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ABSTRACT

Residential, commercial, and industrial sector’s dependency on electricity is increasing day by

day. However, the generated electricity provided to them is limited which have imposed a lot of

burden on existing grids. This increasing load needs to be managed in an efficient manner so as to

fulfil the growing demands of electricity of the end users in an uninterrupted, and efficient man-

ner. Hence, rapid demand growth has led to the emergence of distributed energy sources (DES)

such as-solar, wind etc. These DES when connected to a low voltage distribution network forms a

microgrid (MG). However, the combination of inertial and non-inertial DES leads to various fre-

quency fluctuations in MG.

To cater frequency fluctuations at MG, droop control has been extensively used by academia

and industry. This controller generates series of reference signals for various DES based on their re-

spective maximum capacities. The integration of varieties of DES in MG is still debatable amongst

researchers. On the same line, Electric Vehicles (EVs) are considered the future for reliable DES,

since they have rechargeable batteries. However, due to their random arrival and departure patterns,

their capacity varies rapidly. Thus, conventional droop controller cannot dispatch reference signals

to EVs. Hence, the need arises to feed back their instantaneous information to droop controller so

that they can be utilized in frequency support. For this purpose, conventional droop control has

been integrated with a feedback mechanism and is referred as modified droop controller (MDC) in

the proposed scheme. With this feedback mechanism, MDC would be now able to dispatch refer-

ence signals to both diesel generator and EVs. However, for meeting reference signal given to fleet

of EVs, an aggregator (AG) is proposed. AG can alter the charging and discharging rates of EVs’

thereby satisfying EVs’ needs in terms of battery’s state of charge (SoC). Extensive simulations

have been done using the proposed scheme on data available from Santa Rita Jails’ MG.

Keywords: Charging station, Distributed energy sources, Electric vehicles, Droop based con-

troller and Microgrid

iii





TABLE OF CONTENTS

DECLARATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i

CERTIFICATE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

ACKNOWLEDGMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

LIST OF SYMBOLS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x

LIST OF ABBREVIATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

1 INTRODUCTION 1

1.1 Microgrid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Issues in Microgrid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Background details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3.1 Electric Vehicles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3.2 Vehicle to grid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3.3 Frequency regulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.3.4 Droop control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.4 Literature Survey . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.5 Research Gap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.6 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2 SYSTEM FRAMEWORK 15

2.0.1 Photovoltaic unit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.0.2 Diesel Generator Unit . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

v



2.0.3 Wind power-based unit . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.0.4 Charging Station . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.0.5 Modified Droop Controller . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.1 Working of the proposed scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3 PROBLEM FORMULATION 19

3.1 Modified Droop Controller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.2 Working of Aggregator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4 SIMULATION AND RESULTS 30

4.1 Case Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

5 COMPARISON 38

6 CONCLUSION 40

LIST OF PUBLICATIONS 41

BIBLIOGRAPHY 42

CURRICULUM VITAE OF AUTHOR 47

vi



LIST OF FIGURES

1.1 Microgrid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Frequency fluctuations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Power flow from EVs to CS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4 Power flow from CS to grid. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.5 P-f droop characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.6 Q-V droop characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1 System framework of the proposed scheme. . . . . . . . . . . . . . . . . . . . . . 16

2.2 Interaction of EVs and aggregator at charging station. . . . . . . . . . . . . . . . . 17

3.1 Block diagram of the proposed scheme. . . . . . . . . . . . . . . . . . . . . . . . 22

4.1 Santa Rita Jail MG load across 3 hours. . . . . . . . . . . . . . . . . . . . . . . . 31

4.2 Wind power across 3 hours. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.3 Solar power across 3 hours. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.4 Number of EVs available at CS. . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.5 Cumulative power from EVs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.6 Total load and total supply. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.7 Reference signal for diesel generator. . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.8 Reference signal for AG. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.9 Charging and discharging rates of EVs. . . . . . . . . . . . . . . . . . . . . . . . 35

4.10 Regulated power from EVs for meeting reference signal. . . . . . . . . . . . . . . 35

4.11 Reference signal met and unmet. . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.12 Output of MDC with and without AG control. . . . . . . . . . . . . . . . . . . . . 36

vii



4.13 SoC variations of an EV seeking discharging. . . . . . . . . . . . . . . . . . . . . 37

4.14 SoC variations of an EV seeking charging. . . . . . . . . . . . . . . . . . . . . . . 37

5.1 SoC comparison for EVs seeking charging. . . . . . . . . . . . . . . . . . . . . . 38

5.2 SoC comparison for EVs seeking discharging. . . . . . . . . . . . . . . . . . . . . 39

viii



LIST OF TABLES

4.1 Parameters used for simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

5.1 Comparison of proposed scheme with existing scheme based on reference signal

met and unmet. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

ix



LIST OF SYMBOLS

Crate
i Charging rate of ith electric vehicle’s battery.

Drate
i Discharging rate of ith electric vehicle’s battery.

Ereq
i Amount of energy either required or available with the ith electric vehicle

for charging and discharging respectively.
Erem

i Remaining amount of energy either required or available with the ith elec-
tric vehicle for charging and discharging respectively.

Erated Rated capacity of electric vehicle’s battery.
∆ f Change in frequency.
fnominal The rated frequency.
k Droop coefficient.
Nchar Number of Electric vehicles seeking charging.
M Inertia constant.
Ndis Number of Electric vehicles seeking discharging.
Pdg Amount of power generated by diesel generator.
Pmax

dg The maximum capacity of diesel generator.
Pchar

EV The power required by EVs seeking charging.
Pdis

EV The power available from EVs seeking discharging.
Ptot

EV Cumulative power available from EVs.
Pmax

PV The maximum capacity of photovoltaic source.
PAG

net_re f The net power given by aggregator.
Pdg

net_re f The net power given by diesel generator.
Pdg

re f Power reference signal for diesel generator.
PAG

re f Power reference signal for aggregator.
SoCexp

i Expected state of charge of the ith electric vehicle battery.
SoCin

i Initial state of charge of ith electric vehicle.
SoCmet

i State of charge met by ith electric vehicle.
SoCrem

i State of charge remaining of ith electric vehicle.
T char

i Time duration during which ith electric vehicle seeks charging upto the
expected state of charge.

T dis
i Time duration during which ith electric vehicle seeks discharging upto the

expected state of charge.

x



LIST OF ABBREVIATIONS

AG Aggregator
CS Charging station
DES Distributed energy sources
DG Distributed generation
DGC Diesel generator controller
EV Electric vehicle
MG Micro Grid
MDC Modified droop controller
PVC Photovoltaic controller
WTC Wind turbine controller
SoC State of charge
V2G Vehicle-to-Grid

xi



Chapter 1

INTRODUCTION

Electricity is the backbone of each modern societies, growing economies, and technological devel-

opments. It has become a necessity of modern life, and its demand is increasing at a rapid pace.

The increased dependence of the developed, and developing countries on continuous power sup-

ply with respect to various sectors such as-electronics, agriculture, IT, industrial production etc.,

makes today’s society much more dependent on electricity. It is supplied via an interconnected net-

work of power plants, substations, and transformers. These interconnected networks which carry

electricity straight from power plants to consumers are called electric grids. However, conven-

tional electric grids follows centralized power generation approach. In this approach, electricity

is to be transmitted over long distances. In addition to this, the conventional electric grids suffer

from frequent power failures, load shedding, power supply interruptions, and environmental issues.

These concerns and rapid energy growth, lead to the shifting from centralized power generation

towards distributed generation (DG) [1]. The DG includes both renewable and non-renewable en-

ergy sources such as-diesel generator, PV, and wind. However, to provide a reliable integration of

these distributed energy sources (DES), the concept of microgrids (MGs) has been introduced [2].

1.1 Microgrid

The MG can be defined as small power system which incorporates DES along with power elec-

tronic interfaces and control. Moreover, the International electrotechnical commission (IEC) 62257-

1
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Figure 1.1: Microgrid

9 defines MG as low-voltage distribution power systems with voltage levels such as-400V for three

phase and 230V for single phase. The MG can operate in two modes such as-grid connected or

islanded mode [3]. As shown in the figure (1.1), CB4 acts as switch which is used to disconnect

and connect the MG with the main grid. In the grid connected mode MG is connected to main

grid and most of the system kinetics such as-voltage and frequency fluctuations are handled by the

main grid. However, in the islanded mode, MG is responsible for maintaining the desired voltage

and frequency levels [4]. Nevertheless, the varying capacity of DES leads to higher frequency fluc-

tuations in the islanded mode than grid connected mode. Thus, frequency regulation needs to be

done for ensuring MG stability for maintaining the balance between demand and supply. For this

purpose, various controllers are needed in MG, figure (1.1) depicts that the each microsource has

its own controller named as microcontroller (MC). This controller will collect infromation from

microsources and dispatch it to central controller (CC) .
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1.2 Issues in Microgrid

Microgrid have several technical issues as mention below.

• Voltage and frequency control

For an electric grid, active and reactive power component of generated power should be

in balanced condition with the power consumed by the loads and losses in the lines. The

unbalance condition arises when there is mismatch between power generated and power

demanded. This condition causes deviation in system frequency from its nominal frequency

i.e., ( 50 Hz). Thus, there arises need to control these deviations which is called frequency

control. Hence, the task of voltage and frequency control is to mitigate the deviations and

ensuring both voltage and frequency within their nominal values. This can be achieved by

adjusting active and reactive power. However, in MG there are various distributed generation

resources due to which active and reactive power control fails. Therefore, in order to regulate

the voltage and frequency droop controller is preferable. Thus, each distributed generation is

equipped with the power frequency and power voltage droop characteristic during islanded

operation.

• Islanding

Islanding is basically represented as a small scale unit of the future interconnected grid. It

consists of combination of various distributed generation resources. In autonomous mode,

control strategies for islanding plays a very important role for proper functioning of a MG.

There are two kinds of strategies utilized to operate an inverter in islanding mode. The

first one is PQ inverter control which is used to supply a given active and reactive power

set point. The second one is voltage source inverter (VSI) control. In this control load is

fed with predefined nominal values for voltage and frequency. Thus, in VSI real and active

power output depends on load conditions. It is acting as a voltage source with respect to

magnitude and it controls the frequency of the output voltage through droop.

• Protection

Protection is the one of the important challenge being faced in the implementation of MGs.

After the implementation of MG, next step is to ensure the protection of loads, lines and the
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distributed generation resources. In order to protect the MG and line currents the two current

limiting algorithms exist. These algorithms are named as resistance-inductance feedforward

and flux charge-model feedback algorithms. These are use with a voltage source inverter

(VSI) connected in series between the MG and main grids.

However, the main technical issue that MGs faces is the active power balancing, which affects

the system frequency. Frequency fluctuations arise due to supply and demand variations. These

fluctuations if not regulated properly, may cause series of undesirable events leading to blackouts.

Two blackouts on consecutive days (30th and 31st July, 2012) have occurred due to the increase

in frequency which leads to over drawl of power, overloading the transmission lines and hence

leads to severe contingencies. So, frequency can be visualized as the pulse of MG which helps in

estimating its overall health conditions. Hence, in this work frequency regulation is explored.

Figure 1.2: Frequency fluctuations

1.3 Background details

1.3.1 Electric Vehicles

Electric vehicles (EVs) referred to automobiles are driven by electric motors. The propulsion in

EVs is provided by batteries which store electrical energy making them an important component.

These vehicles are available in the market with different models and varying ranges and capabili-
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ties, and are recharged using electrical power. EVs can be of two types. One of them is vehicles

which solely depend on electric power to recharge their batteries. These vehicles are referred as

battery electric vehicles. Another is plug-in hybrid electric vehicles (PHEV) which can operate

both on electric energy and internal combustion engine. For a certain distance it is driven on en-

ergy stored in battery and after then internal combustion engine is utilized to offer additional range.

EVs batteries are recharged at a charging station through connection links called as Electric Ve-

hicle Supply Equipment (EVSE). This equipment ensures safe charging by acting as a protective

system by communicating with the vehicle and monitors electrical activity. There are two primary

types of EVSE:

• Alternating current (AC) EVSE

In AC EVSE, the transfer of AC power from the electric grid, takes place through the EVSE.

Whereas, the transfer of electric power into the vehicle takes place through the industry stan-

dard J1772 port connector. In this type AC power is rectified within the vehicle to controlled

direct current (DC) with the utilization of charger electronics.

• Direct current (DC) fast charging EVSE.

Fast charging DC EVSE inverts AC to DC power off-board the vehicle and delivers high

voltage direct current (typically over 400 V) straight to an electric vehicle’s battery system.

Apart from this, charging power of EVSE is segregated into three levels:

• LEVEL 1- This type of level is the simplest form of charging. It uses a voltage level of

120V and it is connected to a standard residential/commercial outlet. The outlet is capable

of supplying 15-20 amps of current. Moreover, it draws a power of around 1.4 kW when

charging.

• LEVEL 2- This type of charging utilizes a 208/240V AC power connection. Here, charging

time required by EVs batteries to charge themselves is very less. Either voltage works well

for Level 2 charging. For this type of charging, J1772 standard connector is used by most

EVs. It can theoretically provide up to 80 amps of current and 19.2 kW of power. However,

out of 80 amps most EVs only use up to 30 amps for 3.3 to 6.6 kW charging.
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• DC FAST CHARGING- This type of charging is also referred to as Level 3 charging. This

type of DC EVSE is used when there is requirement of rapid charging. It basically delivers

high power directly into an EV’s battery system.

Various manufactures have developed connectors for fast charging equipment as mentioned below.

• CHAdeMO used by Nissan, Mitsubishi and Kia;

• SAE Combo used by American and European makes, such as Chevrolet, BMW and Mercedes-

Benz; and

• Tesla’s Supercharger is used exclusively on Tesla Model S. In addition to this, tesla has also

manufactured an adapter. This adapter allows to use CHAdeMO equipment.

1.3.2 Vehicle to grid

EVs are treated as a highly flexible loads and their batteries can be used by the grid as an additional

power source [10].

CP1 CP2 CPn

EV1 EV2 EVn

CS

Power Flow

Figure 1.3: Power flow from EVs to CS

They can either deliver power to grid or withdraws power from it. Thus, allowing bidirectional

flow of power with grid and leading to the concept of vehicle-to-grid (V2G). Fig. (1.3), clearly
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depicts the bidirectional flow of power from EVs to charging station (CS). It comprise of charging

points (CPs) for charging, and discharging of EVs’ batteries. Further the transfer of power form

EVs batteries to grid is done at CS level. CS is connected to substation unit and aggregators (AGs)

as shown in Fig. (1.4). These AGs play a crucial role in controlling the power exchange between

the CSs, and the substation unit. Hence, AGs support bi-directional mode of communication,

whereas, CSs provide bi-directional flow of power. This bidirectional flow of power and the future

implementation of V2G is bound to support numerous services at grid level such as-peak shaving,

valley filling, spinning reserve and regulation. Peak shaving is a strategy used for managing the

high demand on grid, whereas valley filling deals with managing the low demand under high

supply. In spinning reserve, EVs are not kept spinning unlike traditional generators. They can

react fastly to contingencies and have capabilities to provide power within a fraction of seconds

when requested. In regulation, EVs can actively participate and are best suited to provide regulation

power because of the reasons mentioned below.

• EVs batteries response rate towards imbalances is much faster than conventional generators.

Ihey can respond instantaneously to changes in the regulation request received form grid.

• EVs can participate in the regulation in various scenarios. For example, if grid do not allow

back-feeding of power i.e., discharging the batteries and providing power back to the grid.

In such case, EVs batteries charging rate is altered so as to manage the regulation request.
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1.3.3 Frequency regulation

Frequency regulation is basically done in order to keep the frequency near to the nominal frequency

i.e ( 50 Hz). If load exceeds generation then the frequency rises above the nominal frequency. If

generation exceeds load then frequency drops below the nominal frequency. Hence to make the

frequency same throughout the grid there should be balance between the load and generation. Fre-

quency regulation is achieved at two levels primary regulation and secondary regulation. Primary

regulation is not responsible for restoring frequency. It just captures frequency deviations based

on generators governor response towards changes in rotor speed. Secondary regulation rely on

automatic generation control to brings the system frequency back to the nominal.

Frequency regulations can be achieved using two strategies, i.e., regulation up (Ru) and reg-

ulation down (Rd). Ru is provided during deficit power supply and high demand. On the other

hand, Rd is provided when, supply is more than the demand. Normally, Ru and Rd are achieved

by employing generators, which increase or decrease their production in order to match with the

demand [5]. Unfortunately, they have several inherent issues such as-prolonged start-up time,

emission of harmful gases and inadequate response towards huge frequency deviations [6]. Due to

these reasons, it becomes harder to manage frequency variations instantly and effectively.

Evolutions in MG domain have led to the emergence of another powerful technology, i.e., vehicle-

to-grid (V2G). V2G refers to bi-directional flow of energy between electric vehicles (EVs) and

MG. Decentralized and regulated energy exchanges with EVs at varying loads, may help MGs to

regulate their frequency fluctuations to a great extent [7]. Moreover, V2G technology may support

MGs in many ways such as-peak shaving, valley filling and several ancillary services [8]

Frequency regulation can also be achieved in MG environment using battery energy storage

system (BESS) [9]. However, the major drawback of these systems is, they impose severe eco-

nomic burden in terms of installation and maintenance costs [9, 10]. Hence, their utilization may

not prove to be beneficial for the service providers in the long run. Thus, an alternative mechanism

is required that not only supports frequency but is economical too. Therefore, use of EVs is one

such solution which may cater these requirements, since they have re-chargeable batteries and act

as distributed energy sources (DESs). Thus, EVs can instantly re-balance frequency deviations by

either supplying, or withdrawing energy from the SG [7, 11]. Furthermore, use of EVs for sup-
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porting various ancillary services is more cost effective as the service providers need not to bear

any installation and maintenance cost, unlike BESS and flywheels. In addition to this, EVs remain

idle for almost 96% of their time which provides wider prospects to efficiently utilize them for

frequency support [12].

1.3.4 Droop control

The droop control method is generally applied to generators to permit their parallel operations.

It allows primary frequency, and voltage control of the generators by the control of active, and

reactive powers.

f0

f

P0 P

Figure 1.5: P-f droop characteristics

V0

V

Q0 Q

Figure 1.6: Q-V droop characteristics



CHAPTER 1. INTRODUCTION 10

P =V1 ∗V2sinδ (1.1)

Q = (V2/X)(V2−V1cosδ ) (1.2)

where, P, and Q are the active, and reactive powers, respectively. V1, and V2 are the voltages

at the sending, and receiving ends, respectively. X is the line reactance, and d is the power angle.

Since the power angle d is a very small quantity, thus, cosd=1 and sind=d. Thus, moreover,

standard swing equation illustrates that frequency is proportional to the power angle.

δ = PX/(V1 ∗V2) (1.3)

V2−V1 = QX/(V1 ∗V2) (1.4)

Hence, by controlling the active, and reactive powers, the power angle or frequency, and the volt-

age, respectively can be controlled. Thus leading to the equations mentioned below.

f = f0−Kp(P−P0) (1.5)

v = v0−Kp(Q−Q0) (1.6)

The above equations and figures (1.5) and (1.6) illustrates the fact that when the frequency falls

from f0 to f , the generator’s active power is allowed to increase from P0 to P. Similarly, a drop in

the voltage from V0 to V increases the reactive power from Q0 to Q.

1.4 Literature Survey

Various researchers have explored the frequency regulation using different types of DES. Watson

and Jonathan [13] described a system which utilized solar power for voltage and frequency regula-

tion. However, the intermittency linked with solar power makes this method inefficient in handling

frequency and voltage fluctuations. Bunker and Weaver [14] proposed a control system which

utilized wind energy for frequency regulation in islanded MG. Unfortunately, the intermittent and

unpredictable nature of wind makes this scheme inefficient. Hence, weather dependent sources are

not used alone for balancing frequency fluctuations.
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Yoo and Kim [15] regulated frequency using battery storage system. Similarly, Guo et al. [16]

utilizes batteries for regulating frequency of MG. Arghandeh et al. [17] developed a tool to demon-

strate the use of flywheel storage units for serving loads in MG environment. However, the major

disadvantage of these storage systems was their high installation and maintenance costs. Hence, the

energy storage units must be economical so that they can be used extensively in MG.However, the

major disadvantage of battery storage systems is their installation, and maintenance costs. Hence,

considering the economic front they may put severe burden on utilities in the long run. Therefore,

an alternative mechanism needs to be developed to re-balance the demand and supply gap, and

restore MG’s frequency to its nominal value. Thus, the use of EVs’ batteries can be a promising

solution to cater these frequency fluctuations instantly, since they provide fast response. EVs are

treated as highly flexible loads, whose batteries can be used by the grid as an additional power

source whenever required. Thereby, leading to the emergence of vehicle-to-grid (V2G) technol-

ogy. The implementation of V2G may support many services of MG. However, one of the most

important application of V2G is to support frequency regulation services. When there is drop in

MG frequency, EVs supply power back to the MG thus stabilizing frequency of MG. On the other

hand, when the frequency increases, EVs could absorb the power from the MG. This type of V2G

control has been noted to be well suited for providing regulation services [18].

Number of researchers have explored frequency regulation in V2G environment. Kempton,

and Tomic [11] suggested that EVs can be utilized in V2G infrastructure for frequency regula-

tion, since they have fast battery response, thereby, stabilizing frequency instantly. Pilaai, and

Jensen [19] developed an aggregated EV-based storage system for western Danish power system

for regulating frequency fluctuations instantaneously. Unfortunately, their approach neglected the

control of individual EVs. Dallinger et al. [20] evaluated the impact of EV’s uncertain mobility

patterns for providing regulation. Wu et al. [21] proposed a new game-theoretical model to in-

terpret the correlations amongst EVs, and aggregators in a V2G infrastructure. Sortomme, and

El-Sharkawi [22] proposed an algorithm to maximize aggregator’s profit.

White, and Zhang [23] extended the Kempton’s model [11], and proposed that EVs can be used for

multiple purposes, i.e., frequency regulation, and peak load reduction simultaneously. The authors

proposed that EVs could be used for frequency regulation on a daily basis, and can be used for

peak reduction during high demands. Ota et al. [24] implemented an autonomous distributed V2G
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control scheme, which controlled EV’s power with respect to frequency deviations detected at the

time of EV’s plug in. However, their work neglected dynamic characteristics of EV’s battery, and

considered the linear relationship between EV’s power, and frequency fluctuations.

Han, and Han [25] suggested that prospective income is linked with EV’s involvement in V2G

frequency regulation. Moreover, the authors also estimated this income, and compared it with the

battery’s current price. Their results demonstrated EV’s integration for frequency regulation is an

economically perspective solution. Similarly, Brooks also suggested that integration of EVs with

grid is feasible, and has potential to create income for the EV’s users [26]. However, the author

did not present the actual magnitude of regulation power that would be dispatched to EVs by grid.

Sekyong et al. [27] proposed an aggregator that utilized EVs’ distributed power. The authors also

inspected optimal charging, and discharging strategies keeping into account battery’s constraints.

Yang et al. [28] proposed a dynamic model for frequency regulation keeping into account

battery’s charging, and discharging characteristics. However, their model depicted limited com-

munication between neighboring EVs, and distribution substations. Shimizu et al. [9] proposed

a model for EV’s integration in V2G scenario for frequency regulation. In this model, charging,

and discharging of participating EVs was regulated based on load frequency control (LFC) signals.

However, the major shortcoming of this model was, it did not cater simultaneously EVs’ charging,

and discharging needs. In other words, it neglected EVs’ individual requirements, and was strictly

a grid based approach. Kamboj et al. [29] presented an implementation of a multi-agent system

that allowed EVs to participate in the frequency regulation market. Although, their system sup-

ported both charging, and discharging requirements of EVs but failed to regulate EV’s charging,

and discharging rates. Janfeshan et al. [30] designed a distributed fuzzy logic controller (FLC) for

frequency regulation in V2G. This controller managed the EVs’ discharging on the basis of regu-

lation demand, and EVs’ state of charge (SoC). However, it completely neglected EVs’ charging

activities for frequency regulation. Moreover, use of FLC seems to a bit inappropriate since fuzzy

control methods was ideal for trivial problems which don’t require high accuracy.

Frequency regulation is acknowledged significantly by many authors at grid level. Similarly,

various control techniques have been proposed at MG level. Manjarres and Malik [31] proposed a

fuzzy logic controller for frequency regulation by involving combined operation of wind generator,

battery storage systems and dump load. However, fuzzy logic implementations have linguistic rep-
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resentation which may lead to uncertainties. Xia et al. [32] utilises master slave grid control method

for MG in islanding mode. Unfortunately master-slave control has dependency on critical inter-

communication lines which could reduce system reliability and expendability. Therefore, droop

method comes out to be best alternative [33]. Katiraei and Iravani [34] proposed power manage-

ment strategies for a MG based on droop characteristics. However, their strategy is only applicable

to electronically interfaced fast acting, dispatchable sources. Bevrani and Shokoohi, [35] proposes

adaptive neuro-fuzzy inference systems based on generalized droop controller. Clara et al. [36]

utilized EV’s battery for managing the frequency in MG using droop controller. However, it ne-

glected the battery parameter such as- State of Charge (SoC), charging and discharging rates. Li

et al. [37] proposed a dual droop based coordinated strategy in V2G scenario for regulating power

fluctuations. This scheme considered both charging and discharging activities but it did not regu-

late EVs’ charging and discharging rates. Liu et al. [38] proposed a V2G control scheme, which

focuses on regulating EVs’ power based on frequency deviations. However, this scheme did not

consider the time required for meeting the expected SoC of the EVs. Thus, energy requirements

of the EVs remain unfulfilled to a greater extent. Usunariz et al. [39] modified the existing droop

control scheme by adding a proportional controller for efficient power sharing among DES. In ad-

dition to this, the authors utilized battery storage systems for managing the frequency deviations at

MG. However, such approach fail to manage the SoC levels of battery storage units.

1.5 Research Gap

Residential, commercial, and industrial sector’s dependency on electricity is increasing day by day.

However, the generated electricity provided to them is limited which causes a gap between the sup-

ply, and the demand. This gap leads to frequency fluctuations.These fluctuations can be efficiently

managed with the help of controllable DES. From the above discussions, the use of DES in MG

for managing frequency is done extensively [13]- [17]. However, utilizing fleet of EVs as a DES

in MG is less explored in the literature. EVs can be utilized as a flexible DES due to their expected

penetration in upcoming future. Their batteries are regarded as mobile energy storage devices and

can actively participate in frequency support.
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Hence, in the proposed scheme, EVs along with other DES are utilized. In addition to this, var-

ious researchers have used droop controller scheme for managing the frequency at MG [33], [34],

[36], [37]. Unfortunately, the droop controller is found to be suitable for DES whose maximum

power rating is known. Due to this, utilization of fleet of EVs becomes a complex task. Since

their uncertain arrival and departure patterns results in varying maximum capacity. Thus, need

arises to feed back their instantaneous information to the controller so that they can be utilized in

frequency support. Therefore, the conventional droop controller needs to be upgraded with a feed-

back mechanism so as to provide instantaneous system information for efficient frequency control

at the MG.

Therefore, this work focuses on an efficient control scheme which would utilizes coordinated

working of a modified droop controller (MDC) and aggregator (AG). MDC is basically a droop

controller having a feedback mechanism which can continuously monitor and control the reference

signals. Thus, it helps in achieving both primary and secondary frequency regulation. Moreover,

the proposed AG controls the charging and discharging rates of EVs’ batteries which is not con-

sidered so far for a MG.

1.6 Contributions

Hence, the major contributions of this work are summarized as follows.

• Unlike conventional droop controller, the proposed MDC takes instantaneous power avail-

able from the fleet of EVs and dispatch the reference signals to both diesel generator and

EVs.

• An aggregator have been modeled, which coordinates the fleet of EVs thus ensuring fre-

quency support at MG.

• The proposed scheme alters the charging and discharging rates of EVs utilized in MG unlike

other schemes [39] thereby enhancing the flexibility of scheme.

• The proposed scheme takes care of users convenience by fulfilling EVs expected SoC re-

quirement.
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SYSTEM FRAMEWORK

The proposed system depicted in Fig. 2.1 comprises of MG which integrates photovoltaic, diesel

generator and wind power-based unit. Moreover, it also comprises of charging station and the

proposed Modified droop controller (MDC). The proposed controller helps in proper coordina-

tion and synchronization of various units being considered here. Moreover, it helps in frequency

stabilization of MG. The detailed description about the proposed system is given below.

2.0.1 Photovoltaic unit

This unit consists of photovoltaic array, and photovoltaic controller (PVC). This controller dis-

patches information regarding the status of a photovoltaic array to MDC. Moreover, it controls the

device either by turning on and off or by restricting the amount of power it is producing. In addition

to this, it can automatically disconnect and reconnect the photovoltaic array and inverter depending

on the control strategy given by droop based controller. The inverter is used which converts the

D.C power generated by the photovoltaic array into A.C power in order to fed the power directly

to the MG.

2.0.2 Diesel Generator Unit

This unit consists of diesel generator and diesel generator (DG) controller. It is the generator con-

trol and monitoring system which provides information about the status of a prime-power generator

to the MDC. Moreover, it can control the starting and stopping of the diesel generator. However,

15
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Figure 2.1: System framework of the proposed scheme.

this controller does not affect the speed and voltage setpoint of the generator. This task is primarily

carried out by the MDC.

2.0.3 Wind power-based unit

This unit consists of wind turbine, wind generator and wind turbine (WT) controller. The controller

is the wind turbine control and monitoring system which provides information about the status of

a wind turbine to MDC.
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Figure 2.2: Interaction of EVs and aggregator at charging station.

2.0.4 Charging Station

As depicted in Fig. 2.2 charging station (CS) consists of electric vehicles (EVs), and aggregator

(AG). Further, the AG is the main regulatory part of the unit which communicates with droop based

controller and gives out charge and discharge control signals to the EVs via V2G control unit. A

detailed description of individual components of CS in the proposed system is given below.

Electric Vehicles

The internal components of EV as shown in Fig. 2.2 consists of communication module V2G

control unit and battery. The communication module allows communication with CP. It helps in

communicating SoC, and charging and discharging rates among CP and EVs V2G control unit.

This unit further helps in controlling charging and discharging rates of EV’s battery.

Aggregator

The aggregator (AG) is responsible for communicating with both the droop based controller and

EVs at charging stations. AG gives the information regarding maximum available power from

EVs to droop based controller. The controller in turns gives the power reference signals to AG.

Thus AG supports bi-directional mode of communication between EVs and controller. Moreover,

AG monitors expected state of charge, initial state of charge, plug out and plug-in time of each

EV. According to this information AG computes the available power from each EV at a particular

instant of time. The AG Apart from this, also computes charging and discharging rates of EV.
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2.0.5 Modified Droop Controller

The droop based controller monitors and controls the data obtained from MG local controllers such

as- wind turbine controller (WTC), Photovoltaic controller (PVC), Diesel Generator controller

(DGC) and AG. Additionally, controller keeps track of load and frequency deviations at Ac bus.

According to these deviations and data obtained from local controllers, MDC give the reference

power signal to DG controller and AG. The DG controller relay the corresponding reference power

signal to Diesel generator. Nevertheless the AG divide the power reference signal dispatched by

MDC to EVs available at charging station. Hence, AG is responsible for communicating with both

the MDC and EVs at charging station. Hence the controller controls the integration of various

energy sources thus helping grid to meet power requirements along with maintaining the overall

grid stability.

2.1 Working of the proposed scheme

The proposed system is depicted in Fig. 2.1. It comprises of a MG integrated with photovoltaic,

diesel generator and wind power based unit. These units consists of local controllers such as-

photovoltaic controller (PVC), diesel generator (DG) controller and wind turbine (WT) controller

respectively. These controllers gives the information regarding the power availability at its respec-

tive units to proposed MDC. In addition to it, the proposed system also comprises of charging

station (CS). The information regarding State of Charge (SoC) of EVs at CS is given to aggregator

(AG). It utilizes SoC to calculate power availability from EVs and consecutively gives it to MDC.

Thus, MDC monitors and controls the data obtained from various local controllers and AG. It also

keeps track of load and frequency data at the AC bus. However, if it senses any fluctuations at the

bus it gives out reference power signal to both DG controller and AG.

AG utilizes this reference signal to compute charging and discharging rates for individual EVs.

These charging and discharging rates are then given to V2G control unit as depicted in Fig. 2.2.

This unit helps in relaying control signals to EVs’ batteries by altering their charging and discharg-

ing rates. Further, according to these altered rates EVs’ batteries either delivers power to MG or

withdraws power from MG. Thus, allowing bi-directional flow of power through the inverter.
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PROBLEM FORMULATION

This section highlights the overall mathematical model for deducing the power required for stabi-

lizing the frequency fluctuations. Frequency fluctuations possess significant problems for power

systems and are primarily caused due to imbalances between load and generation. Standard swing

equation is used to model these imbalances [5] as follows.

Pmech−Pelec = M
∆ω

∆t
(3.1)

where Pmech and Pelec represent mechanical power of the turbine and electrical power output of the

generator respectively. M is an inertia constant and ω denotes the angular speed of generator’s

rotor as expressed in (3.2). Substituting the value of ω in (3.1) redefines it to (3.3).

ω = 2π f (3.2)

Pmech−Pelec = M2π∂ f/∂ t (3.3)

Equation (3.3) relates power imbalances with frequency ( f ) variations. Hence, frequency can

be considered as an actual measure for these imbalances. They can be managed by various fre-

quency regulation techniques. Normally, frequency regulation is achieved with the help of genera-

tors at two levels, i.e., primary and secondary. Primary frequency regulation responds to frequency

deviations by altering governor’s speed and controlling the valves for steam flow. The regulated

steam flow further controls Pmech with an intent of matching Pelec to load fluctuations (Pload). The

19
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following equation represents the correlation for the same.

∆Pelec = ∆Pload (3.4)

These imbalances are regulated by adjusting turbine’s Pmech, which can be expressed using the

below equation.

∆Pmech = ∆Pload +
dWk

dt
+Pold

load (3.5)

Wk denotes the stored kinetic energy in generator’s rotor and Pold
load is the old load on this generator.

The rate of increase in Wk can be determined as follows.

Wk =Wk0

(
f0 +∆ f

f0

)2

(3.6)

where Wk0 denotes rotor’s kinetic energy at nominal frequency ( f0) and ∆ f represents frequency

changes. The rate of change of Wk is given by,

dWk

dt
=

2Wk0

f0

(
d∆ f
dt

)
(3.7)

Pold
load has a dependency on frequency and is mentioned using the given equation.

D =
∂Pold

load
∂ f

(3.8)

In the above equation, D represents the change in Pold
load with respect change in f . Now, rewriting

(3.5) using (3.7) and (3.8) as follows.

∆Pmech−∆Pload =
2Wk0

f0

d∆ f
dt

+D.∆ f (3.9)

Converting the above equation into per unit format as mentioned below.

∆Pmech−∆Pload =
2H
f0

d∆ f
dt

+D.∆ f (3.10)
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where H is the per unit inertia constant and it is given by,

H =
2Wk0

Grated
(3.11)

These deviations are very common in small and large power systems. In small power systems, the

frequency deviations ranges from 2 to 3 % from the nominal frequency [40]. However, the large

power system are adversely affected even due to minor frequency deviations. Hence, frequency

fluctuations are significant problems in power systems and are primarily caused due to imbalances

between load and generation. In the proposed scheme, these fluctuations are regulated by involving

both diesel generator and fleet of EVs. In addition to this in the proposed scheme various DES are

also used. Hence, in order to achieve effective coordination among DES and EVs, MDC and

aggregator have been proposed.

3.1 Modified Droop Controller

The working of the proposed MDC is depicted in Fig. 3.1 and also elaborated in algorithm 1.

Initially, MDC receives information regarding amount of power generated from PV (PPV ), wind

(Pwind), diesel generator (Pdg), and cumulative power available from EVs (Ptot
EV ) as computed in

upcoming section 3.2. With this information, MDC calculates total power from all the sources

(Ptot) as given by,

Ptot = Pwind +PPV +Pdg +Ptot
EV (3.12)

MDC keeps track of load (Pload) at MG and continuously compares it with Ptot . If Pload be-

comes greater than Ptot , then frequency drops below its nominal value ( fnom). Thus, giving rise to

negative frequency deviations. On the other hand, if Pload becomes less than Ptot , then frequency

rises above fnom causing positive deviations. These deviations (∆ f ) can be determined using below

mentioned equation.

∆ f =−( Pload−Ptot

Pdg
max

k∗ fnom
+

Pwind
max

k∗ fnom
+ Ppv

max
k∗ fnom

+
Ptot

EV
k∗ fnom

) (3.13)

In the above equation, (k) is the droop coefficient, whereas (Pdg
max), (Pwind

max ) and (Ppv
max) represents

the maximum rated capacity of diesel generator, wind source and PV source respectively.
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Figure 3.1: Block diagram of the proposed scheme.

In order to cater ∆ f , the MDC gives the individual reference power signal to both diesel gen-

erator controller and AG for a time duration (T ). The reference power signal for AG (PAG
re f ) and for

diesel generator (Pdg
re f ) can be computed as below.

PAG
re f = Ptot

EV −
(Pload−Ptot)Ptot

EV
Pmax,dg +Ptot

EV
(3.14)

Pdg
re f = Pdg +(Pload−Ptot)−PAG

re f (3.15)

This Pdg
re f is given to PI controller as shown in Fig. 3.1. This controller ensures that the Pdg

re f is

met at all the instances of time duration T . As a result, for next time duration T , diesel generator

generates Pdg
re f as expressed in algorithm 1. Therefore, this additional PI control loop enhances the

frequency regulation capabilities of the proposed scheme. In addition to this, PAG
re f is given to AG

which act as a control unit for the EVs. It also act as an interface between MDC and EVs. The

detailed functionality of AGs is discussed in the next subsection.
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Algorithm 1 Working of proposed controller for managing frequency deviations.
Input: Pwind , PPV , Pload , Ptot

EV
Output: Computed PAG

re f
1: Set Pdg = P at T =0
2: Set Ptot = Pwind +PPV +Pdg +Ptot

EV
3: Compute ∆ f using (3.13)
4: Compute PAG

re f using (3.14)

5: Compute Pdg
re f using (3.15)

6: Set Pdg = Pdg
re f

7: Update Pdgfor step 1
8: Set Ptot

EV = PAG,met
re f as computed in algorithm 2

3.2 Working of Aggregator

The AG receives inputs such as-initial SoC (SoCin
i ) and expected SoC (SoCexp

i ) of the ith EV battery

as shown in Fig. 3.1. Using these inputs, it computes number of EVs available for charging

(Nchar) and discharging (Ndis) as elaborated in algorithm 2. Based on Nchar and Ndis, AG computes

cumulative power available from EVs (Ptot
EV ) as shown below.

Pchar
EV =−

Nchar

∑
i=1

Pmax (3.16)

Pdis
EV =

Ndis

∑
i=1

Pmax (3.17)

Ptot
EV = Pchar

EV +Pdis
EV (3.18)

where, (Pmax) is the maximum power utilized from EVs’ battery, (Pchar
EV ) is the total amount of

power required for EVs’ charging and (Pdis
EV ) is the total amount of power available from EVs’ for

discharging.

This value of Ptot
EV at each instance is shared with MDC via feedback loop between AG and

MDC. In response to the Ptot
EV received from AG and ∆ f at MG, MDC computes PAG

re f signal for

AG for the time duration T . AG ensures that PAG
re f received from MDC is met at all the times. This

can be achieved by varying charging (Crate
i ) and discharging (Drate

i ) rates of the EVs’ batteries.

For charging scenario, energy requirement of ith EV (Ereq
i ) to fulfill SoCexp

i can be computed using

(3.19), whereas, in case of discharging, is computed using (3.20).
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Ereq
i = Erated(

SoCexp
i −SoCin

i
100

) (3.19)

Ereq
i = Erated(

SoCin
i −SoCexp

i
100

) (3.20)

where (Erated) is the maximum rated capacity of EVs’ battery.

In order to fulfill the Ereq
i , while meeting the PAG

re f , EVs’ Crate
i and Drate

i are altered using below

mentioned equations.

Crate
i =

PAG
re f

Ptot
EV

(3.21)

Drate
i =

PAG
re f

Ptot
EV

(3.22)

Thus, power drawn by ith EV (Pchar
i ) and total net power drawn (Pchar

net ) by all EVs seeking

charging can be computed as follows.

Pchar
i =−PmaxCrate

i (3.23)

Pchar
net =

Nchar

∑
i=1

Pchar
i (3.24)

Similarly, power deliver (Pdis
i ) by ith EV and total net power deliver by all EVs (Pdis

net ) to discharge

their batteries at regulated Drate
i can be computed as follows.

Pdis
i = PmaxDrate

i (3.25)

Pdis
net =

Ndis

∑
i=1

Pdis
i (3.26)

Thus, the amount of reference signal met PAG,met
re f and unmet PAG,unmet

re f during frequency support

is given as follows.

PAG,met
re f = Pchar

net +Pdis
net (3.27)

PAG,unmet
re f = PAG

re f −PAG,met
re f (3.28)
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Apart from managing PAG
re f , the proposed AG also fulfills energy requirements of EVs. This can be

achieved by calculating time required by individual EVs to meet their SoCexp
i .

The time duration (T char
i ) for charging and discharging (T dis

i ) can be computed using the below

mentioned equations.

T char
i =−

Ereq
i

Pchar
i

(3.29)

T dis
i =

Ereq
i

Pdis
i

(3.30)

These T char
i and T dis

i are the important parameters which determines whether the Ereq
i and

SoCexp
i will be met or not within time duration T . Therefore, in order to compute energy met

(Emet
i ) and SoC met (SoCmet

i ), four cases are considered by AG as discussed below.

• First Case: This case is chosen when T char
i is equal to or less than T i.e., time required by

an EV to get charged to its SoCexp
i is less than or equal to the time for which PAG

re f will be

available.

Ecurrent
i =−(Pchar

i T char
i ) (3.31)

SoCcurrent
i = SoCin

i +
100(Ecurrent

i )

Erated
(3.32)

Hence, level of energy met Emet
i and unmet (Eunmet

i ) can be computed as expressed in algo-

rithm 2 (Lines 12-13). Similarly, SoC met SoCmet
i and unmet (SoCunmet

i ) are calculated using

lines (14-15) of algorithm 2.

Emet
i = Ecurrent

i = Ereq
i (3.33)

Eunmet
i = Ereq

i −Ecurrent
i (3.34)

Similarly, SoC met SoCmet
i and unmet SoCunmet

i can be determined using below mention

equations.

SoCmet
i = SoCcurrent

i = SoCexp
i (3.35)

SoCunmet
i = SoCexp

i −SoCcurrent
i (3.36)
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From the equations given in (Lines 12-15) it can be concluded that Eunmet
i and SoCunmet

i will

be zero as SoCexp
i becomes equal to SoCcurrent

i . Thus, for this case the EVs fulfill their energy

requirements within the stipulated time duration T .

• Second Case: This case is chosen when T char
i is greater than T . Here, Ecurrent

i and SoCcurrent
i

of ith EV can be computed as mentioned below.

Ecurrent
i =−(Pchar

i T ) (3.37)

SoCcurrent
i = SoCin

i +
100(Ecurrent

i )

Erated
(3.38)

The equations regarding Emet
i , Eunmet

i , SoCmet
i and SoCunmet

i are elaborated in lines (23-26).

These equations

Emet
i = Ecurrent

i (3.39)

Eunmet
i = Ereq

i −Ecurrent
i (3.40)

Similarly SoCmet
i and SoCunmet

i can be determined using below mentioned equations.

SoCmet
i = SoCcurrent

i −SoCin
i (3.41)

SoCunmet
i = SoCexp

i −SoCcurrent
i (3.42)

depicts that the same EV is utilized for next time duration T and this process will continue

until T char
i becomes equal to or less than T .

• Third Case: This case is chosen when (T dis
i ) is equal to or less than T i.e, time duration

required by EV battery to get discharged to its SoCexp
i is equal to or less than time duration

upto which PAG
re f is received. In such cases, the computation of Ecurrent

i and SoCcurrent
i is

expressed as,

Ecurrent
i = (Pdis

i T dis
i ) (3.43)

SoCcurrent
i = SoCin

i −
100(Ecurrent

i )

Erated
(3.44)
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For such cases the level of energy met Emet
i and SoC met SoCmet

i can be computed as ex-

pressed in line (42 and 45) respectively. Similarly, the level of energy unmet Eunmet
i and SoC

unmet SoCunmet
i can be determined as given in line (43 and 46). Similar to the first case,

Eunmet
i and SoCunmet

i will be zero and EVs requirements are completely fulfilled within time

duration T .

Emet
i = Ecurrent

i = Ereq
i (3.45)

SoCmet
i = SoCcurrent

i = SoCexp
i (3.46)

Eunmet
i = Ereq

i −Ecurrent
i (3.47)

SoCunmet
i = SoCcurrent

i −SoCexp
i (3.48)

• Fourth Case:This case is chosen when T dis
i is greater than T . Here, the value of Ecurrent

i and

SoCcurrent
i are obtained as follows.

Ecurrent
i = (Pdis

i T ) (3.49)

SoCcurrent
i = SoCin

i −
100(Ecurrent

i )

Erated
(3.50)

The equations regarding Emet
i , Eunmet

i , SoCmet
i and SoCunmet

i are elaborated in lines (53-56).

Therefore, energy met Emet
i and unmet Eunmet

i can be calculated as follows.

Emet
i = Ecurrent

i (3.51)

Eunmet
i = Ereq

i −Ecurrent
i (3.52)

Similarly SoC met SoCmet
i and unmet SoCunmet

i can be determined using below mentioned
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equations.

SoCmet
i = SoCcurrent

i −SoCin
i (3.53)

SoCunmet
i = SoCcurrent

i −SoCexp
i (3.54)

Algorithm 2 Working of proposed aggregator for managing frequency deviations and EVs energy
requirements.
Input: SoCexp

i , SoCin
i , T

Output: Computed Crate
i , Drate

i , Emet
i and SoCmet

i of EVs.

1: Set Pchar
EV =−

Nchar

∑
i=1

Pmax

2: Set Pdis
EV =

Ndis

∑
i=1

Pmax

3: Compute Ptot
EV using (3.18)

4: Set Metchar = 0, Metdischar = 0
5: Compute Ereq

i using (3.19)

6: Compute Crate
i =

PAG
re f

Ptot
EV

7: Compute Pchar
i using (3.23)

8: Set T char
i =

Ereq
i

Pchar
i

9: if (T char
i )≤ (T) then

10: Compute Ecurrent
i using (3.31)

11: Compute SoCcurrent
i using (3.32)

12: Set Emet
i = Ecurrent

i = Ereq
i

13: Set Eunmet
i = Ereq

i −Ecurrent
i

14: Set SoCmet
i = SoCcurrent

i = SoCexp
i

15: Set SoCunmet
i = SoCexp

i −SoCcurrent
i

16: if SoCunmet
i 6=0 then

17: Set Metchar = Metchar+1
18: end if
19: end if
20: if (T char

i )> (T ) then
21: Compute Ecurrent

i using (3.37)
22: Compute SoCcurrent

i using (3.38)
23: Set Emet

i = Ecurrent
i

24: Set Eunmet
i = Ereq

i −Ecurrent
i

25: Set SoCmet
i = SoCcurrent

i −SoCin
i

26: Set SoCunmet
i = SoCexp

i −SoCcurrent
i

27: if SoCunmet
i 6=0 then

28: SoCin
i = SoCcurrent

i
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29: Set Metchar = Metchar+1
30: end if
31: end if
32: if Metchar 6=0 then
33: Set Nchar = Metchar
34: end if
35: Compute Ereq

i using (3.20)

36: Compute Drate
i =

PAG
net_re f
Ptot

EV

37: Compute Pdis
i using (3.25)

38: Set T dis
i =

Ereq
i

Pdis
i

39: if (T dis
i )≤ (T) then

40: Compute Ecurrent
i using (3.43)

41: Compute SoCcurrent
i using (3.44)

42: Set Emet
i = Ecurrent

i = Ereq
i

43: Set Eunmet
i =0

44: Set SoCmet
i = SoCcurrent

i = SoCexp
i

45: Set SoCunmet
i = SoCcurrent

i −SoCexp
i

46: if SoCunmet
i 6= 0 then

47: Set Metdischar = Metdischar+1
48: end if
49: end if
50: if (T dis

i )> (T ) then
51: Compute Ecurrent

i using (3.49)
52: Compute SoCcurrent

i using (3.50)
53: Set Emet

i = Ecurrent
i

54: Set Eunmet
i = Ereq

i −Ecurrent
i

55: Set SoCmet
i = SoCcurrent

i −SoCin
i

56: Set SoCunmet
i = SoCcurrent

i −SoCexp
i

57: if SoCunmet
i 6=0 then

58: SoCin
i = SoCcurrent

i
59: Set Metdischar = Metdischar+1
60: end if
61: if Metdischar 6=0 then
62: Set Ndis = Metdischar
63: end if
64: Update Ndis and Ndis for Step 1 and Step 2
65: Compute PAG,met

re f and PAG,unmet
re f using (3.27) and (3.28)

66: end if



Chapter 4

SIMULATION AND RESULTS

This section emphasizes the simulation and results applicable to the proposed scheme. For imple-

menting this scheme, Santa Rita Jail’s (SRJ) MG is considered. This MG comprises of various

generation sources such as-wind, solar, diesel generator, fuel cell and battery storage systems.

However, in this work, fuel cell is not considered and battery storage systems are replaced by CS

with maximum capacity of 40 EVs.These EVs are assumed to be Chevrolet volt EVs having bat-

tery capacity of 16 kWh.The minimum and maximum SoC limit of EV’s battery is assumed to

be 20% and 100% respectively. Extensive simulations have been performed on actual power data

acquired from SRJ MG. The simulation parameters used here are presented in Table 4.1.

Table 4.1: Parameters used for simulation

Parameters Values
Ppv

max 1.2 MW
Pdg

max 2.4 MW
Pwind

max 11.2 kW
Pmax 16 kW
Erated 16 KWh
EV’s default Crate

i 1
EV’s default Drate

i 1
T 3.48 minutes
k 0.05

30
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4.1 Case Study
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Figure 4.1: Santa Rita Jail MG load across 3 hours.

In order to implement the proposed MDC and AG, various simulations have been performed

on SRJ’s MG data obtained for 17th July, 2012. The total load on SRJ’s facility for a duration of 3

hours is shown in Fig. 4.1.

Two diesel generators with maximum capacity of 1.2 MW are taken along with above men-

tioned renewable energy sources which are collectively utilized to meet this load. Fig. 4.2 and

4.3 shows SRJ’s MG power generation from 1200 to 1500 hours utilizing wind and solar energy

sources respectively. In the proposed work CS with maximum 40 EVs are being used in place of
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Figure 4.2: Wind power across 3 hours.

battery storage system. Fig. 4.4 shows number of EVs available at CS for charging and discharging
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Figure 4.3: Solar power across 3 hours.

their batteries. The proposed scheme also manages the dynamics of the number of EVs as depicted

in Fig. 4.4. These EVs have been segregated into 3 broad types, i.e., newly arrived, departing and

operative. The EVs which participate in frequency support mechanism since the previous slots are

considered as operative EVs.
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Figure 4.4: Number of EVs available at CS.

On the basis of this categorization of EVs, their availability in a particular time slot is com-

puted and are considered by the controller for rendering frequency support. For instance, at 1200

hours, 22 EVs arrived at the CS for charging and exactly 18 EVs arrives for discharging. At 1203

hour one EV both from charging and discharging category departed from the CS after charging

and discharging their respective batteries. On the other hand, no further EVs arrived in the CS for

charging and discharging purposes. This simply implies to the fact that, the controller manages

the frequency support by dynamically considering the number of EVs willing to participate in the



CHAPTER 4. SIMULATION AND RESULTS 33

frequency support mechanism. Further, Ptot
EV available from all these EVs is computed using (3.18)

and is depicted in Fig. 4.5.
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Figure 4.5: Cumulative power from EVs.

The MDC monitors above data and computes Ptot using (3.12). Fig. 4.6 represents the Ptot and

total load at MG. From the figure, it can be seen that the load does not follow Ptot for most of the

instances. For example at 1200 hours, load is 1600 kW, whereas Ptot is 1313 kW, thus there exists a

wide gap between the load and supply. This gap leads to frequency deviations at MG as computed
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Figure 4.6: Total load and total supply.

using (3.13). In order to minimize these deviations, MDC computes reference signals, i.e., PAG
re f

and Pdg
re f using (3.14) and (3.15). The reference signals are shown w.r.t time as shown in Fig. 4.7

and 4.8 respectively. These reference signals are further given to diesel generator and AG as shown
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in Fig. 3.1. The proposed AG meets PAG
re f and SoCexp

i while managing the frequency deviations by

altering the EV’s respective Crate
i and Drate

i .
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Figure 4.7: Reference signal for diesel generator.

Fig. 4.9 depicts EV’s altered Crate
i and Drate

i . On account of alterations, the corresponding Pchar
net

and Pdis
net also changes as per (3.24) and (3.26). These alterations are depicted in Fig. 4.10 whereas
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Figure 4.8: Reference signal for AG.

unregulated cumulative power is shown in Fig. 4.5. For example, at 1200 hours, the unregulated

powers for charging and discharging were -352 and 128 kW respectively. Thus, the cumulative

power drawn by EVs was -124 kW (-352 + 228 = -124 kW). Simultaneously, the reference signal

PAG
re f received was -59.81 kW. In order to meet this signal, the Crate

i and Drate
i of participating EVs

are altered to 0.93453 by proposed AG. Due to this, the value of regulated Pchar
net becomes -328.95
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kW and Pdis
net turned out to be 269.14 kW respectively. These values of Pchar

net and Pdis
net are depicted

with the help of Fig. 4.10. The power met and unmet is depicted in Fig. 4.11 which depicts that
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Figure 4.9: Charging and discharging rates of EVs.

PAG
re f was nearly met by the controlled fleet of EVs throughout the considered time frame.

Thus, the proposed scheme with AG reduces ∆ f to a larger extent as shown in Fig. 4.12.

For example, at 1200 hour ∆ f initially was -0.10068 Hz. However, after applying the regulation

scheme the value of ∆ f is reduced significantly to 0.006648 Hz. In addition to providing efficient

frequency control, the proposed scheme also caters the energy and SoC requirements of EVs. To

cater the expected SoCs of the EVs they are categorized into charging and discharging vehicles

based on the values of SoCexp
i and SoCin

i .
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Figure 4.10: Regulated power from EVs for meeting reference signal.

Fig. 4.13 shows a discharging scenario of an EV. The SoCin
i and SoCexp

i of this EV are 70%

and 20% respectively. In order to meet the desired SoCexp
i , the two most important parameters are
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Figure 4.11: Reference signal met and unmet.
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Figure 4.12: Output of MDC with and without AG control.

T dis
i and T . The value of T is considered to be 3.48 minutes in the proposed scheme. Initially, for

the first duration of time T , T dis
i comes out to be 29.22 minutes using (3.30) which is greater than

T . At this instance, when T dis
i is 29.22 minutes, the values for SoCcurrent

i , SoCmet
i and SoCunmet

i are

64.047%, 5.9531% and 44.047% respectively. Since, T dis
i is greater than T , the corresponding EV

is again utilized for the next instance of T and the process continues until T dis
i becomes equal to or

less than T . Therefore, when T dis
i is 1.96 minutes, SoCcurrent

i becomes equal to SoCexp
i i.e., 20% as

shown in Fig. 4.13.

Similar to the above scenario, Fig. 4.14 depicts charging scenario. The values for SoCin
i and

SoCexp
i are 30% and 100% respectively. For the first duration of time T , T char

i comes out to be

44.94 minutes using (3.29). At this instance when T char
i is 44.94 minutes, the values for SoCcurrent

i ,

SoCmet
i and SoCunmet

i are 35.42%, 5.4203% and 64.58% respectively. Moreover, at first instance
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Figure 4.13: SoC variations of an EV seeking discharging.

T char
i is greater than T thus EV’s battery is utilized until T char

i either approaches to T or becomes

less than T . Finally, when T char
i is 3.45 minutes, SoCcurrent

i becomes equal to SoCexp
i as shown in

Fig. 4.14.
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Figure 4.14: SoC variations of an EV seeking charging.



Chapter 5

COMPARISON

In this section, the proposed scheme is compared with one of the existing scheme of Liu et al’s

in [38] so as to get more vivid picture of the proposed scheme. For the comparison purpose, the

number of EVs considered and PAG
re f for 1200 hours are shown in Fig. 4.4 and Fig. 4.8. At 1200
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Figure 5.1: SoC comparison for EVs seeking charging.

hours, number of EVs for charging and discharging were 22 and 18 respectively. In addition to this,

the value of PAG
re f was -59.81 kW. However, for comparing both the schemes this PAG

re f is received

for time duration T =1 hour. In accordance to this, in the existing scheme, the net power fetched

by EVs is 105.58 kW which is higher than PAG
re f thus results in even more frequency fluctuations at

MG. Table 5.1 depicts the comparison between the two schemes with respect to reference request

met during the frequency support mechanism. As shown in Table 5.1 the proposed scheme suc-

cessfully met the desired reference signal.

38
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Figure 5.2: SoC comparison for EVs seeking discharging.

In addition to this, the SoC comparisons between existing and proposed scheme for charging

and discharging EVs are shown in Fig. 5.1 and 5.2 respectively. Figures clearly depicts the differ-

ence in levels of SoC met by both the schemes. After one hour Liu et al’s scheme is not able to

meet the expected SoC of individual EVs. On the other hand, proposed scheme proves to be more

successful in meeting the expected SoC for individual EVs. The reason behind this fulfillment is

that the proposed scheme considers the time required for achieving expected SoC unlike Liu et al

scheme.

Table 5.1: Comparison of proposed scheme with existing scheme based on reference signal met and unmet.

Existing Scheme Proposed scheme
PAG,met

re f PAG,unmet
re f PAG,met

re f PAG,unmet
re f

105.58 kW(>
PAG

re f )
-45.77
kW

59.81 kW (=
PAG

re f )
0



Chapter 6

CONCLUSION

In this work, frequency deviations at MG level have been managed using controllable DES such as-

diesel generator and EVs. Batteries of EVs are regarded as mobile energy storage devices and have

ability to actively participate in frequency support. In order to enable fleet of EVs participation in

frequency support at MG, conventional droop controller have been modified and referred as MDC.

Moreover for coordinating fleet of EVs an AG has been proposed. It computes available power

from EVs batteries and control their charging and discharging rates. The simulation results clearly

depicted that the MDC along with the AG can not only meet the energy requirements of EVs

but can stabilize the frequency at MG. In addition to this, comparison with one of the existing

technique clearly depicts the effectiveness of proposed scheme in terms of managing frequency

while meeting EVs energy requirements.
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