observed that the energy curve is changing very steeply at certain value of

time. This is because EVs arrive/depart every hour. Due to sudden arrival of EVs, the energy

level of the CS increases. But, during a certain period, the energy reduces as it is utilised by

the grid or by the EVs’ batteries at the CS.
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Figure 4.20: Energy utilization of the CS batteries for the CASE I and CASE II

4.5 Summary

In this chapter, the charging station has been modelled for the Electric Vehicles and its

interaction with the renewable energy sources has been presented. Individual EV’s battery

participates in the valley filling and peak shaving. A fuzzy logic controller has been designed

which controls the flow of power based on the node voltage and the available energy of the

batteries. To protect the battery from over-discharging, an algorithm has been developed

which prevents operation beyond the specified end-of-discharge voltage. The batteries are not

charged/discharged beyond the owner’s preferred maximum Crate. A practical distribution

system has been simulated to test the proposed model. It has been analysed that the proposed

charging station can handle the inclusion of renewable energy sources and stabilise the grid in

real time scenario.

In the next chapter, various CSs connected to different nodes of a radial subfeeder and their
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coordination with the distribution substation (DS) have been presented.
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substation level

5.1 Introduction

Fuel based power plants can be more efficiently operated if the production levels are constant

[67]. However, as the loads keep fluctuating, electricity production are drastically scaled up

and down to meet momentary power demands [68]. Also, the use of renewable energy sources

such as solar farms and wind farms can cause mismatch between the load and generation due to

its intermittent nature [69]. Therefore, to increase the efficiency of the generating plants, and

to match the load with generation, it is necessary to store electrical power when production

exceeds consumption. When the power demand exceeds the generation, the stored energy can

be returned back to the grid [70]. With induction of energy storage systems in the grid, the

large scale penetration of renewable energy sources can be facilitated as discussed in chapter

4. Among various storage technologies, utilization of the Electric Vehicles (EVs) batteries can

become the potential storage for the grid (Chapter 2 and Chapter 3). In the previous chapters,

V2G architecture was developed for a particular node. However, in practical scenario, need of

coordination among the different CSs connected to different nodes of a distribution substation

may arise.

In this chapter, real time coordination of EVs at the Distribution Substation (DS) level

has been modeled. Six CSs have been modeled and each CS is connected to a node of the

radial subfeeder (11kV/440 V). A node of a subfeeder covers residential, commercial, office

or industrial area of a particular region. Each CS has charging bays where EVs can charge

their batteries or discharge the excess energy to the grid. The presence of EVs at the CSs is

more likely because 90% of the time EVs will be idle [41]. Therefore, with large penetration

of EVs, CSs will be one of the best viable options to charge the EV’s battery. Batteries of

the EVs are modeled which can calculate the capacity loss at different Crate. Batteries are not

charged or discharged beyond the maximum allowable Crate and also not discharged beyond

the user’s preferred minimum energy limit. Block diagram representation of V2G system at

the substation level is shown in Figure 5.1.

As shown in the above figure, two levels of control has been used. The first controller is at
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Figure 5.1: Block diagram of V2G system at the substation level.

the Distribution Substation (DS) and the second one is at the CS level. The two controllers

designed are FLC based, as they provide a means of converting a linguistic control strategy

based on expert knowledge into an automatic control strategy. Fuzzy control is based on a

logical system which is much closer to human thinking and natural language than traditional

logical systems [71]. The first controller is named as ‘Distribution Substation Controller’ (DSC)

which decides the magnitude and direction of the power that should flow between the CSs and

the grid. The direction of the power flow can be negative or positive. The negative power

implies that the CSs have to support the grid by discharging the excess energy stored in the EVs’

batteries whereas, positive power implies that CSs will charge the EVs batteries. The second

FLC is termed as ‘Charging Station Controller’ (CSC). It decides the amount and direction

of power flow between the individual CS and the node to which it is connected. Again, this

power can be negative or positive depending on the power flow directions. The aggregator at

the DS (DS aggregator) distributes the power among the subfeeder. The subfeeder aggregators

allocate the power among the CSs of their respective subfeeder. Finally, the CS aggregator

distributes the power among the EVs batteries present at the CS.

Following assumptions have been made in this work.

• Multi node CSs have been modeled at the system level.
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• Converters connected to charge and discharge the EVs has not been modeled since the

aim of this work is to show V2G implementation at the system level.

• Efficiencies of the charging system and converters have not been considered. This assump-

tion does not affect the proposed algorithm because the capacity loss of the batteries has

been considered which is the main cause of decreasing the efficiencies of the charging

system.

The chapter is organized as follows: Description of the test system is presented in Section

5.2. The modeling of the V2G system at the DS and CS level along with modelling of the

battery is presented in Section 5.3. Algorithms are developed for the entire V2G system in

Section 5.4. The FLC controllers and aggregators are also discussed in this Section. The

background and possible assumptions for this work are presented in Section 5.5. Results are

analysed in Section 5.6. Finally, the summary of this chapter is presented in Section 5.7.

5.2 Description of the test system

The test system is a reduced substation network of the distribution system of Guwahati

city (the state capital of Assam) and is shown in Figure 5.2. This radial test system consists

of one main feeder and four subfeeders. The main feeder has a transformer of rating, 5 MVA,

33kV/11 kV and each subfeeder has a 500 kVA, 11kV/440 V transformer. CSs are connected

to the nodes of three subfeeders (1.1, 1.3, 2.2, 2.3, 3.1 and 3.2). Peak hour substation load of

a typical distribution system of Guwahati city for 2012 is given in Table 5.1. In this table, P

and Q represent active and reactive power respectively. Off peak hour load is approximated to

be 60% of the peak hour load as per the data provided by the Assam State Electricity Board

(ASEB) [43] . The impedance of the entire section is assumed to be constant with a resistance

of 0.0027 p.u and reactance of 0.0023 p.u. The system is assumed to be a balanced three phase

system. The base values used for the apparent power and the voltage are 500 kVA and 0.44

kV respectively and the feeder voltage is taken to be 1.0605 p.u.
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Table 5.1: Existing load of substation

Nodes P(p.u.) Q(p.u.) Nodes P(p.u.) Q(p.u.)
1.1 0.50 0.22 3.1 0.43 0.29
1.2 0.47 0.23 3.2 0.23 0.13
1.3 1.13 0.64 3.3 00 00
2.1 0.27 0.15 4.1 0.63 0.33
2.2 0.42 0.29 4.2 0.67 0.23
2.3 0.94 0.43 4.3 0.53 0.37

2.1 2.2 2.3

133 kV

Substation

33 kV/11 kV

Main feeder 3.1 3.2 3.3

11
kV

/4
40

V

11
kV

/4
40

V
11

kV
/4

40
V

11
kV

/4
40

V

3

2 4

Sub feeder 1

Sub feeder 3

Sub feeder 2

4.1 4.2 4.3
Sub feeder 4

1.1 1.2 1.3

Figure 5.2: Radial distribution system of a substation of Guwahati city.

5.3 Modelling of the system

In this Section, detailed models of the V2G at the DS, subfeeder and the CS level have been

presented.

5.3.1 Modeling of the V2G at the substation level

The DS can be used to coordinate among the EV’s, present at the CS, for charging their

batteries or discharging their excess energy to the grid. This control can be accomplished by

designing a suitable controller which will collect the information of the grid and the net available

energy at the CSs (Enet
avail). Information of the grid includes surplus power (Psurplus) at the DS

and the duration of grid support (Dgridsprt). Based on these three information, DSC decides

‘power to be compensated’ by the CSs (Pgrid) as shown in Figure 5.3. The Pgrid is the power

which is to be supplied/drawn to/from the CSs. Now, Pgrid is distributed among the three
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subfeeders as Psf1, Psf2 and Psf3. This distribution is based on the energy available with the

CSs of that subfeeder and they are namely E1, E2 and E3. The detailed algorithm is presented

in Section 5.4.

Aggregator
DS

DS FLC

Pgrid

Psf1

Psf2

Psf3

E2

E3

E1

Psurplus

Enet
avail

Dgridsprt

Figure 5.3: Block diagram of controller and aggregator at the substation level.

5.3.2 Aggregator at the subfeeder level

Figure 5.4. shows the block diagram of the subfeeder aggregator. The power which is

obtained from the DS aggregator (Psf1) is divided among the two CSs present at the subfeeder

1 and they are denoted as P11 and P12 (Power supplied/drawn to/from CS11 and CS12 respec-

tively). CS11 and CS12 are the 1st and 2nd CS of the subfeeder 1 connected at node 1.1 and

1.3 respectively. The division of the powers among the CS is based on the net energy available

at the CSs of subfeeder 1 and the individual CS energy of the same subfeeder. Similarly, the

division of power among the CSs of other subfeeders is done. In this figure, V11 is the voltage

of node (1.1) and E11 and E12 are the energy available at the CS11 and CS12. E1 is same as

mentioned in Figure 5.3.

V11

P net
11

P12

P11

S
u
b

fe
ed

er
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to
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CSC

A
gg

re
ga

to
r

EVs batteries

among

Power
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C
S

1
1

E11E12

E11

E1

Psf1

Figure 5.4: Block diagram representation of subfeeder aggregator.
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5.3.3 Modeling of the CS

Each CS consists of 200 charging bays. This implies that a maximum of 200 EVs can be

charged at a particular charging station at a time. CS has a CSC which decides the amount

and direction of the power flow between the CS and the grid. This decision is carried out on

the basis of three inputs namely the total energy available at the CS (ECS1
avail ), voltage of the

node in p.u. (V11) and the power required (P11 ) as decided by the subfeeder aggregator. The

output of the FLC is the power (P net
11 ) which has to be distributed among the different EVs

present at the CS11 by the CS11 aggregator. The detailed block diagram of the CS FLC and

its aggregator along with individual battery control at the CS is shown in Figure 5.5. The

power to be supplied/drawn (P net
11 ) by CS11 is divided among the batteries of CS11 as Pb111

(power flow in 1st battery of CS11 of subfeeder 1) to Pb11n (power flow in nth battery of CS11

of subfeeder 1).

In the Figure 5.5, Vbat is the battery voltage. C lt
rate is the maximum limit of charg-

ing/discharging rate(Crate) of the battery respectively. SOC is the initial state of charge and

SOC limit is the maximum allowable state of charge for discharging. Q is the current capacity

of the battery in Ampere Hour(Ah). These sets of values are required to calculate the current

Crate of the batteries, which in turn will decide the amount of power that will flow between the

battery and the grid. The detail algorithm at the battery level and FLC have been presented

in Section 5.4.

5.3.4 Battery

A simple electric equivalent circuit (EEC) of Li-ion battery is shown in Figure 5.6. The

EEC model has three parameters: an open circuit voltage (V0), an internal resistance having

two parameters R1 and R2 and the effective capacitance (C). This model is used to extract the

circuit parameters for different charge/discharge rate. The mathematical representations for R1,

R2, C and V0 under constant current charging conditions are given in [72]. The battery param-

eters are represented as polynomial equations as a function of (Crate) and SOC/DOD(depth of

discharge) [73]. Under the constant current, the battery terminal voltage for charging scenario
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Figure 5.5: Block diagram representation of the CS and the individual battery control.

with respect to time is given as below.

C

R2

R1

Vbc(td)/Vbd(td)+
V0

-

Figure 5.6: Electric equivalent circuit (EEC) for Li-ion battery.

Vbc(tc) =

((

Q

C
+ Ic × R2

)

× exp

(

−
tc

R2 × C

))

+ V0 − (Ic × (R1 + R2)) (5.1)

where Q is capacity of the battery, Ic is charging current, tc is charging time and Vbc(tc)

is battery charging voltage with respect to time. Similarly, the battery terminal voltage for

discharging scenario is given below.

Vbd(td) =

((

Q

C
+ Id × R2

)

× exp

(

−
td

R2 × C

))

+ V0 − (Id × (R1 + R2)) (5.2)
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where Id is discharging current, td is discharging time and Vbd(td) is battery discharging

voltage with respect to time. Figure 5.7 represents the block diagram of the battery with

capacity model. It calculates total processed energy, available energy for charging/discharging

and capacity losses. The processed energy for charging scenario (PEc) and discharging scenario

(PEd) are given below.

PEc =

z
∑

n=1

Vbc(tc) × Ic × (tn − tn−1) (5.3)

PEd =

z
∑

m=1

Vbd(td) × Id × (tm − tm−1) (5.4)

where, tn and tm are the simulation time for the charging and discharging respectively. The

required energy for charging scenario and the available energy for discharging scenario under

constant current condition is given by Eq. (5.5) and Eq. (5.6) and these equations are used to

find the required energy for charging(AEc) and the available energy for discharging(AEd) and

this is explained in Section 5.4.

AEc = Vbc(tc)Q(SOCfc − SOCcr) (5.5)

AEd = Vbd(td)Q(SOCcr − SOCfd) (5.6)

where SOCfc, SOCcr and SOCfd are the final SOC (100%) for charging, current SOC of

the battery and SOC limit for discharging respectively.

The battery capacity represents the maximum amount of energy that can be extracted

from the battery under certain specified conditions such as Crate, SOC and temperature [74].

The capacity loss of Li-ion batteries can be related to the unwanted side reactions that occur

during the overcharge and high charge/discharge conditions, which reduces the battery’s lifetime

time [75, 76]. Thus, capacity loss is directly proportional to the Crate of the battery.

The mathematical model for capacity loss is developed based on the Arrhenius equation [75].

This equation is used for calculating capacity loss under fixed Crate. The mathematical modeling

techniques are comparatively simple and are sufficient to calculate battery capacity loss at
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Figure 5.7: Detailed modeling of battery with processed energy and capacity loss model.

different Crate. The mathematical model for capacity loss (Ql) at different Crate is given below.

Ql =

(

A × exp

(

−
C × PEc × Q × Cr

R × T

))

+

(

B × exp

(

−
D × PEd × Q × Dr

R × T

))

(5.7)

where, A and B are pre-exponential factors, C and D are adjustable factors, PEc and

PEd is similar as defined in Eq. (5.3) and Eq. (5.4). Cr and Dr is charging and discharging

rate(Crate), Q is the current capacity of the battery (Ah), R is gas constant (J/mol K) and

T is temperature (K). The advantage of this model is that it is capable of determining the

capacity loss of the battery when it is subjected to different Crate. The detailed block diagram

of the battery model based on the capacity loss is shown in Figure 5.7. Q which is the current

capacity (Ah) of the battery is evaluated at every instant of time and it is given in Eq. (5.8).

Qn is the rated capacity of the battery in Ah. The energy of the battery is updated based on

the processed energy and at different Crate.

Q = Qn − Ql (5.8)
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5.4 Design of controller and aggregators of the multi

node CSs

In this section, the two controllers first at the DS level and second controller at the CS level

is presented. Finally the algorithm is developed for the aggregators at the DS, subfeeders and

CS level.

5.4.1 Controller and aggregator at the DS

The fuzzification is largely determined by the shape of the membership functions [51,77]. In

order to facilitate computations, triangular membership functions are utilized in this study for

both the input and output membership functions. The membership functions used in this work

are having equal distribution for each input and output similar as used in Chapter 3 and Chapter

4. The inputs or output notations used for the membership functions have meaning such as L

means low, H means high, M stands for meduim, NL means negaitve low, PL means positive low,

Z stands for zero and so on. The Mamdani type inference (also known as the max-min inference

method), utilizes the minimum function for the implication of the rules. Defuzzification is

performed using the center of gravity method [49, 50]. It performs defuzzification by finding

the center of the area encompassed by all the rules, and is mathematically described by

u(t) =

n
∑

i=1

uiµv(ui)

n
∑

i=1

µv(ui)
(5.9)

where u(t) refers to the defuzzified overall control output, while ui refers to the output

variable and µv represents the aggregated membership function. The rule base for the DSC is

given in Table 5.2.

DSC as mentioned in Figure 5.3, decides the total amount of power to be transferred

(Pgrid) to/from the CSs. This decision is taken based on three inputs namely Psurplus, Enet
avail

and Dgridsprt.
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Psurplus = P grid
surplus ±

∑

i,j

P net
ij (5.10)

where Psurplus is the net power which is to be supplied/drawn to/from the CSs. P grid
surplus is the

power required/available for the grid support as decided by the substation. P net
ij is the net

power of the ith CS of nth subfeeder as decided by the CSC and whose direction is different

than the Psurplus. This power is to be accounted because some CSs may be charging due to high

node voltage but at the same time the grid requires power from the CSs. Hence, the Psurplus

will be the addition of the net power discharge by the CS to the grid during off peak time and

the power required/available for the grid support( P grid
surplus).

For example, let us consider P grid
surplus is the excess power available (say 1500 kW) at the

DS apart from meeting its regular loads and this power should be utilized by the CSs during

off-peak hours. At the same time, say CS22 has low node voltage. Since, the node voltage is

low, P net
22 will be negative and CSC present at the CS22 decides the power to discharge to the

grid which is 120 kW (say). It implies that during off-peak time, discharge of power at a node

will increase the amount of available power to 1620 kW. This power is the net power which

should be compensated by the CS and is named as Psurplus.

The Pgrid obtained from the substation FLC is to be divided among the subfeeders. The

distribution of power among the subfeeders is done by the DS aggregator. The net energy

available of the CSs and the net energy available by the CSs of each subfeeder are used to

distribute the power among the subfeeders.

To calculate the net energy, direction of the power flow between the CS and the node is also

taken in to account. Since, there may be cases where Pgrid is positive (charging power) but the

node voltage is very low at a particular node. Since, the node voltage is very low, CSC of this

CS decides to discharge the batteries energy to the grid. Therefore, the energy available of this

CS cannot be utilized (Enet
avail) in the decision making of the DSC. This is explained through

following equation.
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Table 5.2: Rule Base for DSC

Enet
avail Dgridsprt Psurplus Pgrid Enet

avail Dgridsprt Psurplus Pgrid

L L NH NM M M PL PL
L L NM NM M M PM PM
L L NL NL M M PH PM
L L Z Z M H NH NM
L L PL PM M H NM NL
L L PM PH M H NL NL
L L PH PH M H Z Z
L M NH NM M H PL PL
L M NM NL M H PM PL
L M NL NL M H PH PM
L M Z Z H L NH NH
L M PL PL H L NM NH
L M PM PM H L NL NM
L M PH PH H L Z Z
L H NH NL H L PL PL
L H NM NL H L PM PL
L H NL NL H L PH PL
L H Z Z H M NH NM
L H PL PL H M NM NM
L H PM PL H M NL NL
L H PH PM H M Z Z
M L NH NH H M PL PL
M L NM NM H M PM PL
M L NL NL H M PH PL
M L Z Z H H NH N
M L PL PL H H NM N
M L PM PM H H NL N
M L PH PH H H Z Z
M M NH NM H H PL PL
M M NM NM H H PM PL
M M NL NL H H PH PL
M M Z Z
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Table 5.3: Value of K

Pstatus P net
11 K11

+V e −V e 0
+V e +V e 1
−V e −V e 1
−V e +V e 0

Enet
avail = E1 + E2 + E3 (5.11)

E1 = E11K11 + E12K12

E2 = E21K21 + E22K22

E3 = E31K31 + E32K32

(5.12)

Subscripts 1, 2 and 3 for E refer to the energy available/required by the CSs connected to

three subfeeders. Subscripts such as 11 for E and K refer to the 1st CS of 1st subfeeder. K

represents the factor which is either 0 or 1 depending on the power status (Pstatus) and the

direction of power flow at the point of common coupling (PCC). The value of K is tabulated

in Table 5.3. Similar relations can be derived for other K factors such as K12, K21, K22, K31

and K32.

Now, the Pgrid as decided by the substation controller has to be divided between the three

subfeeders. This division is made according to the equations shown below.

Psf1 = E1

E1+E2+E3
Pgrid

Psf2 = E2

E1+E2+E3
Pgrid

Psf3 = E3

E1+E2+E3
Pgrid

(5.13)

where Pgrid is the power requirement at the substation level; Psf1, Psf2 and Psf3 are the

power required/available at the three subfeeders. E1, E2 and E3 are the energy available at the

CSs of the 1st, 2nd and 3rd subfeeder respectively.
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5.4.2 Aggregator at the subfeeder level

Once, the power (Psf1) is allotted to the subfeeder 1 by the substation, it has to be divided

among the various CSs connected to this subfeeder. The power to be supplied to each of the

CS connected at the subfeeders are obtained as follows.

P11 =
E11K11

E11K11 + E12K12

Psf1 (5.14)

where, P11 is the power allocated to CS1 of subfeeder 1. Psf1 is same as that defined in

Eq. (5.13). E11, E12 are the energy available/required by the CS11 and CS12 respectively. K11

and K12 are the factors which are either 0 or 1 depending on the Pstatus and the direction of

the power flow at the PCC/node as defined in Table 5.3.

5.4.3 Controller at the CS level and the aggregator

The FLC at the CS level takes three inputs namely P11, V11 and E11 as discussed in Section

5.3. The output of the controller is the net power (P net
11 ) which should flow between the node

and the CS. P net
11 may be negative or positive depending upon the direction of power flow

similar as defined for the DSC. The rule base for the CSC controller is given in Table 5.4.

The notations for the membership functions are similar as discussed for DSC.

Now P net
11 can be redistributed to every individual battery according to following equations.

This task is performed by the aggregator at the CS level.

Pbijk =
Ebijk

m,n,o
∑

{i,j,k}=1

Ebijk

P11net (5.15)

where Pbijk is the power required by the kth battery of jth CS of ith subfeeder. Ebijk is the

available/required energy of the kth battery of jth CS of ith subfeeder. In Eq. (5.16), AEd and

AEc are same as defined in the battery modeling.

Ebijk = AEc

Ebijk = AEd

(5.16)
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Similarly, available energy of the ith subfeeder of jth CS (Eij) can be calculated as follows.

Eij =

m,n,o
∑

ijk

Ebijk (5.17)

Ei =

m,n
∑

i=1,j=1

Ebij (5.18)

5.4.4 Control scheme of the battery

In this part, an algorithm to control the flow of energy between the test node and an

individual battery is developed. Charging and discharging of EV’s battery can be controlled

by changing their Crate. Power required by the battery or power to be supplied by the battery

to the grid and energy available/required by the batteries are used to calculate the Crate and

it is given as:

Crate =
Pbijk

VijkQijk
(5.19)

where, Crate is the required charging/discharging rate of the individual battery, Pbijk is the

power required or to be supplied by the kth battery of jth CS of ith subfeeder. Vijk is the voltage

of the kth battery and Qijk is the current capacity of the kth battery of jth CS of ith subfeeder.

However, the Crate calculated in Eq. (5.19) should not exceed the Vehicle’s owner’s preferred

rate and this is taken into account by using the proposed algorithm and is shown in the Figure

5.8. Now, with the change of Crate, the battery current (Ibijk) will change and that is given as

follows.

Ibijk = CrateQijk (5.20)

The detail flow chart for charging and discharging of a battery is shown in Figure 5.8. In

this figure, C lt
rate is the maximum Crate as preferred by the vehicle’s owner. All other symbols

have same meaning as mentioned in Eq. (5.1) to Eq. (5.20).
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Table 5.4: Rule Base for CSC

E11 V11 P11 P net
11 E11 V11 P11 P net

11

L L NH Z M M PL PM
L L NM Z M M PM PM
L L NL Z M M PH PH
L L Z Z M H NH NH
L L PL PM M H NM NM
L L PM PH M H NL NM
L L PH PH M H Z Z
L M NH NM M H PL PL
L M NM NL M H PM PL
L M NL NL M H PH PL
L M Z Z H L NH NM
L M PL PM H L NM NM
L M PM PH H L NL NL
L M PH PH H L Z Z
L H NH NM H L PL PL
L H NM NL H L PM PL
L H NL NL H L PH PL
L H Z Z H M NH NH
L H PL PM H M NM NM
L H PM PH H M NL NM
L H PH PH H M Z Z
M L NH NM H M PL PL
M L NM NL H M PM PL
M L NL NL H M PH PL
M L Z Z H H NH NH
M L PL PL H H NM NH
M L PM PM H H NL NM
M L PH PH H H Z NH
M M NH NH H H PL PL
M M NM NM H H PM PL
M M NL NM H H PH PL
H H PH PL
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Figure 5.8: Flow chart for controlling the flow of power in individual battery.

5.5 Development of scenarios

Each of the six CSs considered for this V2G model consist of 200 EVs and all these EVs are

divided into five types based on different battery specification as mentioned in Table 5.5. The

driving of EVs may be inter-node but in this work it is assumed that during peak and off-peak

hours each CS has 200 EVs. Since, the main focus of this work is to show the coordination of

the EVs at the substation level, the driving pattern is not discussed. However, this model can

work on any number of EVs present at the CS. Simulations are carried for off-peak hours and

peak hours. Off-peak hours in this study are assumed to be between 2200 hrs to 0800 hrs of 10

hrs. Peak hours in this region is generally for 5 hours from 1700 hrs to 2200 hrs and hence the

second study is carried for 5 hrs [43].

Each EV will have different battery conditions. But for ease of representation, all the EVs
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are divided in to five categories and they are given in Table 5.5. Division of the batteries are

based upon the Energy (kWh), SOC initial (SOC at which the EVs arrive at the CS), SOC

limit (maximum allowable discharging limit as fixed by the vehicle’s owner), Q (Ah), Crate

limit.

Table 5.5: Specifications of the EV’s battery

Type of
battery

Energy
(KWH)

SOC
initial
(%)

SOC
limit
(%)

Q (Ah) C limit
rate

A 8 70 25 32 3
B 10 40 45 40 2.5
C 16 50 30 64 3
D 20 85 40 80 4
E 24 30 20 96 4

5.6 Results and discussion

In this section, two case studies have been carried out.

• In the first case, V2G behavior during off-peak hours is considered. During off-peak hours,

the load demand is very low and therefore, the EVs will charge their batteries.

• In the second case, V2G behavior during peak hour is considered where the grid is heavily

loaded and the EVs will discharge their excess energy to the grid.

The simulation results are shown for 10 hours during off-peak hours and 5 hours during

peak hours. For both the cases, 200 EVs are assumed to be present at each CS and therefore

the required energy for charging is same. The power factor of the entire system is assumed to

be unity. The main focus of this work is to coordinate the EVs present at the CSs to achieve

the grid support in terms of peak shaving, valley filling and flattening of voltage profile. Apart

from these analyses, batteries capacity loss is considered for the aforementioned period (10 hrs.

in off-peak hours and 5 hrs. in peak hours).
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5.6.1 CASE I: Off-Peak hours (2200 hrs to 0800 hrs)

Due to light loading in this duration, the voltage of the node is generally very high (> 1

p.u.) and therefore, the DS has surplus power. This power can be utilized for charging the EVs

present at the CSs. For validating our model, load of one node of the subfeeder 3 (3.2) has

been increased by 60%. This is done to decrease the node voltage of one node during off-peak

hours and to validate the proposed model in any scenario. Due to low voltage at node 3.2,

CSC of this node will never allow the EVs batteries to charge. Instead, the EVs will discharge

to the grid. Therefore, the energy of the CS connected to this node will not be included in the

net energy (Enet
avail) which is the input to the DSC and the energy at the subfeeder as given in

Eq. (5.12). Now, the distribution of power among the CSs will depend upon the surplus power,

i.e. Psurplus and this power will depend upon the P grid
surplus as defined in Eq. (5.10). Accordingly,

for this case, P grid
surplus is assumed to be + 1.2 MW for 10 hrs. Based on these two inputs and the

net energy available (7240 kWh of 5CSs), DSC decides the power to be compensated (Pgrid) as

1.1 MW.
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Figure 5.9: Distribution of P grid
surplus among the subfeeders and the CSs during off-peak hours.

It is observed from Figure 5.9, that the DS aggregator has divided the power among the

subfeeders (Psf1, Psf2 and Psf3) to be 440 kW, 440 kW and 220 kW respectively. The last

subfeeder power is less as compared to other subfeeder power because CS32 will not participate
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in charging due to low node voltage. On the basis of subfeeder power, the subfeeder aggregator

divides the power (Psf1, Psf2 and Psf3) among the CSs. Each CS has 220 kW of power distri-

bution (P11, P13, P22, P23 and P31) except P32 whose power is zero. Since, the number of EVs

are same in all the CSs, the energy requirement is similar and hence the power division is equal

except for the CS32.
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Figure 5.10: Net power flows between the CS and the grid as decided by the CSC during off-peak
hours.

Now, based on the distribution of power among the CSs by the subfeeder aggregator, CSC

will decide the net power flow between the CS and the node. The power distribution among

the CSs as decided by the subfeeder aggregator may be different as compared to the decision

by the CSC. The amount and direction of the net power flow between the CS and the grid is

shown in Figure 5.10. It is observed from the figure that due to low voltage at node 3.2, the

CS FLC decides to inject the power to the grid which in turn increases the surplus power at

the DS as given by Eq. (13).

Crate of the batteries are shown in Figure 5.11. It is observed that Crate of the batteries

changes to maintain the magnitude of the power flow between the battery and the grid. The

processed energy of each battery are mentioned for 10 hours of duration during off-peak hours

and are shown in Figure 5.12.
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Figure 5.11: Crate of the batteries at the CS11 based on the SOC (%) of the battery.
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Figure 5.12: Processed Energy in kWh during off-peak hours (charging) of CS11 batteries.

5.6.2 CASE II: Peak hours (1700 hrs-2200 hrs)

During peak hours, grid is heavily loaded and hence there is a deficiency of power at the DS.

The deficiency of power can be easily met through the excess energy of the batteries present at

the CS. To validate the model, similar to case I, one of the node’s (2.3) load has been reduced

by 30%, so that during peak hours this node has high voltage and remaining other nodes have
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low voltage. Accordingly, CS23 energy will not be included in the net available energy which is

one of the inputs of DS FLC. For this case, power requirement by the grid (P grid
surplus) is assumed

to be -1500 kW. Now on the basis of Eq. (5.10), Psurplus can be calculated which is one of

the inputs of the DSC. The subfeeders and CSs power distribution are shown in Figure 5.13.

On the basis of net energy availability of 3540 kWh (only 5 CS) and the Dgridsprt for 5 hrs,

DSC decides Pgrid to be -1200 kW. Now the Pgrid is to be divided among the subfeeder. It is

observed from the figure that CS23 has the zero power allotment (P23 is equal to zero). This is

because, during peak hours, this node is lightly loaded and therefore the node voltage is very

high. Due to high node voltage, CS23 FLC has decided to charge the EVs batteries instead of

discharging. Also mentioned in Eq. 5.13 and Eq. 5.14, there will be no power allotment to the

CS23. Net power as decided by the CSC during peak hours is shown in Figure 5.14. In this

figure, it is observed that the net power of node 2.3 is positive due to high node voltage and

the FLC has decided to charge the EVs and all other CSs have negative power which means

they are discharging their excess energy to the grid. Crate of the batteries during peak hours
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Figure 5.13: Distribution of P grid
surplus among the subfeeders and the CSs during peak hours.

is shown in Figure 5.15. It is found that even in peak hours, the battery of 10 kWh charges

first to reach its SOC limit. In this figure, the Crate of the 5 different types of battery at CS11

is shown. Similar results can be shown for other CSs. The processed energy in the case of
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peak hours is shown in Figure 5.16. Node voltage with and without V2G implementation at

different nodes (including the neighboring nodes) are given in Table 5.6.
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Figure 5.14: Net power which flows between the CS and the grid as decided by the CS FLC during
peak hours..
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Table 5.6: Node voltage with/without V2G

Case I Case II

Node
Without

V2G
With
V2G

Without
V2G

With
V2G

1.1 1.07 1.01 0.93 0.97
1.2 1.07 1.04 0.94 0.96
1.3 1.03 1.02 0.90 0.98
2.1 1.04 1.01 0.95 0.97
2.2 1.1 1.02 0.92 0.98
2.3 1.05 0.99 1.02 0.97
3.1 1.04 1.00 0.91 0.96
3.2 0.92 0.99 0.89 0.97
4.1 1.07 1.05 0.94 0.97
4.2 1.08 1.06 0.95 0.97
4.3 1.04 1.03 0.93 0.95

5.7 Summary

In this chapter, EVs coordination with the DS is modeled. Six CSs are modeled and

connected to different nodes of a radial subfeeder of a DS. A typical DS system of Guwahati

city is modeled to validate the proposed multi node CS. Two FLCs have been designed; first

one at the DS level and second one at the CS level, along with the aggregators. The controllers
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decide the power flow between the EVs and the grid and the aggregators distributes the power

among the subfeeders, CSs and EVs. A battery model, which is capable of calculating the

capacity loss at different Crate, is incorporated. Through this work, it is validated that the

proposed model for V2G operation can be used for valley filling, peak shaving and flattening

of load profile while updating the battery capacity loss.

In the next chapter, conclusions and possible future works are presented.

134

TH-1125_09610202



6
Summary and Conclusions

Contents
6.1 Summary of the present Work . . . . . . . . . . . . . . . . . . . . . 136

6.2 Development of a complete system . . . . . . . . . . . . . . . . . . . 138

6.3 Contributions of the present Work . . . . . . . . . . . . . . . . . . . 140

6.4 Suggestions for future research . . . . . . . . . . . . . . . . . . . . . 141

135

TH-1125_09610202



6. Summary and Conclusions

6.1 Summary of the present Work

The objective of the work presented in this thesis is to explore the different Fuzzy Logic

Controller (FLC) based Vehicle to Grid (V2G) architecture. The proposed V2G architecture

helps to mitigate the voltage imbalance as well as is found suitable for supporting the grid in

terms of peak shaving and valley filling.

For V2G architecture developed in chapter 2, aggregated Electric Vehicles (EVs) energy

at a CS is controlled with the help of two FLCs. The First controller is at the distribution

node level and second one is at the charging station level. Distribution node level controller

named V2G controller controls the flow of energy between the charging station and the node.

Charging station controller (CSC) decides about individual EVs participation for charging or

discharging, based on SOC of the battery. Hence, CSC will give the information regarding the

availability of total energy or energy required to charge EVs’ batteries. Both the controllers

do have the information of the node voltage. Similarly, based on grid condition, energy can

be drawn to charge the EVs. Availability of energy will be based on number of EVs at the

charging station, their battery rating and their present state of charge (SOC). Two scenarios,

each for charging and discharging have been developed. It has been found that the proposed

FLC based V2G architecture is capable of peak shaving and valley filling.

In Chapter 3, instead of control mechanism for the aggregated energy of EVs at the CS,

individual control of each EV’s battery is developed. Three CSs are separately modelled and

connected to a single node and termed as Multi Charging Station (MCS). MCS has been

modelled to achieve the continuous grid support throughout a day by considering the realistic

scenario of EVs movement at the CSs. A dynamic load at a particular node is incorporated

to validate the controller. It has been found that the proposed MCS can maintain the voltage

profile of a node, even the loads are fluctuating at every instant of time. This is achieved

by designing a suitable aggregators at the MCS level and CS level. Aggregator at the MCS

level distributes the power among the CSs and the aggregator at the CS, distributes the power

among the EVs batteries present at the CS. A single FLC used at the node level controls the
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power flow between the MCS and the point of common coupling (PCC). Algorithms, developed

for the battery, ensures that batteries are not charged/discharged beyond the owner’s preferred

Crate limit. EVs’ batteries which arrive below the SOC limit, charge first to reach the SOC

limit even during peak hours. Also, the batteries will never discharge beyond the SOC limit

set by the users. The intra-node driving scheme for the EVs has been developed to provide

continuous support to the test node. Inter node driving has not been considered because the

aim is to design an MCS which can stabilize the test node throughout a day. However, this

scheme can be extended to multi node system with a single charging station at every node and

in such case EVs may be considered for inter node driving.

It has been proved that the proposed FLC based CSs/MCS developed for the V2G can

stabilize the grid and can be used to support the grid in terms of valley filling and peak shaving.

In chapter 4, integration of renewable energy sources such as solar and wind in the existing

model of the Guwahati city network has been implemented at the system level. The impact of

the integration of renewable energy due to its intermittent nature on the distribution grid can

be easily overcome by the FLC based V2G architecture developed in this work. It has been

proved that during day time, excess energy of the solar can be stored in the EVs batteries and

during peak hours the stored energy of the batteries can be given back to the grid. Also, wind

speed is generally high during night time and during this duration, off-peak periods coincides

and therefore, the node voltage will increase. Utilization of EVs’ batteries for the storage of

excess energy in this case will prove a vital for the grid support. This issue is handled in this

part of the thesis by coordinating the renewable energy sources with the proposed V2G model.

In the last part of this thesis work, coordination among the CSs connected to different nodes

of the distribution subfeeders is presented. Thus, a large pool of energy can be stored in the

batteries and supplied back to the grid when the utility demands. Two levels of control have

been used. The first controller is named as ‘Distribution Substation Controller’ (DSC) which

decides the magnitude and direction of the power that should flow between the CSs and the

grid. The direction of the power flow can be negative or positive. Negative power implies that

the CSs have to support the grid by discharging the excess energy stored in the EVs’ batteries,

137

TH-1125_09610202



6. Summary and Conclusions

whereas, positive power implies that CSs will charge the EVs batteries. The second FLC is

termed as ‘Charging Station Controller’ (CSC). It decides the amount and direction of power

flow between the individual CS and the node to which it is connected. Again, this power can

be negative or positive depending on the power flow directions. The aggregator at the DS (DS

aggregator) distributes the power among the subfeeder. The subfeeder aggregators allocate the

power among the CSs of their respective subfeeder. Finally, the CS aggregator distributes the

power among the EVs batteries present at the CS. Different algorithms have been proposed,

which can handle the scenario such as some CSs are charging their batteries and at the same

time remaining CSs are discharging their excess energy to the grid. Peak shaving and valley

filling are the main achievements of the proposed V2G architecture presented in this chapter.

The battery has been modelled to calculate the capacity loss and thus updates its energy at

every instant of time.

In all the works presented in this thesis, it is found that the FLC based V2G architecture

can be implemented in real time scenarios to achieve the valley filling and peak shaving along

with maintaining the node voltage within specified limit.

6.2 Development of a complete system

In this thesis, Chapter 2 discusses about the aggregated EVs’ energy at the CS and the

control mechanism to control the power flow between the CS and the grid. This chapter

lacks discussion about the coordination among different EVs present at the CS. However, the

coordination among different EVs has been achieved at the CS in Chapter 3. In this chapter,

coordination among different CSs connected to a single node is achieved. Moreover, the dynamic

load model is implemented at the test node to validate the proposed controller.

In chapter 4, integration of renewable energy sources has been accomplished and the excess

or shortage of renewable energy at the distribution node is balanced by coordinated EVs present

at the CS. In this chapter, EVs store excess energy produced by the renewable energy sources

and supply when there is a deficiency of power at the PCC. In chapter 5, multi node CSs has

been modelled where CSs are connected to majority of the distribution nodes (11kV/440V) and
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coordination among CSs is achieved. It is validated that CSs connected to different nodes of

a substation can coordinate among themselves to achieve the desired peak shaving and valley

filling to mitigate the voltage imbalance.

It has been observed that, each chapter of this thesis presented a real time coordination of

the EVs at the CS either at single node or at a multi node to achieve the desired power flow

between the CS and the grid. If, all the works of V2G presented in this thesis is combined

together, the complete system can handle renewable energy sources at the distribution node as

well as maintain the voltage profile of the grid throughout a day. The complete system is shown

in Figure 6.1. In this figure, CS11, CS12 and CS13 are the CS connected to node 1,2 and 3 of

subfeeder 1 of the 33 kV substation. Subfeeder voltage level is 11kV/440 V. Two controllers

haven been shown where first controller is the substation controller and the second one at the

CS level. Three aggregators namely substation, subfeeder and CS, distribute the power among

different subfeeder, CSs and EVs’ batteries respectively.
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CS11 CS13

CS13CS11 CS12
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compensated
Power to be
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Figure 6.1: Complete V2G system along with the control architecture
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6.3 Contributions of the present Work

The important contribution of the research work reported in this thesis is the development

of different FLC based V2G architectures. These include,

(i) FLC based V2G architecture for aggregated EVs present at the CS.

(ii) FLC based V2G architecture by controlling the individual battery for the desired power

flow between the grid and the battery.

(iii) Modelling of the MCS to achieve the continuous grid support.

(iv) Integration of renewable energy sources and its coordination with the proposed V2G

system.

(v) Developing the multi-node CSs to realize the V2G system in real time scenario.

While developing these methods the other contributions of the thesis are as follows:

(i) Different aggregators are developed to distribute the power among the EVs and CSs.

(ii) A new control scheme of the battery has been developed which can change the Crate of

the battery on the basis of power requirement at the grid.

(iii) Batteries are not charged/discharged beyond the user’s preferred Crate limit.

(iv) Also, the batteries are not discharged beyond the SOC limit.

(v) Sudden arrival and departure of EVs at the CSs and their impacts on the grid have been

studied.
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6.4 Suggestions for future research

In this section we provide some suggestions for further research.

(i) The integration of the renewable energy sources can be implemented at multi node system

along with multi node CSs. Thus the impact on the distribution substation can be studied.

(ii) The component level modelling can be developed for all the chapters discussed in this

thesis. Moreover, the synchronization of the CSs with the grid will be one of the important

issues which can be handled at the component level.

(iii) Proper battery model has to be included which can calculate the capacity fading at

different Crate and update the battery as per the catalogue of the battery.

(iv) The frequency regulation can be achieved with the V2G in real time situation. The pro-

posed model can be validated by changing the algorithm for real time frequency regulation

which is one of the burning topic of research in the area of V2G.

(v) The economic aspect of the frequency regulation in real time simulation can be analysed

if the batteries with capacity fading is modelled.

(vi) The voltage management between the CSs of the MCS connected at single node can

also be investigated. However, this can be achieved, if detailed modeling of the MCS is

performed and the AC-DC converters are taken into account.

(vii) Issue of battery degradation which is very important for peak shaving and valley filling

has to be investigated. In this thesis, importance of developing an algorithm for managing

the EVs charging/discharging to support the grid has been discussed and all the issues

related to real time implementation of the MCS at the system level have been handled.

Battery degradation is a very important issue, since it depends upon capacity fading,

loss of charge acceptance, elevated self-discharge and premature voltage cut-off. All these

issues can be handled if more attention is paid to the detailed battery modelling.
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A. Fuzzy Logic Controller

A.1 Introduction

This part of appendix explains a fuzzification and defuzzification process by taking an

example of FLC designed in Chapter 2. However, similar way of explanation can be presented

for different FLC used in other chapters.

A.2 Fuzzy Logic Controller

Fuzzy Logic (FL) is a many valued logic derived from fuzzy set theory which can deal with

uncertainties in systems. Unlike “crisp logic”, fuzzy logic variables may have a truth value

that ranges in different degrees between 0 and 1. This is popularly known as membership

grade. FL incorporates a simple, IF-THEN rule based approach to solve a control problem

rather than attempting to mathematically model a system. FL does not require precise inputs

and can process any reasonable number of inputs, but system complexity increases rapidly

with more inputs and outputs. The first step in implementing FL is to decide exactly what

is to be controlled and what are the input variables. Mamdani type FLC [51, 77], which uses

linguistic variables to represent a fuzzy system’s operating parameters, is used in this thesis

and is explained hereby.

Each fuzzy set is defined by a particular membership function, which may be triangular,

trapezoidal, exponential or Gaussian in shape depending on the kind of application. In or-

der to facilitate computations, triangular membership functions are utilized in this thesis for

both the input and output membership functions [78]. A fuzzy controller has fuzzy sets which

are characterized by a membership function to map a parameter to a membership grade be-

tween the scaled intervals. To model the objectives and the constraints in fuzzy environment,

the initial step is the fuzzification process, which is constructed over the fuzzy membership

functions. Each fuzzy set can be defined by one particular membership function. Fuzzy sets

representing the objectives and constraints may vary considerably. The triangular membership

function is selected for representing fuzzy sets. Other most common shapes are Trapezoidal,

Exponential and Gaussian which can also be used for representing the fuzzy sets depending on
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the applications.

The Mamdani type inference (also known as the maxmin inference method), utilizes the

minimum function for the implication of the rules. Defuzzification is performed using the center

of gravity method. It performs defuzzification by finding the center of the area encompassed

by all the rules, and is mathematically described by

u(t) =

n
∑

i=1

uiµv(ui)

n
∑

i=1

µv(ui)
(A.1)

where u(t) refers to the defuzzified overall control output, while ui refers to the output variable

and µv represents the aggregated membership function [49, 79].

A.3 Fuzzification and Defuzzification

This part presents the fuzzification and defuzzification in the V2G controller for a practical

example of chapter 2 and is shown in Figure A.1. The range of the voltage level is between 0.8

to 1.1 p.u. The range of the energy signal is between -1 which corresponds to maximum energy

required during charging of EVs and 1 which corresponds to maximum energy available by the

charging station for the grid support. Similarly, the range of output power is between -1 which

corresponds to maximum power supplied to the grid and 1 which corresponds to maximum

power drawn by the charging station.

The rule base which represents the control law has 50 rules for the V2G controller and is

shown in Table A.1.

Let us suppose that the actual value of the energy available is 0.227 and the actual voltage

is 0.95 p.u. The two rules that are given by the membership functions are as follows and are

taken from Table A.1. This table is similar as discussed in Chapter 2, Section 2.4.

• Rule 1- If Voltage is Medium (M) and Energy is Very Positive Low (VPL), then Power

is Negative Low (NL).

• Rule 2- If Voltage is Medium (M) and Energy is Positive Low (PL), then Power is Negative
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Table A.1: Rules for V2G Controller

E
↓
\V→ VL L M H VH

VNH VPL PL PM VPM PH
NH VPL PL VPM PH VPH
NM VPL PL PM VPM PH
NL VPL PL PM PH VPH

VNL VPL PL VNL NL NM
VPL VNL VNL NL PL VPL
PL VNL NL NM NM VNM
PM NH VNH NM NL VNL
PH VNH NH NM NL VNL

VPH VNH NH VNM NL VNL

Medium (NM).

This rule base restricts the actual power output to the node based on energy availability and

voltage at the node. If the energy is less and voltage is low, a very low power can be injected

to the grid. The first step in this process is fuzzification. Energy value of 0.227 is a member of

both membership function’s representing Very Positive Low (VPL) and Positive Low (PL), yet

the degree of membership is different. Energy value of 0.227 is considered to be 65% VPL and

35% PL. Voltage of 0.95 is a member of only one membership ”Medium” and is considered to

be 100% Medium.

The next step is the inference process. Each rule is checked for the degrees of membership

for the participating inputs. Here, rule 1 says that if voltage is M (of which one is 100%

certain) and Energy is VPL (of which one is 65% certain), the output power is NL. In order

to determine the degree of certainty with which Power is a member of the NL, the minimum

method is applied. That means the minimum of the degree of membership (µ) values of the

inputs is going to be the µ values for the output. This is defined mathematically as

µ0(Power) = min(µ0(V oltage), µ0(Energy)) (A.2)

where µ0(Power), µ0(V oltage) and µ0(Energy) are membership functions of power, voltage

and energy respectively. Using Eq. (A.2), the values for the output can be found as given below.
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A.3 Fuzzification and Defuzzification

1
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VL VH VNH VPHPHNH VNM NM NL VNL VPL PL PM VPMVNH NH NM NL VNL VPL PL PM VPHPH
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Energy

Energy

0.95 0.227−1

35%

65%

Power
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Contribution
from Rule 2
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(35%)

Contribution
from Rule 1

(65%)

Figure A.1: Fuzzification, inference and defuzzification procedures for the presented example.

• Rule 1 min(1, 0.65) is 0.65

• Rule 2 min(1, 0.35) is 0.35

This implies that for rule 1, there is 65% certainty that the output will be part of the NL and

for rule 2 there is a 35% certainty that the output will be a part of the NM. Once the certainty

for each promise or rule has been determined, the consequent for each rule can be found. It

is found by taking the membership function of the premise (Power is NL) and multiplying the

certainty to quantify the ”then” operation. This is called the product function [80]. This results

in two triangles at the bottom of Figure A.1. Note that the consequent triangle on the left

has same x value as its corresponding Power (NM). The only difference is that its height has

been reduced to 0.35. The larger triangle on the right has the same values as its corresponding

Power (NL), but its height has been reduced to 0.65.

Now based on Eq. (A.1), defined in Section A.2, the crisp value of the output power can be

calculated from the two output triangles of Figure A.1. In this case the output power is -0.374.

This implies that to make node voltage near 1 p.u. the controller has sensed the energy from

the charging station and based on this, it has directed the flow of power to the node. Here
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A. Fuzzy Logic Controller

negative power indicates that the charging station has supplied its energy to the grid.
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B. EV’s battery

B.1 EV’s battery

A simple electric equivalent circuit (EEC) of Li-ion battery is shown in Figure. B.1. The

EEC model has three parameters: an open circuit voltage (V0), an internal resistance having

two parameters R1 and R2 and the effective capacitance (C). This model is used to extract the

circuit parameters for different charge/discharge rate. The mathematical representations for R1,

R2, C and V0 under constant current charging conditions are given in [72]. The battery param-

eters are represented as polynomial equations as a function of (Crate) and SOC/DOD(depth of

discharge) [73]. Under the constant current, the battery terminal voltage for charging scenario

with respect to time is given as below.

C

R2

R1

Vbc(td)/Vbd(td)+
V0

-

Figure B.1: Electric equivalent circuit (EEC) for Li-ion battery.

Vbc(tc) =

((

Q

C
+ Ic × R2

)

× exp

(

−
tc

R2 × C

))

+ V0 − (Ic × (R1 + R2)) (B.1)

where Q is capacity of the battery, Ic is charging current, tc is charging time and Vbc(tc)

is battery charging voltage with respect to time. Similarly, the battery terminal voltage for

discharging scenario is given below.

Vbd(td) =

((

Q

C
+ Id × R2

)

× exp

(

−
td

R2 × C

))

+ V0 − (Id × (R1 + R2)) (B.2)

where Id is discharging current, td is discharging time and Vbd(td) is battery discharging

voltage with respect to time. Fig. B.2 represents the block diagram of the battery with capacity

model. It calculates total processed energy, available energy for charging/discharging and

capacity losses. The processed energy for charging scenario (PEc) and discharging scenario

(PEd) are given below.
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B.1 EV’s battery

PEc =

z
∑

n=1

Vbc(tc) × Ic × (tn − tn−1) (B.3)

PEd =

z
∑

m=1

Vbd(td) × Id × (tm − tm−1) (B.4)

where, tn and tm are the simulation time for the charging and discharging respectively. The

required energy for charging scenario and the available energy for discharging scenario under

constant current condition is given by Eq. (B.5) and Eq. (B.6) and these equations are used to

find the required energy for charging(AEc) and the available energy for discharging(AEd) and

this is explained in Chapter 5, Section 5.4.

AEc = Vbc(tc)Q(SOCfc − SOCcr) (B.5)

AEd = Vbd(td)Q(SOCcr − SOCfd) (B.6)

where SOCfc, SOCcr and SOCfd are the final SOC (100%) for charging, current SOC of

the battery and SOC limit for discharging respectively.

Calculation for

Voltage

Q

Q

A,B,C and D

I*

R and T

Calculation for

tc/td, Ic/Id, I
∗

and DODSOC

Calculation for

Eq.(1)

for charging
Battery Model

Eq. (2)
for discharging

Battery Model

PEC and PEd

Power

Switch

Crate(Cr)/Drate(Dr)

Crate

Power

Nominal Capacity(Qn)

Q1=Qn-Q

Vbc(tc)/
Vbd(td)

Ic/Idtc/td

Eq.(3)-(6)

Total energy
Processed (PEc/d)

and Available
energy ((AEc/d)

Capacity Lossses(Ql)

Battery
Voltage (V)

Power (W)
Battery

Total
processed

(Wh)energy

Available
Energy(Wh)

Capacity Model

Eq (7)

I∗ < 0

I∗ > 0

I* = Reference current for the switch

Figure B.2: Detailed modeling of battery with processed energy and capacity loss model.

The battery capacity represents the maximum amount of energy that can be extracted

from the battery under certain specified conditions such as Crate, SOC and temperature [74].
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B. EV’s battery

The capacity loss of Li-Ion batteries can be related to the unwanted side reactions that occur

during the overcharge and high charge/discharge conditions, which reduces the battery’s lifetime

time [75, 76]. Thus, capacity loss is directly proportional to the Crate of the battery.

The mathematical model for capacity loss is developed based on the Arrhenius equation [75].

This equation is used for calculating capacity loss under fixed Crate. The mathematical modeling

techniques are comparatively simple and are sufficient to calculate battery capacity loss at

different Crate. The mathematical model for capacity loss (Ql) at different Crate is given below.

Ql =

(

A × exp

(

−
C × PEc × Q × Cr

R × T

))

+

(

B × exp

(

−
D × PEd × Q × Dr

R × T

))

(B.7)

where, A and B are pre-exponential factors, C and D are adjustable factors, PEc and

PEd is similar as defined in Eq. (B.3) and Eq. (B.4). Cr and Dr is charging and discharging

rate(Crate), Q is the current capacity of the battery (Ah), R is gas constant (J/mol K) and

T is temperature (K). The advantage of this model is that it is capable of determining the

capacity loss of the battery when it is subjected to different Crate. The detailed block diagram

of the battery model based on the capacity loss is shown in Figure. B.2. Q which is the current

capacity (Ah) of the battery is evaluated at every instant of time and it is given in Eq. (B.8).

The energy of the battery is updated based on the processed energy and at different Crate.

Q = Qn − Ql (B.8)
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C. Charging/discharging rate (Crate)

C.1 Charging/discharging rate

In this appendix, variation of Crate with the change in SOC during charging/discharging

has been shown. The example of Chapter 3 is taken for the analysis.

Charging and discharging of an EV’s battery can be controlled by changing the Crate. The

required Crate of the individual batteries can be calculated as follows.

Crate =
Pbij

VjAhrj

(C.1)

where, Pbij is the power required/available to charge/discharge the jth battery of ith CS.

Vj and Ahrj are the voltage and current Ampere Hour (AHR) of the jth battery of ith CS.

Current Ampere Hour is calculated as:

Ahrj = Ahrrating(SOCrem/100) (C.2)

where, Ahrrating is the rated AHR of the battery. In the case of discharging, SOCrem is the

difference of the current SOC (SOCcr) and SOC limit (SOClt) and it is calculated as below.

SOCrem = SOCcr − SOClt (C.3)

In the case of charging, SOCrem is calculated as below.

SOCrem = 100 − SOCcr (C.4)

Using Eq. (C.1) and Eq. (C.2), the current of the battery is calculated based on the required

Crate and Ahrj of the battery and is given below.

Ahrbj = AhrjCrate (C.5)

where, Ahrbj is the current which flows between the battery and the grid. Ahrbj is positive,

if power is flowing to the battery during charging and negative if power is flowing to the grid

from the battery during discharging.

For example, if AHRrating, Vbat, SOCcr and SOClt of a battery (1st battery of CS1) is 32
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C.2 Crate calculation

AHR, 250 V, 90 and 25 respectively then SOCrem can be found from Eq. (C.3) to be 65 and

Ahrj can be found from Eq. (C.2) to be 20.8 AHR. If Pb11= 1.16 kW, which is the power

required for discharging to the grid by the EV’s battery as decided by Eq. (3.12) during peak

hours, Crate at 90% of SOC can be calculated using Eq. (C.1) as 0.223. Similarly Crate at 60%

and 30% of SOC can be 0.414 and 2.90 respectively. Based on this example, Table C.1 shows

the Crate at different SOC of all the batteries considered in Chapter 3.

C.2 Crate calculation

This part presents the Crate of the individual battery of each CS and for three different

time slots described in Chapter 3. Distribution of battery power and number of EVs are

mentioned in Table C.1. Crate mentioned in the table is calculated for three different SOC. For

example C70: 0.112, C80: 0.17, C95: 0.69 are the Crate of the battery at 70%, 80% and 90%

of SOC respectively at CS1 during off-peak hours (0900 hrs-1700 hrs). The number given in

the bracket (Table C.1) shows the number of EVs. It is observed that during each time slot,

different CS (CS1, CS2 and CS3) may have similar Crate. It means that power flow is divided

equally among the similar batteries. The types of batteries are represented by A,B,C,D and E

which are same as mentioned in Table 3.4.
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C. Charging/discharging rate (Crate)

Table C.1: Crate of the batteries during three time slots and the power drawn or supplied by each
battery

A,B,C,D and E are the type of batteries which travel from the CSs and A’,B’,C’,D’ and E’ have
arrived from the Transit

A/A’= 8kWh, B/B’=10kWh, C/C’=16 kWh, D/D’=20 kWh and E/E’=24 kWh
[Pb means Power flow in kW between the battery and the grid]

0900 hrs-1700 hrs 1700 hrs-2200 hrs 2200 hrs-0900 hrs

CS1 (10) CS2 (40) CS3 (100) CS1 (40) CS2 (90) CS3 (20) CS1 (130) CS2 (10) CS3(10)

A C70:
0.116 C80:
0.174 C95:
0.69 Pb:
0.279 (2)

C70:
0.116 C80:
0.174 C95:
0.69 Pb:
0.279 (8)

C70:
0.116 C80:
0.174 C95:
0.69 Pb:
0.279 (20)

C90:
0.223
C60:
0.414
C30: 2.90
Pb: 1.160
(4)

C90:
0.223
C60:
0.414
C30: 2.90
Pb: 1.160
(12)

C90:
0.223
C60:
0.414
C30: 2.90
Pb: 1.160
(4)

C15:
0.095
C55:
0.180
C95:
1.620 Pb:
0.648 (18)

C15:
0.095
C55:
0.180
C95:
1.620 Pb:
0.648 (2)

C15:
0.095
C55:
0.180
C95:
1.620 Pb:
0.648 (2)

A’ (0) (0) (0) C70: 0.22
C50: 0.4
C30: 2.00
Pb: 0.801
(4)

C70: 0.22
C50: 0.4
C30: 2.00
Pb: 0.801
(6)

(0) C70:
0.095
C80:
0.142
C95: 0.57
Pb: 0.228
(8)

(0) (0)

B C40:
0.116 C70:
0.23 C95:
1.396 Pb:
0.698 (2)

C40:
0.116 C70:
0.23 C95:
1.396 Pb:
0.698 (8)

C40:
0.116 C70:
0.23 C95:
1.396 Pb:
0.698 (20)

C90:
0.224
C70:
0.404
C50: 2.02
Pb: 1.010
(4)

C90:
0.224
C70:
0.404
C50: 2.02
Pb: 1.010
(12)

C90:
0.224
C70:
0.404
C50: 2.02
Pb: 1.010
(4)

C35:
0.095
C65:
0.177
C95:
0.238 Pb:
0.619 (18)

C35:
0.095
C65:
0.177
C95:
0.238 Pb:
0.619 (2)

C35:
0.095
C65:
0.177
C95:
0.238 Pb:
0.619 (2)

B’ (0) (0) (0) C40:
0.220
C42: 0.36
C44: 1.10
Pb: 0.110
(4)

C40:
0.220
C42: 0.36
C44: 1.10
Pb: 0.110
(6)

(0) C40:
0.095
C80:
0.191
C95:
1.144 Pb:
0.572 (8)

(0) (0)

C C50:
0.116 C75:
0.23 C95:
1.16 Pb:
0.930 (2)

C50:
0.116 C75:
0.23 C95:
1.16 Pb:
0.930 (8)

C50:
0.116 C75:
0.23 C95:
1.16 Pb:
0.930 (20)

C90:
0.223
C65:
0.384
C35: 2.69
Pb: 2.150
(4)

C90:
0.223
C65:
0.384
C35: 2.69
Pb: 2.150
(12)

C90:
0.223
C65:
0.384
C35: 2.69
Pb: 2.150
(4)

C20:
0.095
C55:
0.169
C95:
1.525 Pb:
1.220 (18)

C20:
0.095
C55:
0.169
C95:
1.525 Pb:
1.220 (2)

C20:
0.095
C55:
0.169
C95:
1.525 Pb:
1.220 (2)

C’ (0) (0) (0) C50:
0.225
C40: 0.45
C35: 0.90
Pb: 0.720
(4)

C50:
0.225
C40: 0.45
C35: 0.90
Pb: 0.720
(6)

(0) C50:
0.095
C75:
0.191
C95:
0.954 Pb:
0.763 (8)

(0) (0)

D C85:
0.116 C90:
0.174 C95:
0.349 Pb:
0.349 (2)

C85:
0.116 C90:
0.174 C95:
0.349 Pb:
0.349 (8)

C85:
0.116 C90:
0.174 C95:
0.349 Pb:
0.349 (20)

C90:
0.22 C70:
0.367
C45: 2.20
Pb: 2.20
(4)

C90:
0.22 C70:
0.367 C45:
2.20 Pb:
2.20 (12)

C90:
0.22 C70:
0.367 C45:
2.20 Pb:
2.20 (4)

C30:
0.096
C65:
0.191
C95: 1.34
Pb: 1.340
(18)

C30:
0.096
C65:
0.191
C95: 1.34
Pb: 1.340
(2)

C30:
0.096
C65:
0.191
C95: 1.34
Pb: 1.340
(2)

D’ (0) (0) (0) C85:
0.223
C70:
0.335
C45: 2.01
Pb: 2.010
(4)

C85:
0.223
C70:
0.335
C45: 2.01
Pb: 2.010
(6)

(0) C70:
0.047
C80:
0.035
C95:
0.026 Pb:
0.286 (8)

(0) (0)

E C30:
0.116 C60:
0.203 C95:
1.63 Pb:
1.956 (2)

C30:
0.116 C60:
0.203 C95:
1.63 Pb:
1.956 (8)

C30:
0.116 C60:
0.203 C95:
1.63 Pb:
1.956 (20)

C90:
0.224
C60:
0.392
C25: 3.13
Pb: 3.760
(4)

C90:
0.224
C60:
0.392
C25: 3.13
Pb: 3.760
(12)

C90:
0.224
C60:
0.392
C25: 3.13
Pb: 3.760
(4)

C10:
0.095
C50:
0.172
C95:
1.717 Pb:
2.060 (18)

C10:
0.095
C50:
0.172
C95:
1.717 Pb:
2.060 (2)

C10:
0.095
C50:
0.172
C95:
1.717 Pb:
2.060 (2)

E’ (0) (0) (0) C30:
0.225
C25: 0.45
C21: 2.25
Pb: 0.540
(4)

C30:
0.225
C25: 0.45
C21: 2.25
Pb: 0.540
(6)

(0) C30:
0.095
C60:
0.167
C95: 1.33
Pb: 1.602
(8)

(0) (0)
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