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Abstract

This thesis proposes a fuzzy based smart charging stato8)(fr electric vehicle’s
(EVs) application to mitigate the peak power demand of tgpoity. The SCS, as pro-
posed in this thesis is a place where the EVs come togethbaiatge (drawn power from
grid) or discharge (support the grid) their batteries basethe distribution node (DN)
voltage and the available energy in the EVs’ batteries. TG8 &as various charging
points, which enables EVs of different battery ratings targe and discharge. However,
allowing the EVs to discharge or charge without any contraliead to voltage devia-
tion in the DN. If multiple EVs can be discharged or charged aontrolled fashion, then
they can act as distributed energy storage system (DESSjogepimplementation of
controlled charging and discharging can mitigate the peakep demand of the DN by

providing power to grid (peak shaving) or drawn power from ginid (valley filling).

In this thesis, the active power control strategies have lbeedeled for V2G system to
enable peak shaving and valley filling. If EVs’ batteries mtended to perform charg-
ing or discharging operations, it would get subjected tywvay node voltage conditions.
Such frequent charging/discharging operating conditédfest the internal circuit param-
eters due to change in state of charge, charge rate of trebaitoreover, the capacity of
EVs’ batteries would decrease due to frequent chargingfdigjing process at different
charge rate. Therefore, a precise model of EV battery is waungh required, to pre-
dict the performance of EVs in real-time V2G interaction.nide, an electric equivalent
circuit based battery model and capacity fade/loss modtltda for EVs in V2G appli-

cations has been developed. By using the BM, the matherhatmaeling and control

of contactless based SCS in V2G scenario has been desigonedy Bgic controllers

and aggregator have been used to control the power flow betilieeSCS and the grid.
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The aggregator has been designed to distribute the retem@mwer signal among the
EVs’ batteries present in the SCS during charging or digghgtprocess. Finally, math-
ematical model for economic analysis of energy transfewvéeh EVs’ batteries and grid
has been developed. Also, beneficiary calculation for EVeers; grid operators and

consumers has been proposed.

The major contributions of this thesis are as follows:

e Electric equivalent circuit based battery and capacityg tasdel has been developed

for EVs’ batteries to analyze the interaction between E\&tdries and the grid.

e A smart charging station has been developed based on thelagiz control, which
the bidirectional power flow between EVs’ batteries and gudng the peak hours,

normal hours and off-peak hours.

e A mathematical model for the economic analysis of energysfiex between EVs
and grid has been developed. In this work, the economic sisdiyas been done in
such a way that the battery related liabilities do not becanfi@ancial burden to

EVs owners.

Index TermsBattery, contactless power transfer, distributed enstgyage, electric ve-
hicles, economic evaluation, fuzzy logic control, genatgorithm, synchronization and

vehicle-to-grid.
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Glossary

e acto dc converter: Converts alternating current into direct current.

e Ancillary services. The ancillary services are necessary to support the disiitbsystem and
control the flow of active power in order to maintain power lgyareliability and stability of

the distribution system.

e Charge/dischargerate (C,/D;): A common method for indicating the discharge, as well as the

charge current of a battery.

e Current depth-of-discharge (DOD,,): Depth-of-discharge is another method to indicate a bat-
teries state-of-charge. The depth-of-discharge is thergavof state of charge: as one increases,
the other decreases. In other words, the Depth-of-disehangsually defined as the amount of

energy removed from a battery.

e Current state-of-charge (S OG;): The state-of-charge is related to the electric chargedtby
the battery at a given time. It is defined as the ratio betwieeavailable charge at a given time

and the maximum capacity.

e Cycle life. The number of charge/discharge cycles the battery can iexjger before it fails
to meet performance criteria. Cycle life is estimated faarge and discharge conditions. The
actual operating life of the battery is affected by the rdégth of cycles and by other conditions

such as temperature.

e dc to ac converter: It receives dc voltage at input side and converts ac voltagetput side.

The output voltage can controlled by varying the on and afitiof the converter switch.
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e dctodc converter: Converts dc voltage to regulated dc voltage. Regulatiorbeaachieved by

controlling the duty ratio.

e Frequency regulation: The frequency regulation is required for reliable operatbthe elec-
tric grid. To maintain grid frequency within permissiblaits, electric vehicles (EVs) batteries
are used to inject/support the power from/to grid. If loadeeds the generation, the frequency
of the system decrease which indicates the grid requiregufagion up” and vice versa. The
EVs batteries can support/inject the power to/from gridreggulation up/down for matching

the generation and load demand.

e Fuzzy logic: It is derived from fuzzy set theory which can deal with unaenties in systems.
Fuzzy logic incorporates a simple, IF-THEN rule based apaghdao solve a control problem

rather than attempting to mathematically model a system.

e Grid-to-vehicle (G2V): The EVs’ batteries are charged from the grid during the efiphours.
During this operation the power flow from grid to EVs’ batesribased on node voltage and

available energy of the EVS’ batteries.

e Internal resistance (R;R,): The internal resistance of battery is varying with respechange

in S OG,/DOD,, andC,/D;.

e Open-circuit voltage (Vo): The open-circuit voltage is the voltage under a no-load itamg

which is usually a close approximation to the battery teahwoltage.

e Smart grid: A smart grid is an electric network which is supply the eliedly to consumers
based on the digital technology. These digital systemsrabitiite electricity and improve the

efficiency, reduce the energy consumption and cost.

e Terminal voltage (Vg or Vg): It is defined as the voltage measured between the batteny-ter
nals under load condition. The terminal voltage varies wtitite of charge and the charge or

discharge current.
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Glossary

e \ehicle-to-grid (V2G): EVs’ batteries are used as a distributed energy storagemsyshich

can support the grid during peak hours or parking hours.

e \Oltage regulation: To maintain system voltage within permissible limits ativas points of
the distribution system, reactive power compensationslatal role. By inject/support the
reactive power from/to the grid which impacts the distribntnode voltage maintain within

limits and also maintain system stability.

TH-1265_KANNANT

xli



Glossary

TH-1265_KANNANT

xlii



Introduction

Contents

1.1 Introduction . . . . . . . . ... 3
1.2 Electric VehiclesinSmartGrid . . . . . . ... ... ... o ... %
1.3 Motivation and Reason to Adopt the Method . . . . . . .. ... ... .... [1¥
1.4 AimoftheThesis . .. . . . . . . . . . 2d
1.5 Bidirectional Contactless Charging System for V2G PoweTlransfer . . . . . . 22
1.6 Main Contributions . . . . . . . . .. 23
1.7 ThesisOrganization . . . . . . . . . . . . . . . . 24

TH-1265_KANNANT



1. Introduction

1.1 Introduction

Electricity is a form of energy. It plays a very importanteah everyday human life. The demand
for this electrical energy is gradually increasing with tieng population. Electrical energy has
led to development of society, its economic growth and higimdard of living. The generation
and consumption of electrical energy has been one of the pnessing challenges for the modern
societies, due to ever increasing gap between the geneiatis consumption. Engineering efforts
and solutions can address these challenges to bridge the gap

In India, the installed power generation capacity is 229 G&ja-watt (GW)I[3,4]. About 57.18%
of the electricity is generated from coal based power plJdm$2% from hydroelectric power plants,
12.45% from renewable-energy sources, 9.03% from gas hasedr plants, 3.15% from nuclear
power plants and 0.57%from oil based power plants [3]. Tise b@ad requirement is 861,291 Megau-
nit (MU) against availability of 788,355MU which is a shag&aof 8.5%. Due to population growth
and economic development, the demand for energy has iecreasa rate of 3.6% per annum over the
past 30 years and the approximate energy consumption pigat 96kWh in rural area and 288kWh
in urban area [3-6]. During peak hours, the demand is 139/28Gainst availability of 110.76GW
which is a shortage of 20.48%[4]. The peak load energy spenpaevails in all regions of the coun-
try and varies from 5.98% in the North-Eastern region to 1%5n the Southern regionl[3]. Due
to shortage of electricity, power cuts are common througimdia and this has adversely affected
the country’s economic growth. Therefore, bridging the bapween the energy generation and its
consumption becomes essential for the nation’s developriibe present energy generation in India

from the various energy sources is shown in Eigl 1.1.

0.57% 3.15%

12.45% [ Coal

I Hydroelectric
I Renewable
I Gas

57.18% I Nuclear
[ Joil

17.62%

Figure 1.1: India’s present power generation from various power plants
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The estimated total peak load demand for electricity indnidi expected to cross 298GW by
2022 [3+5]. The peak load shortage would prevail in all trggaes of the country and for North-
Eastern region it would be 17.58GW. Assam which is a part atiNEastern region will have peak
power demand of 1.93GW/[7]. The peak load demand for 132/33kWugram substation in the city
of Guwahati, Assam will be 0.62MW [8] 9]. From the power plasage data it is seen that most of
the power plants are underutilized during the off-peak bBolfrsome energy storage device can be
used to store the energy during the off-peak hours, then arggigap of 500kW during peak power
demand can be met. Therefore, an energy storage system {E8%juired to solve the issue of
energy gap during peak hours. In order to handle the peakrsveand, one possible solution can
be to ramp-up the power generation capacity, but this optionld require significant infrastructure

cost of the power plants.

1.6F _ , 711
Voltage profile e | 0ad profile
15 Existing load
1.05
14
3 131 Node voltage 1 =
o o
N—r 1 2 vq)
S L
: :
- 11f 095>
1 -
09 Peak shaving Valley filling Valy filling
B — > < >
0.8 | | | | | 0.85
00:00hrs 04:00hrs 08:00hrs 12:00hrs 16:00hrs 20:00hrs 24:00hrs

Time (hrs)

Figure 1.2: Grid load (p.u) and voltage profile of the Guwahati city, Sigtam 132/33kV Grid Substation.

The approximate overview of the grid load and voltage prafil&uwahati city, Assam is shown
in Fig. [1.2 [10]. The energy demand is high during the peakitnom 07:00hrs to 10:00hrs and
18:00hrs to 22:00hrs. During these hours, power plants namsp-up generation in order to meet
up the demand. It is expensive to produce power in the pealstmmcause the increased generation
usually comes from high cost fuel such natural gas. From [Eig, it can be seen that there is big

difference between the peak power demand and off peak paweand. The gap between the peak
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and off-peak power demand can be reduced if ESS is used. goilneoff-peak hours the ESS can be

charged and during peak hours the stored energy can beadjeatk to the grid.

There are different types of ESS available which is givenign[E.3.

(i)

Energy Storage Systemn)

y y y

Superconducting
Battery Supercapacito magnetic energ
storage

y

Flywheel energy
storage system

Figure 1.3: Types of energy storage system.

Battery is electrochemical energy storage device whafvert chemical energy to an electrical
energy and vice versa [11]. The battery is generally expensias limited charge/discharge

rate, has high energy density and low power density and et life cycle.

(i) Supercapacitor (SC) is electrochemical energy stexdayice which stores the electrical energy

in the form of on electric field in the electrochemical doulalger [12]. The specific energy
stored in an SC is relatively low due to limitations in the egsible specific surface area of the
electrode the specific power is large due to the short timstenihof double layer charging but

the energy density, energy stored per unit of weight is (&35 [

(i) The Superconducting magnetic energy storage (SMES)jog stores the energy in the form

(iv)

of magnetic field created by the flow of direct current (dc) isugperconducting coil [14].
The stored energy can be drawn from the SMES unit almostritestaously and also can be
delivered over a period ranging from fraction of secondstesal hours [15]. The SMES has

high power, high efficiency and four-quadrant controll [1F, 1

Flywheel energy storage system stores the electricatgy in a rotating mass [18,/19]. De-
pending upon the inertia and speed of rotating mass, the mtnebkinetic energy is stored as
a rotational energy [19]. The kinetic energy is transfeiirednd out of the flywheel with an

electrical machine that can function either as a motor oeggnr depending on the load angle.
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The flywheels have high power density, high energy dendiiiityato handle high power levels

and need low recharge time |20].

The difference between daily peak and off-peak power densawakying every year. In case the
difference is small for a day, then the normal battery féiesi become suitable. Since these normal
battery energy storage facilities have not proven econalmeicept in functional applications such as
distributed energy storage system (DESS) upgrade a rdalsmtarage system is required to mitigate
daily peak and off-peak power demand with less infrastmectost.

The electric vehicles (EVS) can be used to mitigate the peakepdemand because most of the
time these vehicles are kept parked|[21-24]. The battefiE¥s can be used as a DESS to support
the electric grid when the power demand is high and store xbhess amount of energy during the
off-peak hours([22, 23, 25-37]. The EVs are idle most of theetand the batteries are expected to
retain a significant amount of energy when the EVs are noten2&-+-23, 34].

There are different types of batteries used in EVs such akdeaml, lithium-ion (Li-ion), alka-
line battery etc. In the recent decades much attention hexs gpgen to the Li-ion batteries due to
numerous advantages [38| 39]. The Li-ion batteries have pagver (800-2000 W/kg), high specific
energy (100-250Wh/kg), high working cell voltage, longliycle, high power rate density (three
time of the lead acid battery and one and half time of the alkdlattery), low self discharge rate and
no memory effect [40]. Therefore, Li-ion batteries are nmstable for EVs and the higher energy
density of these batteries makes them suitable as DESSe Imetkt section, mitigation of peak and

off-peak hour power demand by using EVs is presented.

1.2 Electric Vehicles in Smart Grid

The EVs are driven only by the energy stored in rechargeaditedy and use electric motors and
controllers for propulsion. Charging/discharging ché&edstics of the EV depend on its range and its
owner’s driving patterns. EVs are plugged into a chargiagien (CS) or plug-in point to charge or
discharge the battery. The energy required by a typical E\difiving 40 to 60 km using its battery
energy is around 10 to 15 kWh [22], potentially making EVs ohthe biggest energy consumers in

future [41]. The time required to charge the battery of 108&Vh is about 2 to 3 hours [42].
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Primary Side (PS) Secondary Side (SS)
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Converter
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””” # Control signal

~d—m Power flow

Figure 1.4: Vehicle-to-grid operation.

On an average a typical EVs travels only 3 to 6 hours a day astdbfehe time these EVs are
available in the parking bays [22]. The parked EVs can actlaador source by storing the energy
or feeding the energy back to grid. Therefore, the EVS’ lni@$ecan be used as a DESS for injecting
its excess stored energy to the grid during peak hours andgtnergy during the off-peak hours.

The Fig.[1.4 shows the block diagram representation of lelticgrid operation. In contactless
power transfer system, the primary side (PS) is on the CS lamddcondary side (SS) is on the
vehicle. To transfer the power in either direction, coriess coil has been used to eliminate direct
contact. The controller and aggregator are used to cottegpower flow during peak and off-peak
demand hours. The EV battery charge or discharge based gridheltage and the available energy
in the EV. Similarly, multiple EVs are connected to the gridsblve the peak and off-peak hours
power demand. If the grid voltage is high { per-unit), then the controllers do not allow to discharge
the EVS’ batteries for grid support.

1.2.1 Vehicle to Grid
The EVs battery can be charged from the grid and support idedgring peak hours or parking

hours. V2G interaction enables EVs to earn financial ingestwhile discharging the power to grid.
TH-1265 KANNANT




1.2 Electric Vehicles in Smart Grid

Thus, V2G interaction can facilitate the supply/demandbe¢ by discharging during peak hours and
charging during off-peak hours [24,126/28|132,43, 44]. Qolaton to mitigate the impact of EVs on
the grid is to schedule their charging/discharging profil@sed on node voltage conditions. This can
be done by aggregating different sets of EVs for chargingisechérging such that grid constraints
(voltage and frequency limits) are maintained within thaili The various types of services that
can be provided by the EVs to grid interaction are shown in Bidd. These are mainly divided
into two parts: unidirectional and bidirectional. The G2¥plies that energy flows from the grid to
the vehicle. It can be achieved with the help of scheduledgohg (based on the node voltage) and

voltage control (to keep node voltage and frequency stable)

Smart grid <&—————————®  Electric vehicles

|

Unidirectional Bidirectional
Scheduled charging Voltage control Peak load leveling Ancillary service
¢ ¢ ¢ Power quality improvemen
Regulation Stored energy Spinning reserves Reduction of losses

¢ fed back to grid ¢ Scheduling and dispatch

+—+ +—+ Energy imbalance control

Voltage and Frequency
Voltage Frequency Increase power level Connect more

EVs
Figure 1.5: Electric vehicle-to-grid interaction with different tym power mitigation.

The bidirectional power flow can be divided into two partsalpéad leveling and the ancillary
service. Peak load leveling is a method to balance the loddlamand. It can be achieved with the
help of regulation, stored energy fed back to the grid andrspg reserve. The regulation can be
divided into two separate entities such as voltage and &ecpregulation [45, 46]. The voltage reg-
ulation maintains the system voltage within permissibiats. This is required for proper operation
of electrical equipment and to prevent it from failure/[4With reduced system voltage, the current
must increase to meet up the power demand. It further leatteetbad consuming more reactive
power and the system voltage getting reduced. If the cuinenéases too much, the transmission
lines goes off{[48, 49]. Therefore, reactive power contnopioves the voltage imbalance. Hence,

reactive power and voltage control are two aspects that ttact aeliability of the grid [46] 47, 49].
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The frequency regulation is a method to balance the geparatid consumption which causes the
system frequency to remain constant at the desired valje 50 load demand greater than genera-
tion, the frequency decreases and in the reverse condrggaéncy increases. Therefore, frequency
regulation is a real-time control which increases or desgsdhe output power level. Frequency reg-
ulation can also regulate the sudden fluctuations in the ¢teadand. Another possible solution to
maintain grid frequency within permissible limits is by migithe EVs batteries to inject/draw the
power to/from grid. In case the load exceeds the generatenfrequency of the system decrease,
which indicates the grid requires “ regulation up” and viegsa. The EVs batteries can inject/draw
power to/from the grid for regulation up/down to match thegation and load demand. Apart from
this, to mitigate the peak power demand, the stored energyeifEVs’' batteries is used as a DESS
which can support the grid during EVs parking hours. Thersipimreserve is achieved by connecting
additional generators or increase the power level to cosaierthe sudden increase or unpredicted
load demand [51,52]. These generators are already synzhdowith the grid but these are not oper-
ating at rated power [51-53]. If suddenly the load increasekecreases, the reserve generators starts
operating at rated power or reduced power level by incrgasiecreasing the turbine rotation [54].
Spinning reserve maintains system frequency stabilitindlemergency operating conditions and un-
predicted load swings [54-56]. The EVs batteries are etilitor the ancillary services such as power
guality improvement, reduction of power losses, schedudind dispatch, energy imbalance control
and voltage and frequency control. The ancillary servicesnacessary to support the distribution
system and control the flow of active power in order to mamfawer quality, reliability and stabil-
ity of the distribution system [57]. Therefore, the EVs ased as a distributed energy sources which
injects or draws the power to/from grid for solving the peakvpr demand. This method reduces the
transmission and distribution losses, provide power failkamy services and maintains voltage and

frequency within the regulation.

1.2.2 Major Issues in V2G Interactions

From the above discussion, major issues in V2G interactiemyi&en below:

(i) Uncoordinated charging methodology which can signiftbastress the distribution system
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causing severe voltage fluctuations, performance degoadaind over load to the grid.

(i) Uncontrolled and random EV support to the grid can canseeased power losses and voltage

fluctuations.

(iif) Theload and economic considerations eventually isgihe voltage and frequency fluctuations

on distribution systems.

It is claimed by many researchers, that the EVs can provideggro grid for voltage and fre-
guency regulation, spinning reserve and ancillary sesigé--23, 26, 27,43, 44,58-60]. The area has
seen significant research activity in the last few years awdral works have been done in order to

support the utility grid. Among these, some of the importaatks are reported in the next section.

1.2.3 Literature Survey

Several works has been reported in the literature whereWseake being used as a DESS to solve
the peak power demand. In most of the work, an optimal chgrgfiation and control strategies has
been developed which can store/support power from/toredegptid. Many researchers have devel-
oped a dynamic model and analyzed the power flow betweenetielgrid and system. The EVs
and HEVs are becoming very popular these days. These vehideharged by plugging into electric
outlets. Kemptomt alhas developed control strategies and business modelsfonftementation of
V2G concept. In this work, the electric-drive vehicle (leayt fuel cell or hybrid) provides the power
to electric markets [23]. In[21], the differences betwedmeé approaches by using dynamic model of
EVs’ batteries to grid application have been proposed. Ta&talhas proposed that the electric-drive
vehicles can provide the power to the electric grid when dreyparked or provide power to specific
electricity market while they are not in use [22]. [n [44],istreported that the EVs can be used
to supply the power to grid for stabilization and peak loadvahg. They have also focused on the
infrastructure and the implementation of V2G technologigminet al has investigated the effects
of different types of EV charging strategies on the balaret&ben wind power generation and con-
sumption[26]. They have developed a control algorithm ¢oesthe energy in the EV batteries when

the power consumption is low on the grid. [n [58], the inggint solutions has been developed for
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monitoring and controlling the electrical grid when the PEAhd EVs are connected in distribution
network.

In [27], the EVs have been used as a flexible DESS to chargdahigeries. This work investigates
the impacts of EVs with V2G capability to power system ogerat Hedegaar@t al has developed
the EVs’ batteries that are charged/discharged inteltlgahcan also provide energy back to electric
grid and reduce the need for new coal/natural gas power itegsd&9].

The frequency regulation is considered as the most progei practical challenges in V2G
services|[61]. It has focused, on amount of power that carebeeatled from vehicle-to-grid based on
the frequency regulation and the EVs are coordinated bygubi@ aggregator. In [28], the different
types of ESS are studied with a simple probabilistic metlwogredict the ability of energy storage
to increase the penetration of intermittent renewableeggngeneration on weak electricity grid. Kim
et al has addressed dynamic modeling and control of grid conddutbrid generation system such
as wind turbine, photovoltaic array and battery. In this kvthiree types of control strategies has
been used to control the power flow between grid and hybrittey$2]. In [37,63], the design and
simulation of a fast CS for PHEVs batteries has been devdlog2G algorithm has been developed
to optimize energy scheduling, load regulation and spmmnéaserve [57]. This work focuses on the
maximum profit to the aggregator and it also provides addktieystem flexibility, low costs of EV
charging for the customer. An optimal scheduling schemeHlarging and discharging the EV battery
with the grid has been proposed in [64, 65]. In/[66], the cowmtion of PHEVs and EVs charging
methods are presented and its impact on the distributiowanktis analyzed in terms of voltage
deviations and power losses. Letal has analyzed PHEVs behavior of charging and its impacts on
the electric grid by using the daily driving schedule/[40]re&al-time smart load management system
has been proposed which can coordinate the multiple PHEY&¥1s charging and maintain the grid
voltage in the stable region [24]. ket al has developed a methodology of modeling and controlling
the charging demand of PHEVs |67]. A sophisticated contrethadology has been proposed for
modeling and analyzing the load demand in a distributiortesygsin [36]. In [68], a conceptual
frame has been studied, successfully integrating the E\&eitdric power system. The impacts of

PHEVs charging on the distribution system using a case staslgd on a small residential distribution
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network has been comprehensively analyzed in[69, 70]. Ih | bidirectional power flow between

EV and grid has been reported by using the integrated traatiachine and converter topology. The
impact of the PHEVs charging on the distribution grid hasbaealyzed through a residential feeder
of the distribution network in [72]. The preceding secti@slthe detailed literature survey about the
aggregator that has been used in the V2G integration, wiéthhilites the power between the electric

grid and the charging system.

1.2.3.1 Aggregator

An efficient optimal aggregator has been proposed for fregueegulation which can transfer
the power between EVs and grid [73]. [n [74], a large fleet oBEBUpports the grid and charges its
battery based on the grid condition. In this work, a fuzzyeobsontrol strategy has been used to
control the power flow between grid and EVs’ batteries.[In][TBe PEVs charging rate has been
controlled based on the charging behavior estimated frargthphical strategies data. They have
studied different charging strategies and the impacts &fsRgharging on the DN by using standard
load flow analysis. The application of aggregators to fregyeregulation by making fair use of
their energy storage capacity has been addressed!in [50]cddrdinated charging control of a V2G
aggregator has been discussed, which aims at minimizinghtéging cost and reducing the power
losses incurred by the fluctuating load [76].

An aggregator has been designed to predict the impacts oVBHiE the electricity demand
profile in a specific region [61]. In[34], a multi-chargingsbn has been developed for EVS’ battery
charging during the off-peak hours and supports the grighdupeak hours. They have proposed
fuzzy based control scheme. An aggregator has been dedelopstimate the required power to
charge the EV battery or available power to support the graidistribute the power to each charging
station. An operating framework for aggregator of PEVs heenbdesigned in [7[7, 78]. A minimum
load scheduling algorithm has developed to determine thehpise of energy in a day-ahead market,
based on the forecasted electricity and PEVs power demadgnAmic dispatch algorithm has been
developed, used for distributing the purchased energy MsRinh the operating day in [77]. The

major research work on the batteries or ESS is presentee imetkt section.
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1.2.3.2 Energy Storage System or EVs Batteries

Dynamic Li-ion battery model has been developed to reptegemial prototyping of portable
battery power systems in [79]. They have taken into accoontlmearity, temperature, thermal
effects and the transients. Doggral has proposed that Li-ion battery can used as a DES for grid
support. They have developed an intelligent control atbariwhich minimizes the degradation rate
and maximize the financial benefits to EV battery owners [88h autonomous distributed V2G
control scheme providing a distributed spinning reservetfe unexpected intermittency of RES has
been discussed in [31]. In this work, large scale RES has in¢egrated to the power grid and the
EV battery performs an important role of smoothing theirunalt intermittency and ensuring grid
stability. In [38/81], the possibility of extending theditycle of PEVs batteries used for stationary
application and the advantages of Li-ion battery has bescudsed. In_[35], EV battery has been
used as an ESS that can be integrated with the distributitvvonle of IEEE 30 node power system
model. In this work, a decision making algorithm is estdi#is for the deployment of battery energy
stored capacity, state of charge, time of day, electriditygs and vehicle charging requirements. In
the next section, a detailed major research about the ivéymbwer transfer between grid and EVs

charging/discharging system is presented.

1.2.3.3 Inductive Power Transfer

The Inductive power transfer (IPT) or contactless powendfar (CPT) system overcomes the
problem of failure in connection, sparking and the risk @fo#lical shock. Also, it is safe to operate,
reliable and convenient to handle [82+85]. In vehicle aggtions, the IPT system was reported more
than two decades back [67,/86+89], but till date there is dmited commercial development has
taken place mainly due to the difficulties in transferringrsiicant amount of power to a moving
vehicle without improving the constraints on vehicle momsetsallanet al has developed a detailed
design procedure for IPT system with a 2kW prototype mddel The IPT system for EVs battery
using neither of loosely nor tightly coupled contactlesiisdoas been presented In [67] 87]. Biedtr
al has developed the CPT system which can transfer the powarikés battery to grid [90]. In[91],

a bidirectional power flow capability has been reported bingishe converter and chopper. An
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extensive closed loop control algorithm has been used twadhe bidirectional power flow. In [92],
the contactless charging systems are preferred for EVscapiph due to the elimination of direct
electric contacts. They have developed IPT system for ragdwehicle minimizing each vehicle’s
on-board power pickup weight. Sophisticated and robudgtrobsirategies have been developed based
on power frequency droop charging of IPT systém [93]. In Whask, regulation of the power flow

in both directions has been studied without a communicdiidn In [82], an IPT system has been
proposed using a direct ac-ac converter configuration thiaeigtes a high-frequency ac current for
the contactless coil. A robust control strategy was deweddijor generating high-frequency in the
primary side of the converter configuration. A general asiglyras been proposed for the design
of loosely coupled IPT system using net impedance or load bgethe source [87, 94]. In [95],
the IPT system has been proposed that is suitable for EVrpattearging system. In this work, a
misalignment of the contactless coil and the possible coatluin of the compensation topologies
(series, parallel, series-parallel and parallel-sehas)been presented. The CPT system synchronizes
with the electric grid and thus power flows in either of theedifons. In the next section, literature

review on the synchronization of the system with grid is exgdl.

1.2.3.4 Synchronization

A unidirectional and a bidirectional grid connected coteewith IPT systems, requires sophis-
ticated control strategies to control the power flow. The @oflow is not guaranteed without syn-
chronization of the system with grid [96]. In this work, a baggiicated control strategy has been
developed for the synchronization technique in a bidioeal power flow between the grid and sys-
tem. Yazdaniett al has developed a new adaptive notch filtering approach fosyhehronization
of the converter connected to DESSI[97, 98]. A sophisticatedrol algorithm has been developed
for synchronization of grid connected converter and theaathge of this proposed system does not
required phased locked loop (PLL). Grid synchronizatiothwdistributed generation using the PLL
techniques has been reported|in/[87,99+104].[ In|[105, 1®6pphisticated synchronization strat-
egy has been reported for a single phase and a three-phagsteorronnected with the distributed

generators. Due power transfer between EVs and grid, betkEYhowners and grid operators earn
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incentives. In next section, the detail literature revidwanomic benefits to the EV and grid owners

is presented.

1.2.3.5 Economic Impacts of EVs and Grid

Many researchers have investigated the economic benefi¥ towners and the electric grid.
In [107], the effect of the PHEVs battery degradation anceftect on battery lifetime have been
estimated under the driving and charging conditions. Qeinal has studied the effects of battery
state of charge limitations on V2G interaction and its ecoredenefits/[25]. The economic and envi-
ronmental benefits of EVs and HEVs have been compared witbdinentional ICE based vehicles
in [108]. In [109], an energy and economic evaluation is dimnd®HEVs interaction with the power
grid and the energy market. The cost and benefits of PHEVsll@séhe comprehensive ownership
cost model is studied in [110]. They have performed a sentgitinalysis to understand the total own-
ership cost, payback period to model parameters and modetegdonents of ownership costs. Dietz
et alinvestigated a smart charging strategy and the economéfitefor the EVs owner against a zero
intelligence charging strategy in a simulation based amad11]. The smart charging strategies re-
duce charging cost to the EVs owners by more than 50%. Thanas's claim that EVs and PHEVS
could provide energy to the ancillary services and to antedtegrid. In [99], a simulation model
has been proposed to analyze the economic and environnpemtaimance of EVs operated under
different conditions such as electricity generation mmast charging control strategies and real-time
pricing mechanisms. In[112], the charge scheduling has bglied to provide the benefits to both
the utility grid and the EVs owners. A cash flow model has bearelbped for different type of ve-
hicle [113]. They have focused on ownership costs (capit@stments, infrastructure and operating
costs), potential revenue for ancillary services and $igatly regulation services. In [114], various
type of sources are used to evaluate the economic and emerdal comparisons of the four types
of vehicles such as conventional, hybrid, electric and bgedn fuel cell. The power system integra-
tion with EVs and economic dispatch of PHEV to the electrid gs presented in [115]. They have
discussed scheduling problem considering other renevaidegy resources and risk management

of PHEVs penetration in power system. The detail reviewsh®n presented for V2G interaction
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requirements, economic costs, challenges and stratei®¥26 interfaces [116].

Utility Grid
|
Transmistiun network Distribution;Network
|
|
Voltage c‘ontrol Frequency control
' '
Plug-in system Contactless system Regufation Comijgency

|
Unidirictional Bidirtjctional Unidiriclional Bidirettional
power flow power flow power flow power flow

\></
Distributed ESS EVs and HEVs support the grid

Design of an aggregator Economic benefits

4 Optimal design of an aggregator
EVs and PHEVs charging Inductive power transfer system
Economic analysis ‘

i l l

Direct ac to ac conversion Converter topology EV battery modeling

This thesis focus on
1. Mathematical model for EV battery

2. Design of bidirectional converter and inverter

3. Develop a smart charging station

4. Analyzed the impacts in the distribution network
5. Synchronization with DN

6. Economic analysis

Figure 1.6: Layout of the literature review for grid connected system.

From the above literature it is evident that EVs batteries aet as distributed energy storage,
which stores the excess amount of energy during the off-peaks or peak shaving and supports the
grid during peak hours or valley filling. Most of the time (areeage of 95%) the EVs are available
in the parking bayl[22, 23], thus can be used for interactiitg grid. The power transfer between
EVs batteries and grid is based on the node voltage of theagddenergy status of the EVs batteries.
However, the implementation of the EVs batteries drawijgfiting the power from/to grid with the
converter unit, its control methodology and coordinatibthe multiple EVs still needs to analyzed.
Fig. [1.6 shows the detailed literature review of the preses¢arch on V2G implementation based
on the inductive power transfer. Many research works haseudsed V2G system and the impact
of charging system on the distribution node (DN). Theseistidave been done on the system level
(converter and inverters are not designed) analysis andlyrfaicus on the voltage and frequency

regulation. Most of the researchers have focused on thag®itegulation which draws power from
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the DN or support the DN using the DESS energy.

Numerous research works has been done for bidirectionag¢pibow between grid and EVs’ bat-
teries with contactless system. The contactless chargstgrss are preferable for EVs applications
due to the elimination of direct electric contacts[2, 92Jowéver, one of the works so far has dis-
cussed the converter configurations, control and coolidmaf the EVs batteries with the grid. Also,
no literature has discussed the proper synchronizatiovdset the EVs batteries charging/discharging
system and the grid. It is important to validate the peak p@having and valley filling concepts in
a coordinated manner, because the EVs are having diffeodlage and energy rating. This complex
problem requires an exhaustive analysis and should bemesseith the proper converter config-
uration and its control methodology. Moreover, none of thelies have attempted to analyze the
economic impacts to the EV owners and grid operator. Thezethe economic benefits for EVs

owners and electric grid operator needs to be analyzed @il det

1.2.4 Possible Solution Related to V2G Interactions

() The peak power demand is reduced by providing the stanedyy back to grid.

(i) Coordinated charging methodologies improve the \gdtductuations and performance of the

system.

(i) Controlled and aggregated EVs’ batteries energy agmpsrt the grid which reduce the power

losses and improve the voltage fluctuations.

(iv) If the load exceeds the generation or vice versa, therets’ batteries will be able to regulate

the grid frequency and voltage.

(v) The scheduled charging strategies provide the angiiarvices to grid and improve the grid

frequency.

(vi) The mathematical battery model is used to analyze theggidischarge rate characteristics and

capacity degradation.
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1.3 Motivation and Reason to Adopt the Method

In literature, many researchers have validated the EVs B&M$Ran be used as distributed energy
storage system for grid support. They have implemented tamsive control strategy for scheduled
charging/discharging of the EVs’ batteries by controllthg charge/discharge rate. In few research
papers, large scale renewable-energy source has beeratetégith the power grid and it has been
observed that the EVs’ batteries play an important role fioosthening the natural intermittency and
frequency stability. However, few researchers have aedlylae technical impacts of the distributed
generators with ESS. Therefore, the EVs would support tidedgiring peak power demand and store
the energy during off-peak hours. Several works has beegloj@®d to validate the V2G implemen-
tation. They have demonstrated various control algorithomsupply the power to electric grid for
stabilization and peak load shaving. Toreical have demonstrated that the EVs can provide power
to grid when they are parked in parking bay or not in use. Fesaeh papers, they have focused on
frequency regulation to coordinate multiple EVs with animgll aggregator. They have designed an
optimal scheduled charging methodology and an aggregatondltiple EVs coordination which can
support the grid. Singht al have designed an aggregated EVs energy system which caorsthp
grid and charge their battery based on the grid conditioreyThave developed fuzzy based control
strategy which can control the power in either direction.r&bwer, they have analyzed system level
control methodology for voltage regulation. They have resigned converter and inverter which can
provide/take the power to/from grid [74]. Also, the aggreghV/2G system minimizes the charging
cost and reduces the power losses incurred by the fluctulat@oly Leeet al have analyzed PHEVS
charging behavior and its impacts on the electric grid bpagisihe daily driving schedule. Some re-
searchers have implemented sophisticated control melihggfor modeling the system and analyzed
load demand in a distribution system due to EV charging.

In most of the research work that have been reported, the W#ementation with grid is as a
plug-in or wired system. Only recently, contactless or ictoke power transfer charging system is
gaining attention for EVs and HEVs application due to eliation of direct electric contact. These
charging systems overcomes the drawbacks of traditionaldaiharging systems such as heating of

the sockets and cables, risk of fire, electrical injuries@atide breakageé [2,92]. Many research works
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has been reported in literature to validate the IPT for V2&eyn. They have developed robust con-
trol methodology for controlling the power in either dinect. Sallanet al has developed a detailed
design procedure for IPT system with 2kW prototype modelniigesearchers have modeled con-
verter and inverter configuration for transferring the ppwée power transfer takes place only when
the charging system is synchronized with the grid. In otherds, the power flow is not being guar-
anteed without synchronization of the system with grid. Phé& based synchronization technique is
most suitable for DESS. In few papers, they have developphisticated control algorithm for the
synchronization of grid connected with converter systemmirous research works has analyzed the
losses, economic burden and the impacts of DN while trarnséethe power. The economic burden
to the EVs owners and the electric grid operator has beemtezpim few papers.

It can be concluded from the above literature that, to miédhe peak power demand multiple
EVs batteries are required to support the grid and storertbegg during off-peak hours. However,
coordination of multiple EVs for grid support requires artiofal aggregator. Therefore, a sophis-
ticated charging station is required which provide aggedj@nergy for the grid support. EVs are
charged at a place called as CS and this CS is situated ne@iNtiire the parking bay. The parking
bay can be a residential complex or an office complex or evaop@ng complex. The EVs normally
stay for longer duration in the parking bay and thus V2G cphcan be achieved.

Sishugram power substation in Guwahati city has been ceresddfor this analysis. The distri-
bution network has been developed in MATLAB Simulink enwincent based on the data obtained
from this substation. The multiple EVs are connected to ik&idution node (11kV/440V) via ac
bus. Therefore, the EVs can provide the power based on thei@dbssand energy availability of the
CS.

If EVS’ batteries are intended to perform V2G operation, auld get subjected to varying node
voltage conditions. Also, during acceleration and regatnes breaking conditions, the EVs’ batteries
would get discharged and charged frequently. Such frequlearging/discharging operating condi-
tions affect the internal circuit parameters due to chamgstate-of-charge or depth-of-discharge,
charge rate or discharge rate of the battery. Moreover,dpadaty of EVs’ batteries would decrease
due to frequent charging/discharging process at diffecbatge/discharge rate. Therefore, a suitable
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EV battery model is required to predict the V2G interacti@nrmathematical model of EVs’ batteries
for different charge/discharge rate has been developesh, Al this thesis a mathematical model for
economic evaluation of V2G interaction is developed basethe capacity fading of EV battery at
different charge/discharge rate. This model determinegtimal cost of electricity so that both the

grid and the EVs owners are benefited.
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Figure 1.7: lllustration of smart charging station.

The schematic block diagram of the smart charging stati@8{Ss shown in Figl_1]7. It mainly
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consist of (a) utility grid, (b) fuzzy based central contuolit (CCU), (c) CS aggregator,(d) primary
side (PS) and secondary side (SS) converter units, (e) ateda coil coupled with the PS and SS
converter unit and lastly (f) controller for the converteitu Total power Pyiq) flow in either direc-
tion has been controlled by designing an extensive fuzzgdasentroller which decides the amount
and direction of power flow. The fuzzy based CCU output co@gbbsitive or negative. The positive
power implies that batteries getting charged and the negptwer imply that batteries discharging
for the grid support. The CCU decides the total power basethemode voltage\W,oqe), avail-
able/required energyEG«i/ Estor) Of the EVs batteries present in the CS and duration to stjogect
the power from/to grid. Then, the CS aggregator gives thereetce powerRy,) signal to nth EV
battery based on thyy, Eavai/Estor and individual energyHy,) of the EV battery. The PS and SS

controller would control the power flow based on #g.

1.4 Aim of the Thesis

From the previous section, it can be concluded that cootidmaf multiple EVs can be achieved
through proper design of mathematical model for EVS’ batercharging station, controllers and CS
aggregator. The primary objective of this thesis is to timnthe power between EVs’ batteries and
grid during off-peak and peak hours. The CS would transferggdbased on the varying node voltage
with respect to time. Hence, the charge/discharge currethiecEV battery is varying based on the
DN voltage. Therefore, a mathematical EV battery modelgsired to analyze the amount of power

flow from/to EV battery. Based on these aspects, the mairvatains of this work are given below:

(i) An electric equivalent circuit based battery model (BAhd capacity fade model (CFM) should
be required to predict the performance characteristiceffateht charge and discharge rate for

V2G applications.

(i) The BM parameters should be in the form of polynomial &ipn with exponential function

because the charge/discharge characteristics are exjalyancreasing or decreasing.

(i) The polynomial equations with exponential functioave polynomial coefficients, which is
optimized by using genetic algorithm (GA).
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(iv) A control algorithm should be required to regulate tiraige and discharge current. This will
estimate processed energy for charging/discharging goecaarge/discharge power, Current
state-of-charge§ OG,) and depth-of-discharg®QD,,) of the battery, user defin&elOD/DOD

limits and charge/discharge rate.

(v) A complete capacity fade analysis should be carried oujuantify the capacity loss with
respect to processed energy for charging/ dischargingasiceand different charge/discharge

rate.

(vi) The BM and CFM have to develop in MATLAB Simulink envirorent and it is compared
with the different types of battery manufacturer’s chagastics such as charge and discharge

voltage, available and stored energy, battery power anaoitgdoss.

(vii) Validation of the proposed battery and capacity fadedel will compare with four different

types of battery manufacturers’ catalogue.

The second objective of this thesis is to develop an smargeigstation (SCS) by using the BM,
bidirectional converter unit and associated controllanttigate the peak power demand during peak
hours or stored the energy into the EVs’ battery during effphours. The main features of this work

are given below:
(i) An extensive SCS should be required to mitigate the peakddf-peak power demand.

(i) An optimal charging station aggregator is necessamgardinate the multiple EVs present in

the SCS.

(i) Sophisticated and robust control methodology shdugdrequired for power transfer between

EVs’ batteries and the grid.

(iv) The fuzzy logic controllers are used to control the polew because it is well suited for

uncertain situations of EVs arrival in the SCS.

(v) The converter and inverter unit should be to develop fégs’Bbatteries charging/discharging

system.
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(vi) Contactless or IPT system should be design to overctsnéraditional wired charging system.

(vii) Fuzzy based synchronization controller should beuresfl for the grid connected converter
unit. Also, robust control strategies have to design forgheary side and secondary side

converter units.

Finally, a mathematical model for economic evaluation ofGviategration should be required
based on the energy transfer. In this work, a real-time misdermulated to calculate the economic
benefits of V2G implementation. This mathematical modetwakes beneficiary cost for grid oper-
ators while charging the EV battery and estimate the beaefidost for EV owners during the grid

support. The main features are given below:

(i) Mathematical modeling for economic benefits of the EVs$evs, grid operator and consumers

have to analyze based on the different charge and dischatgefrthe EV battery.

(i) To determine the optimal cost of energy transfer betwtbe EVs batteries and grid so that both

the grid and the EVs owners are financially benefited.

1.5 Bidirectional Contactless Charging System for V2G PoweTlransfer

In the SCS, multiple EVs participate for the grid support ahgb to charge their batteries. To
charge/discharge the EV battery from/to grid, a suitabkrging system is essential. Fig, |1.8 shows
the block diagram of bidirectional contactless chargingtayn (BCCS). The PS and SS converter
unit is called as the BCCS which enable the bidirectionalgrdiew between EVs batteries and grid
based on the CS aggregator command. It mainly consists opams; called bidirectional primary
converter units (BPCU) and bidirectional secondary camvemits (BSCU), which are separated by
an air gap and magnetically coupled to each other. The poarffbm either direction is through
weak or loose magnetic coupling. Generally, controlleessenployed on each side to regulate the
power flow in either direction. The BPCU comprises of the fgidiional three-phase ac to dc and dc
to high-frequency ac converter. This unit is connected toviz\tircuit breaker (CB), transformer and
LCL filter as shown in Fig[_118. The BSCU is connected to the BE\tdry through high-frequency ac

to dc and dc to dc (buck-boost) converter.
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Figure 1.8: Block diagram of primary and secondary side converter watltactless charging system.
1.6 Main Contributions

The main contributions of this thesis are given below:

(i) Battery model has been developed for EVs batteries bagettie polynomial equation with

exponential function.

(i) A new methodology has been developed for extractingtdeery charge/discharge rate char-

acteristics, capacity fading and total processed enemghiarging and discharging scenarios.
(iif) The polynomial coefficients are optimized by using tBA.

(iv) A charging station has been developed based on the fogzy control (FLC) and verified the
bidirectional power flow between EV battery and distribatreetwork during the peak hours,

normal hours and off-peak hours.

(v) An FLC based synchronization methodology has been dpeel for grid connected bidirec-

tional contactless charging system.
(vi) Fuzzy based control strategy has been developed farecter and inverter unit.

(vii) A mathematical model for the economic analysis of giyeransfer between EVs and grid has
been developed. In this work, the economic analysis has deea in such a way that the

battery related liabilities do not become a financial bureBV owners.
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(viii) Finally, optimal cost of electricity has been deteémad such that the both the grid operators and

EV owners are benefitted.

1.7 Thesis Organization

This thesis contains five (5) chapters presented as folldwselectric equivalent circuit (EEC)
based battery model (BM) and capacity fade/loss model (C§tMable for EVs in V2G applications
has been developed in Chagdtér 2. The circuit parameterstefpanodel is extracted using genetic
algorithm based optimization method. A control algorithas lbpeen developed for the battery, which
calculates the processed energy, charge or dischargengitgate of charge limits of the battery in
order to satisfy the future requirements of EVs. A completgacity fade analysis has been carried
out to quantify the capacity loss with respect to processedgy and cycling. The BM is tested by
simulation and its characteristics such as charge andahgetvoltage, available and stored energy,
battery power and its capacity loss are extracted. The @typof the proposed model is validated
by superimposing the results with four typical manufaatsirdata. The battery profiles of different
manufacturers’ like EIG, Sony, Panasonic, and Sanyo haee keken and its characteristics are
compared with proposed models. The obtained battery clesistcs are in close agreement with the
measured (manufacturers’ catalogue) characteristics.

In Chaptel B, the mathematical modeling and control of atlgas based charging station in V2G
scenario is presented. Various charging points, alsoctalidti-point is present in a charging station.
The SCS is a place where EVs of particular area comes to chargell as to participate for the grid
support. A multi-point bidirectional contactless base®&3@th its control structure has been modeled
in this chapter. A smart control algorithm is developed fa¥ €S, which has the ability to decide the
power flow between EVs and grid. The control algorithm mothddhe charging/discharging rates
of individual EV batteries by updating the power requiremnamnd realizes a fast and synchronized
response amongst multiple EVs. Each charging point is dedifpr a maximum peak power handling
capacity of 50kW. The performance of the CS with its contystem is investigated with multiple EVs
of different battery ratings, connected under a single payisribution node of a grid. Simulation

studies show that the CS can effectively perform schedutedging/discharging based on the grid
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condition and EVs’ batteries constraints.

In Chaptef #, mathematical model for economic analysis efgyntransfer between EV battery
and grid has been developed. The objective of this work ist@lbp a mathematical model for the
integration of EVs to the grid. Integrating the EV with thédgwould help in simultaneous charging of
numerous EVs and also provide peak hour energy to the grideolYs. This bidirectional exchange
of energy between the grid and EVs results in a complex fiahoeaiculations. A simple model has
been proposed to meet up this issue. The energy providedebl\Ws to the grid depends on the
battery capacity and further battery capacity is affectgeddpacity loss (CL). The model includes the
possible cases of CL, such as CL due to battery usage thatisaharge during vehicle transportation
and CL due to the grid interaction.

Finally, the conclusions and future works are presentethaptei 5.
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2. Mathematical Modeling of Li-lon Battery Using Genetic Algorithm Approach for V2G Applications

2.1 Introduction

With the increased penetration of electric vehicles in tlaekat, batteries are considered as one of
the important components in the automobile industry [118]1Among various available batteries,
Lithium-ion batteries are more suitable for EV due to itsgaycle life, less self discharge rate, high
energy density, high efficiency, low maintenance and safq19].

EVs’ batteries are charged from the distribution node amdbmasupport the DN during parking
hours or having excess amount of energy [120]. This concepferred as grid-to-vehicle (G2V)
and vehicle-to-grid (V2G) technology [121]. If EVS’ baties are intended to perform G2V and V2G
operations, it would get subjected to varying node voltageldions [120]. Also, during acceleration
and regenerative breaking conditions, the EVs’ battermslevget discharged and charged frequently.
Such frequent charging/discharging operating conditadfext the internal circuit parameters due to
change in state-of-charge (SOC) or depth-of-dischargeDD©harge rate,) or discharge rate
(Dy) of the battery. Moreover, the capacity of EVSs’ batteriesngodecrease due to frequent charg-
ing/discharging process at differe@t/D, [122,123]. Therefore, a precise model of EV battery is
very much required, to predict the performance of EVs in-teaé V2G interaction. Capacity fade
study is mainly required to predict batteries life time, @fhhas been neglected in most battery mod-
els [124+-126]. The capacity fade is proportional to changdischarge rate and temperature of the
battery [122,123,127].

An accurate battery model (BM) and capacity fade model (CRWg three advantages as follows:

(i) It provides precise battery data for the simulation of £ predict the performance of the

system.

(i) To analyze the changes in circuit parameters accortbrigOC variations, for providing stable

control in the system.
(i) Itis possible to analyze the capacity loss and hengaréalict the lifetime of the battery.

In literature, there are four types of battery models suatxagrimental, electrochemical, mathe-

matical and electric circuit models [121, 128-141] whickgiien in Fig.[2.1.
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Battery Models

y

y y y y

Electrochemical Experimental Mathematical Electric circuit
Models Models Models Models

Figure 2.1: Types of battery Models.

The electrochemical models are the most accurate modelshéy require complex nonlinear
differential equations and detailed knowledge of the cloaimieactions of the batteries [128, 142].
Experimental models require experimentation to deterthaénternal parameters of the battery [121,
129-+131]. However, experimental and electrochemical nsate not well suited to represent the cell
dynamics for the purpose of SOC estimation of battery pat88)133]. The mathematical models
are based on stochastic approaches to predict the efficatyuntime of the batteriels [134-136].
Due to high complexity and intensive computations, the alsoentioned models are difficult to use in
real-time power management and circuit simulations toiptélde performance of the systems [137].
Electric circuit based battery model can be used to repteserelectrical characteristics of the EVS’
batteries([132, 137-141]. The simple common electric dintwodel has a voltage source in series
with an internal resistance [138]. However, this model doestake the account of battery SOC,
C, andD,. There is another model based on an open circuit voltageriasseith resistance and
parallelRC circuit called as Warburg impedance [141]. The parametetisi® model are identified
using complicated impedance spectroscopy method[[1391480 From the literature, itis identified
that the accurate estimation of internal battery pararaésea challenging task due to their nonlinear
behavior.

Many soft computing and optimization techniques have bemreldped for battery parameter
estimation [[144—-147]. Genetic algorithm (GA) is one of thestoand robust kind of probability
search algorithm, which has been used in this work|[148]his €hapter, the GA is used to extract
the battery parameters and gives optimum value. Ghand D, characteristics are calculated using
the parameters of the BM which are obtained from the GA andngared with the different types

of battery manufacturers’ data. The results from BM and datan by the different types of battery
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manufacturers’ are in good agreement. Hence, it can be wdedlthat the GAs are able to extract
the parameters of the BM effectively.

There are several other experimental works found in thelisee, which have focused on capacity
fade analysis of a particular manufacturers’ battery [122,149-151]. However, performing exper-
iments to determine the capacity fade of a battery for dffie€, andD, is a tedious as well as time
consuming process [127]. Moreover, these studies are ezhéinly for a particular type of battery.
The results would differ for other battery types with di#etC, andD,, which cannot be performed
experimentally every time. Therefore, there is a requirgnoé BM and CFM which can be used for
any type of battery by reducing testing time and optimizia¢tdry parameters for differe@, and

D,. Based on these aspects, the main motivations of this werk ar

(i) To develop a simple circuit based BM and CFM, which can sedifor any type of battery.
(i) To extract the parameters of the model using GA approach
(i) To validate the developed model with different typddattery manufacturers’ catalogue.

(iv) The model is computationally inexpensive and does eeihnexperimentation.

This Chapter describes an electric circuit based BM and CHNthwvrepresents different type
of battery manufacturer<, andD, characteristics. The parameters of the BM is representea by
polynomial equation, which is optimized using GA approatlcontrol algorithm has been developed
inside the battery, which calculates the processed en&g®,, current SOC $ OC,) and DOD
(DOD,) constraints of the battery. Simulations are performed e developed BM and CFM. The
validation of the models have been carried out by compahegimulated results with the real-time
battery data obtained from four manufacturers’ data stseets as EIG [11], Sony US18650[127,152],
Panasonid [153] and Sanyo [154]. Due to the unavailabifityadtery manufacturers’ data, this work
consider the low nominal voltage and Ampere-Hour ratings.

The Chapter is organized as follows. Section 2.2 describesptoposed battery model. The
details of battery parameter extraction using GA approadtiscussed in Sectidn 2.3. Section| 2.4

describes the capacity fade model. The model validatior baen done in Sectién 2.5 by comparing
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the proposed model result with manufactures’ data and suynofathe present work is given in

Sectior Z.b.

2.2 Battery Model

Fig. [2.2 shows the typical performance characteristics |&f Battery at different charge and
discharge rate [1]. Energy extracted from the battery aestato the battery is directly proportional
to C, for charging scenario anD, for discharging scenario. It is concluded from the Hig. &)2(
and 2.2(B), behavior of th@, andD, characteristics are exponentially increasing and deicrgasth

respect taC, andD,. Therefore, polynomial equation with exponential funitie the best way to

represent the battery charge and discharge rate chasgicteri

2.8 3
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N
o
T

Charging voltage (V)
N
>
Discharging voltage (V)

N
)

L D_characteristics of
15 T
EIG battery

C characteristics
of EIG battery
. .

N

. . . . . . . ) . . . . . . . . . )
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

SOC DOD
er cr

(@) (b)

Figure 2.2: Battery manufacturers’ catalogue daid (a) Charge ratectaaistics of EIG batterffy (b) discharge
rate characteristics of EIG battery [1].

An accurate, intuitive and simple electric circuit based BMleveloped using an open circuit
voltage Vo) with a series resistancBy), and the parallel combination of resistance-capacitéRse)
as shown in Fig. 2]3. Th¥, is defined as the voltage between the terminals of battergém gircuit
condition. The parameters of the battery are multi-vagdhctions ofS OG,, DODy,, C;, Dy,
temperature and cycle number. The parameétgr®; in series with paralleR,C characterizes the
usable capacity, instantaneous voltage drop and selfaligelenergy. ThB,C network in the model
is similar to Thevenins’ model which simulates the transrsponse. The battery parametBis
R,, Vo andC have an exponential nature [155] and are approximated kynpoiial functions. The
general polynomial equations for the parameters are giv&yi (2.1) - Eq.[(Z)4). The values of the

battery parameters for charging and discharging scenarggiven in AppendikA.
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R = (a1 + apX + agX?)e™ + (a5 + agX + arx°) (2.1)

R, = (ag + 89X + a10X?)e Y + (ayo + a13X + a14X°) (2.2)

C = —(aus + aueX + a17X%)e Y + (ayg + apoX + a1 X°) (2.3)

Vo = (B2 + BaX + @4X°)€ 2 + (86 + Q7Y + AogY” + Agoy’) — 8goX + A1 X° (2.4)

In the above set of equationk,, R,, C andV; are represented in terms of polynomial equations
and there are 31 coefficients (from to as;) in total. The detailed extraction method to find these
polynomial coefficients has been explained in Sedtioh 2t& Battery parameters for charging pro-
cess can be derived by replacirng@ndy with C, andS OG,, while for discharging process with,
and (1- DOD,). Here, (1- DOD,) is chosen a¥, decreases with increaseDOD,, for discharging
voltage. These equations are used for calculating bagenyinal voltage for charging or discharging
at differentC, andD,. The terminal charge or discharge voltage of the battvgyc(r Vci) changes
with capacity of the battens OG,/DOD, levels andC,/D,. The parameters of non-linear relation
of Vglvffj can also be represented in terms of polynomial equationstevland j denotes™ and j*"
calculated value of the charging and discharging voltagesrd@fore, under constant current the bat-
tery terminal voltage for charging and discharging scenaith respect to time is given in Ed._(2.5)
and Eq. [(2.6). In AppendixJA, the calculated battery terrhuzdtage for charging and discharging

scenarios has been mentioned.

VE,= ((% + |CR2) exp(—%)) +Vo - (Ie (Ry + Ry)) (2.5)
Vg = ((% + Ing) exp(—%)) +Vo = (I3 (Ry + Ry) (2.6)

whereQ; is the remaining capacity of the battety,l., ty andly are charge time, charge current,
discharge time and discharge current, respectively. THgs, (2.5) and Eq. [(216) can accurately
represent the behavior of any battery types, if the parasate well defined. This equations capture
the non-linear behavior of the battery which depends on thehbattery charge/discharge voltage.

Fig.[2.3 shows the representation of electric circuit bassgtery model with its non-linear equations.
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Figure 2.3: Non-linear battery model.

2.2.1 Charge/Discharge Rate and SOC Calculations

The charge or discharge rate algorithm is used to deterrhmarount of energy stored or ex-
tracted from the EV battery. THg, andS OG, of the battery varies depending on the present condi-
tion of the battery.

Fig. [2.4 explains the calculation & andS OG, for charging scenario. The control algorithm
developed inside the battery checks the battery statusanctalculates the current charge r&g'j
of the EV battery. It has also taken into account of user déi@hdimit (C'™) and initial battery SOC
(SOG,). TheCt™ andD¢™ of the battery can be expressed as given in Eql (2.7) -[EQ). (2.8

|
Ci=C"= acr 2.7)

Dy = D" = la (2.8)

Qr

This is calculated based on current status of the battetighahthe ratio of current and remaining
capacity of the battery. The algorithm chooses the minimfigharge rate based on t@ andC¢"
to regulate the charge current of the battery. Similar tyfpgatrol algorithm is used for discharging

scenario.
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Figure 2.4: Functional flow chart foC, andS OG,.
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The SOG,; and DOD,, can be calculated from Eq[_(2.9) - Eq._(2.10). TBOGC, andt; is
estimated from th&€, control algorithm which is given in Fig._2.4. Similarly, ti2OD,, andty is

calculated for discharging scenario.

- > . |cAtc
SOQ,_SOCm.+(Qr36OO) (2.9)
DODcr - DOD|n| + (Qr3600) (2.10)

Here,S OG, is the initial SOC of the battery. Th® OG,ax andDOD;,,x are the maximum user
definedS OCandDOD limits. If S OG, andDOD, of the battery reache€30G,,axandDODy,,y then
the control algorithm should not allow to charge or disclkafye battery to prevent over charging
or discharging. The control algorithm used to charge/disgh the EVs’ batteries from/to grid have
been explained in Chapter 3. The sample calculatioBfOC,, C;, etc. has been given in Appendix

Al

2.2.2 Battery Power and Processed Energy

The battery power for chargind®() and dischargingRy) scenario is given in Eq.[(2.111) - Eq.

2.12). A
Pe = VCI, (2.11)

Py = VS, (2.12)

The amount of stored energlt ) during charging process depends on increas,(§i iandS OG;,

which is given in Eq.[(2.13). .
Estor = VC| QrAS OQr (2.13)

where AS OG; is the change in curre® OG,. The processed energyE.) for charging scenario

is given in Eq. [(2.14).
PE. = Z Estor (2'14)

The available energyH,4i) in the battery during discharging process decrela{gas/ith increase

in DOD,, which can be calculated using EQ. (2.15).

Eavail = V((j:j QrADODcr (2-15)

TH-1265_KANNANT

35



2. Mathematical Modeling of Li-lon Battery Using Genetic Algorithm Approach for V2G Applications

where,ADOD, is the change in curre®OD,,. The processed energlty) for discharging
scenario is given in EqL(2.116).

PEd = Z Eavail (2-16)

The total processed energi i) of the battery in a cycle is calculated using Hq. (2.17).

Eota = ) (PE; + PEy) (2.17)

Eq. (2.11) to Eq.[(2.17) represents the real-time perfoomani the battery during charging and
discharging process. Simulations are done based on thesti@ts for the developed BM and has
been validated with the manufacturers’ catalogue whichsisussed in Sectidn 2.5. In Appendix A,

battery power and processed energy calculation detailbé®s mentioned.

2.3 Parameter Extraction Using Genetic Algorithm Approach
2.3.1 Genetic Algorithm

Finding the polynomial coefficients for battery model is mgle polynomial fit problem. In the
direct methods, the initial iteration value of the battepgfficients should be very close to solution set.
To overcome this problem, the GA has been used for findingatiety parameters at different charge
and discharge rate. Genetic algorithm is a technique f@hststic search, learning and optimization.
GA imitates the process of biological evolution, includsejection, crossover and mutation based on
the principle; good individuals survive and breed goodvidiials [147, 156]. Battery parameters are
extracted using GA based optimization technique. Diffetgpes of manufacturers’ data of Li-ion
batteries are considered for extraction purpose. The nmgectve of GA is to optimize the battery
parameters polynomial coefficients; (— as;) to evaluate the equations given from EQ. [2.1) to Eq.
2.6).

The main advantages of using GA to optimize the battery coeffis are given below:

(i) The purpose of using GA for battery parameter extragbimblem lies in the fact that it requires
only manufacturer€, and D, characteristics and gives consistent polynomial coefftcod

battery model during relatively fewer iterations.

TH-1265_KANNANT

36



2.3 Parameter Extraction Using Genetic Algorithm Approach

(i) GA is more flexible in extracting the battery parameteigh any initial values, while other

numerical methods are incapable of obtaining satisfacohytion.
(iif) The algorithm is easy to understand and can be optithimang fitness function.

(iv) With its optimizing capability, GA steer the fitness fttion to be more representative and yields

an accurate solution set even if the initial values are fanfthe solutions.
(v) GA encodes an optimum value based on simple chromosome.

(vi) By its evolutionary character, GA does not suffer froongergence problem and can be dealt

with any number of coefficients in a defined boundary limits.

2.3.2 Parameter Extraction Process Using GA

The main objective is to find the battery parameters for theeldped BM, which should exactly
match the manufacturers’ data. GA assigns random valueagpig standard mutation and crossover
operators without any impact on the periodic or continuoasire of the solution. The details of

parameters extraction problem is given below.

2.3.2.1 Parameter Specifications

The charge or discharge rate characteristics of the battedel depends on polynomial coeffi-
cients @, — ag;) which is given in Eq. [(2/1) - Eq.[(2.4). To perform GA basedimjzation, the
population size$,) has been considered as a matrix size of:88Q. The length of the string is taken
as 15. The crossoveP{) and mutation probabilityR,,) are taken to be 0.85 and 0.05. The measured
(manufacturers’ catalogue value) battery terminal vatén charging ‘(/(2") and discharging\(d’\i”)

scenarios are obtained from manufacturers’ cataloguettmize the polynomial coefficients.

2.3.2.2 Generation of Initial Solution Set

GA process begins with the generation of an initial randohatsm set to the problem. The entire
solution set (300 31) is discretized and the variable is defined with a disdoetary set of strings
(8m.1.--am n)- Each string is a combination of different representatibsub-stringsgm, n...amn). Let,
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Sy is the random solution set of battery coefficient havimgolumns andh rows and is given in Eq.
(2.18). Herea, » denotes™" coefficient ofi' solution set. The initial random solution set has been

mentioned in AppendixA.

am]_,l aml,n
Sa=| .. (2.18)

am,l ce am,n
Eachn' coefficients ofi" string in the solution set has a 15 bit number of a total of 4% Bhe

15 bit number in a single coefficient is denoted by Eqg. (2.19).

am.n = (X X2...X) (2.19)

wherex; andyx; is the lower and upper bit element in a single coefficient. Bim@ry numbers in the

strings are converted to real value, which will be manipadatith different genetic operators.

2.3.2.3 Coding

An important step in GA is to encode the vecter,(,) into binary string. Thus, the entire
population vector is decritized and the variable is definéith & discrete binary set of sub-strings
(8m.1---am.n)- Each string is a combination of different sub-strings (), the length of the sub-string
considered as 15. This process is referred as coding. Tihg stmext generation is manipulated with
different genetic operators. The genes of individual costeidgs are represented with binary digits.
The length of the string is determined according to the ddssolution accuracy. Each variable is
defined with a discrete set of binary set of strings. Thesemod strings can be called as population.
Each string corresponds to a precision value of the correfipg actual value of the variable. The
length of the string defines the accuracy in the solution. Sthiegs are converted to decoded value

(Si) which is given in Eq.[(2.20).

li-1
Si=> 2ans (2.20)
i=1
wherel; is the length of the string which is 15, € (0,1) and stringay,  iS represented by

(a1 s........ a,a:8p). The decoded value should convert in to correspondingoreahrameter value.

The real value for thé" polynomial coefficients is given in the Eq._(2121).
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U L
o _ Al a- —q

x S, (2.21)

wherea anda”’ are the lower and upper boundary limits of the parameteaetitm problem. The
sample calculation for string to decoded value and realevatinversion for the parameter extraction

problem has been given in Appendix A.

2.3.2.4 Fitness Function

The next requirement after generation of random solutibisshe measure of quality of solution
set. This can be achieved by establishing a fithess funck@x), which is rated by each solution
according to its fithess. The function that has to be maxich{géx) = 1) is called as fitness function.
The difference between measured (catalogue vaW)dr ng') and the caIcuIated/@ or Vé:j) char-
acteristics for charging or discharging case is determasegiven in Eq.[(2]5) or Eq.(2.6). Based on
the calculated fitness value, the best list get updated anbbrest fitness is discarded. Fi{x) has

to be maximized, ther(x) should be minimized which is mathematically expressedaengn Eg.

(2.22).

F(x)

Tl (2.22)

Fitness function is followed by checking its optimal comafitto know whether the solution set has
reached the best fitness. Otherwards, the best fithessdansttaken to be the parent for next gen-
eration based on Roulette-Wheel method [157]. The matheah&rmulation of f(x) for charging

and discharging scenario is given in Eq. (2.23).

3 [(ver - vg)
f(x) =4 ' (2.23)
3 [(ver - V)

2.3.2.5 Selection

The individual having the highest fitness value is allowedetmain in the next generation as an

elite individual. The selection operator is used to chooskvidual for evolution. Roulette-wheel
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method is used to select the best individuals based on tlmeviaige ofF(x). The biggerf (x) value
has worse quality of solution set. The selection of the fanedues for the next iteration can be
obtained from Eq. [(2.24) to Eq.[(2]26). Hef,, is the average fitness function valug,, is

expected count anBgs is the probability of each string selected.

_2f¥

F(X)
Eeo = 2.2
co Favg ( 5)
E
Pes = S—C" (2.26)
n

Thus, the fitness values are arranged based on the maximuraljity. The best solution set
values are converted from real value to binary string oftsmhset. The string manipulation has been

carried out using genetic operators such as reproductiossaver and mutation.

2.3.2.6 Reproduction

This process rejects many wofs{x) values and selects best values whose fitness is dhgydt
picks the best fitness value from the current population and$ a mating pool. Multiple copies are
inserted in the mating pool in a probabilistic manner. Ineoitd choose the strings for next generation,
a random numbers between 0’s and 1's are generated. Theatiwvaydrobability is calculated based
on the individual string probabilities. A string is chosearh the random number and is compared
with the previous best solution set based on the cumulatdegtility. The string with higher fithess

is selected and is copied to mating pool.

2.3.2.7 Crossover

After the next generation of solution set, the crossoveetierperators will be applied for the
selected solution set. During crossover new strings aratenleby exchanging information among
strings in the mating pool. A couple of pare®t @ndP,) strings are selected to perform crossover to
get two new offspring strings. If the selected parents hiaegorobability ofP,, < 0.85, it performs

crossover or else it is copied to the next generation.
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Figure 2.5: Flow chart for parameter extraction using genetic algaoridpproach.

TH-1265_KANNANT

41
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Offspring 1 ©1)

Parent 1P;) Parent 2 ) / N DK
V XXX N RIS ~ Offspring 2.02)
L BRI

_— 001110001‘ 010010
\ 101000110 ‘ 001101

Figure 2.6: New offsprings ©; andO,) generated from the parent3i(andPy).

101000110 ‘ 010010 001110001 ‘ 001101

To illustrate this process, two parertg, P, are picked up from the mating pool. The crossover
point is chosen to be 9 bit. Two offspring¥, O, are created by exchanging information among
string in the matting pool as shown in Fig. 2.6. When repréidachappened between two intelligent
genes, the probability to produce an intelligent gene i hiGood parent strings are combined to
form a better child string, if an appropriate site is chodgat good children strings may or may not
be produced. This is not considered much because bad chitiiegs would be discarded in the

future mating pool based on their fitness.

2.3.2.8 Mutation

Mutation selects a particular offspring and randomly penfehanges for one or more characters
in the string by changing O to 1 or vice versa. The offsprilgaen is based oR,, which is evaluated
from fitness. If the selected number is less tRanit performs mutation by altering the chosen string
to create a better child string; otherwise it keeps the hatitened which is used for next generation.

Fig.[2.7 shows the mutation process of the selected offgprin

After crossover (O1) After mutation(Q;)

DERNNNNANDO] DRRARNANNANNNDA]

001110001010010 011110001010010

After crossover (O,) After mutation(Q2)

V /B /BEEEEN

1010001100@101 1010001100@100

Figure 2.7: Mutation process for the" offspring.

After several generations, the algorithm converges theibhd&iduals to represent the optimal
solution. Fig[2.b shows the functional flow chart to obt&ie polynomial coefficients of the battery.

The obtained polynomial coefficients for charging and disghng scenario is given in Takle 2.1.
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2.4 Capacity Fade Model

Table 2.1: Polynomial Coefficients (PG, to ag; for charging and discharging scenario.

PC for charging scenario PC for discharging scenarid
PC| Values | PC| Values| PC  Values RC  Values
a; | 0.02109 | a7 | 0.028163| a; | 0.05256 | a7 | 0.004548
ay | 0.000579| ajg | 0.668211| a, | 0.002547| a5 | 15.90916
az | 0.000064| a9 | 5.235634| az | 0.000587| a;o | 134.2356
ay | 42.76495| ayy | 0.110554| a4 | 30.3548 | ayy | 0.012207
as | 0.01246 | ay; | 0.063747| as | 0.05215 | ay; | 0.002661
as | 0.000396| ap, | 0.012559| as | 0.003147| ay, | 1.01254
a7 | 0.000033| ay3 | 42.78011| a; | 0.00032 | ays | 20.2145
ag | 0.009526| aps | 2.146841| ag | 0.022546| axs | 2.5423
ag | 0.000238| azs | 0.188108| ag | 0.012547| ays | 0.22547
a1o | 0.000003| ags | 0.024947| ajp | 0.022657| azs | 0.1101
a1 | 29.38634| ay7 | 0.002864| a;1 | 18.26547| ay; 0.02103
a2 0.00687 | asg | 0.162724| a;» | 0.010001| ayg 0.00151
a3 | 0.000324| apg | 0.015353| a;3 | 0.00088 | a9 | 0.0009
a4 | 0.000025| ago | 0.011420( a14 | 0.000023| azp | 1.42546
a5 | 8.635732| az; | 0.00642 | ay5 | 1.222364| az; | 0.00032
azs | 0.369508| - = ais | 0.010693| - 2

2.4 Capacity Fade Model

The energy storage capacity of battery decreases due toefiegharging or discharging. In
this work, the capacity loss is calculated based on varieb&ge or discharge rate at an ambient
temperature. The charge and discharge characteristiesdgcle is illustrated in Figl_218. A cycle
is defined as an interval during which the battery charge$ G, .x and discharges up I0OD,.
When the battery experiences different charge and disel@agjes, it fails to meet its performance
thus reducing its life expectancy. Therefore, it is requiit@ study the capacity fade to quantify the
capacity loss with respect to number of cycles. The capdadg calculation with an example has
been mentioned in AppendiX A.

Capacity fade of the battery can be quantified using Arrteeiguation for constant charge or
discharge rate [122]. The mathematical model used to dyahé capacity fade is based on Arrhenius
equation and is given in Eq.[_(2]27) [122,123]. Hefejs pre-exponential factorQ, represents
the capacity loss (Ah)E, denotes the activation energy (B.is the gas constantf:), T is the

temperature (K)t is the time ana is the adjustable factor.

Q= Aexp(—Ff—:'”‘r)tz (2.27)

Eq. (2.27) is used for calculating capacity fade under @m€,. However, in real-time grid
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2. Mathematical Modeling of Li-lon Battery Using Genetic Algorithm Approach for V2G Applications

Charging scenario Discharging scenario
C C
VCl Vdj
e - >
=V
a max
Q
()]
8
©
>
Py
g
<
M
Vmin

Estor = V((:I:ICS oG Eavail = Vé:j [¢DOD;

Figure 2.8: Battery performance characteristics for a cycle.

support, the charge or discharge rate of the battery woulgdwéh respect to peak power demand
and node voltage variations. This causes capacity los®dfdttery. In real-time, the batteries charge
or discharge rate varies with respect to variable node geltonditions,S OC, or DOD,, limits,
temperature and also on the system constraints and usergmeés. Due to this, the capacity fade
changes with respect to the varyi6g D, SOC, DOD limits and temperature.

To account this loss, a mathematical model is developedsntbrk to predict the capacity fade
at different charge and discharge rate. The total capaatty €an be quantified and written in terms
of nominal capacity (Q)C;, D,, PE., PEy, pre-exponential4, B) and adjustableq, D) factors, gas
constant R) and temperatureTl() which is given in Eq.[(2.28). In qu:(ZlZ&))ﬁ denotes calculated

capacity loss and the remaining capacity of the battery eataltulated from Eq[(2.29).

C PE Q G SOG,
RT

D PEq O Dy DODcr) (2.28)

c_ _
Q= AeXp( RT

)+ Bexp(—

Q =Q-Qy (2.29)

where,Q; is the remaining capacity of the battery which is updatedealf the capacity loss at
every cycle. The pre-exponential and adjustable factersaculated based on trial and error method.
The capacity loss characteristics is optimized by the f#rfaaction £’(x)). F’(X) is maximized,
when the difference between the measured (catalogue \(&}Dg'e))and calculated(l)ﬁ) capacity loss

is minimized. The mathematical representatiofr{i) is given in Eq. [(2.30), whenais the number
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2.4 Capacity Fade Model

Initilization: A,B,C,D,R, T, cnt
cycle,S OGhax DODpax, cnt= 0
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Figure 2.9: Functional flow chat for capacity loss.
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2. Mathematical Modeling of Li-lon Battery Using Genetic Algorithm Approach for V2G Applications

of measured (catalogue value) and calculated values.

F'(x) = m L (2.30)
1+ 3 (Q- Q)

Ik

The functional flow chart for capacity loss calculation i®wh in Fig. [2.9 has explained the
complete process to calculate the capacity fade of therpatt®here,cnt denotes the number cy-
cles involved in the calculation process. Tabld 2.2 showsottimal values of pre-exponential and
adjustable factors. Simulations are done to verify the ldg@esl capacity fade model and have been

validated with different manufacturers’ catalogue.

Table 2.2: Pre-exponential and adjustable factors

Pre-exponential facto Adjustable factor
A B C D
0.01511| 0.040144| 7.8995 0.941e-4
0.09051| 0.003873] 1.291 1.442e-%
0.12053| 0.000073| 0.796[L 1.9874e-4.4
0.00149| 0.00993| 1.498F7 0.642e-2|2

Q A B,C,D SOG

y # PE, Calculation for
Calculation for <& processed energ—————
Cr /Dl Q=Q-Qf = capacity fade :Ed
Qr DOD
Eq. 21 cr
v Q& (Ea-21) - Calculation for
< \/C Nominal capacity (Q) A ? A Ecotal
Cr/Dy o /D, IRT |PE
control c
‘ Vdi Calculation for
rocessed energ@——
¥y C: andD, P PE.
Calculation Polynomial coefficients obtained
I andld - Qr from GA (al = a.31) |
#S OGi #S OGhax ¢ ¢ ¢ #S OGhax #S OG:
le Calculation for Battery model VqC Calculation for| P Calculation for Egor
> t., SOG, - for charging - battery power - stored energy
V((:: (Pc) Estor
Polynomial coefficients obtained
from GA (a; — as1)
¢DODini ¢DODmax ¢ #Id #DODmaX #DODCr
lg Calculation for Battery model Vgl Calculation for| Py Calculation for Eavai
> ty, DODg - for discharging | battery power P available energy
Vdc (Pd) Eavail

Figure 2.10: Block diagram of battery and capacity fade model.

Fig. [2.10 shows the detailed block diagram used to validaeptoposed battery and capacity
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fade model. The battery manufacturers’ charge/dischaigecharacteristics have been extracted us-
ing the mathematical equations described in Sectioh 2.8. [Ei10 has two loops: the inner loop
computes charging process and the outer loop computesadigief process. The control algorithm
decides the amount of energy stored into the battery or@euldrom the battery based on the cur-
rent energy status and user defifg¢D, limit of the battery. The input of the control algorithm are:
charge/discharge currei@OCG DOD limits and polynomial coefficients for charging/dischagsce-
nario @, — ag1). Based on these inputs, the BM calcula8&®C,/DOD,,, charge/discharge voltage
(VQC./Vde), current (./1q), power P./Pgy) and energy RE./PE). Capacity loss is calculated using

energy of the battery, pre-exponential factor, gas cohstamperature and adjustable factor.

2.5 Model Validation

The battery and capacity fade models explained in sect@a] 2.4 have been compared with
manufacturers’ catalogue to validate its performance. #eresive simulation study has been per-
formed with the proposed models. Comparison with four teaé batteries such as EIG, Sony
US18650, Panasonic and Sanyo is provided to show the supenbdthe models. The specifica-
tions of these batteries are given in Tablel 2.3. Due to ulahility of the manufacturer data, the
models are compared with low voltage and ampere-hour tifigne results have been discussed
in two parts. In the first part, the validation of battery mblas been carried out with four battery

manufactures’ data. The capacity fade results are analjzbd second part.

Table 2.3: Specifications of batteries

Battery Name | \oltage(V) Capacity(Ah) C; D,
EIG 25 8 1&4 1&4
Sony US18650 3.7 14 1&2 1&2
Panasonic 45 0.83 1&094 1&1.88
Sanyo 3.7 15 1&2 1&2

The performance of batteries from different manufactuaeesanalyzed separately. Comparison
have been done for calculated and measured (catalogue ehlaeacteristics of different batteries.
The dotted line represents the measured (catalogue valteejrdm the battery manufacturers’ cata-

logue and solid line denotes the proposed battery modehctearstics.
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2. Mathematical Modeling of Li-lon Battery Using Genetic Algorithm Approach for V2G Applications

2.5.1 Performance Characteristics of BM

Case (i) - EIG Battery: Fig.[2.11 shows the comparison of battery characteristidgs2:5V, 8Ah

EIG battery at C,/1D,. The charging and discharging voltage with respe@ @G, andDOD,, are

shown in Figs[ 2.11 (a) and (b). The simulations are obseredifferentS OG, andDOD,, values

from 0-100% and 100%-0%. The end of charge value (EOCV) i¥ «/3d end of discharge value

(EODV) is 1.3V. It is observed from Figs. 2]11 (a) and (b), &mel of charge and discharge voltages

are higher and lower with respect to increas& @G, andDOD,,.
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Figure 2.11: Comparison of proposed model result with EIG batteryGtdnd 1D, .

It is observed from Figd._2.11 (a) and (b), for la@®D,, value the EODV is lower, while for

largeS OG; value the EOCYV is higher. The initial portion of the curveirgehr in fashion and after
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certain period it has varied. The comparison of chargify &nd dischargingHy) power with respect
to SOG, andDOD,, are shown in Figs. 2.11 (c) and (d). Figs. 2.11 (e) and (f) stexcomparison
of charging E;) and dischargingEy) energy with respect t8 OG,; andDOD,. Itis clear from these

plots that energy and power values are maximum at the eBddd¢, andDOD, value.
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Figure 2.12: Comparison of proposed model result with EIG batteryGtdnd D;.

Fig.[2.12 shows the comparison results of battery perfoomabn4C,/4D,. The EOCV and EODV
for this case is 2.75V and 1.5V. As can be seen in[Fig.12.11n@)#g.[2.12 (a), for constant current
charging the charging voltage is equal to the battery teminialtage. However, in discharging case,
it has an additional voltage drop. The comparisoP@QfPy, Egior, Eavail With respect tdS OC, and
DOD,, at 4C, and /D, are shown in Figd, 2.12 (c) - (f). It can be observed that tleEg@nextracted

from the battery is inversely proportional@p and directly proportional to battery voltage and current.
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Notably for highC,/D;, the energy stored/extracted to/from the battery can be @oa short period
of time, while for lowC, /D, it takes long time. This affects the net energy stored/etdhfrom/to
the battery. The time taken to charge or discharge the paitelC, or 4D, takes only @B33hr, while

for 1C, or 1D it requires 1hr.
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Figure 2.13: Comparison of proposed model result with Sony US18650 fyadtielC, and 1ID;.

Case (ii) - Sony US18650 BatteryFig. [2.13 shows the comparison of battery characteristics
with 3.7V, 1.4Ah Sony US18650 battery. Figs. 2.13 (a) andsflgw the simulated characteristics of
terminal voltage plotted wit® OCG, andDOD,,. It can be seen from these figures, EOCV and EODV
for Sony battery are 4.1V and 2.7V. The results of batterygraand energy shown in Figs. 2113 (c)

- (f) for charging and discharging cases are in good agrenieist observed from Figd. 2.12 (e) the

maximum stored energy is 17.46Wh, however in Figs. 12.12h@)initial extracted energy is only
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17.32Wh due to capacity loss in the battery.

Fig. [2.14 shows the comparison of performance charadteyisf Sony US18650 battery with
2C, and D, at 2.8A. The terminal voltage curves for charging and digging scenarios are shown
in Figs. [2.14 (a) and (b). The EOCV and EODV observed in thigeae 4.42V and 2.5V. The
comparison of battery poweP{, P4) and energyEsior, Eavai) With the manufacturers’ data are shown
in Figs.[2.14 (c) - (f). As it can be seen from Figs. 2.14 (e).-tffe amount of energy stored into the
battery and extracted (available) from the battery hasaedwith respect t& OG, andDOD,.

5r 45¢
= = = Measured (y ) Calculated (\09) = = = Measured (gf)

Calculated ( g)

B
o

- S

Charging volatge (V)
Discharging voltage (V)

. . . . . . . . . ] 25 . . . . . . . . M P
0 20 40 60 80 100 O 20 40 60 80 0 20 40 60 80 100 O 20 40 60 80
State of charge (%) Depth of discharge (%)
(a) (b)
15+ 12,
ap == Measured (? ) Calculated ( CE‘) = = = Measured (? ) Calculated ( dE’)
S 13l EIETIN
= , —
5 AV g a§>
8 =
Qo =)
=2} L £
£ >
=S =
3 9 s
5 3
8 a
7
6 . . . . . . . . . . 7 . . . . . . . . . .
0 20 40 60 80 100 O 20 40 60 80 0 20 40 60 80 100 O 20 40 60 80
State of charge (%) Depth of discharge (%)
(c) (d)
70
I 6 m o -
ol Measured ( gor) Calculated ( gor) _ Measured ( Eva”) Calculated ( gva”)
— <
<
Zs = 3
-2 >
> - (=2
=) - 5
D4 P ]
[ P o
f= - [}
[} sl PR ®
g -7 8
I} - =
& 2 -2 g
-~ <
1+ ’
— ~
0 ‘ ‘ ‘ ‘ A A ‘ ‘ A ‘ o ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ L
0 20 40 60 80 100 O 20 40 60 80 0 20 40 60 80 100 O 20 40 60 80
State of charge (%) Depth of discharge (%)
(e) (®

Figure 2.14: Comparison of proposed model result with Sony US18650 tyadtte2C, and D;.

Case (iii) - Panasonic Battery:Fig.[2.15% shows the comparison results with 4.5V, 0.83AhaPan
sonic battery at @, and ID,. The terminal voltage characteristics with respec 0G, andDODy,

at 1C, and 1D, are shown in Figd. 2.15 (a) and (b). The EOCV and the EODV afthse are 4.3V
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and 3V. Figs[2.15 (c) - (f) show the performance charadtesi®f battery power and energy. In all

the cases, the measured (catalogue value) data agreesevjiloposed data.
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Figure 2.15: Comparison of proposed model result with Panasonic badtiel§, and 1D, .

The comparison of Panasonic battery with proposed moddalaws in Fig.[2.16. Figd, 2.16 (a)
and (b) show the comparison of terminal voltage chara¢iesiwith 09398C, at 0.78A and B79DD,
at 1.56A. The charge and discharge voltage charactereticshown in Figs._2.16 (a) and (b). The
EOCV and EODV observed in this case are 4.3V and 3V. [igs])l&nd (d) show the performance
of battery power. The amount of stored and available enemgyglzown in Figs. 2.16 (e) and (f).

Case (iv) - Sanyo Battery: The battery used in this case for comparison is Sanyo whish ha
a nominal capacity 1.5Ah and a voltage of 3.7V. Here the baitecharged and discharged with

a constant current of 1.5A. Fig§. 2117 (a) and (b) show thmiteal voltage curves of charge and
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Figure 2.16: Comparison of proposed model result with Panasonic badte®p398C, and 18799D,.

discharge characteristics. As can be seen from the pla£@CV and EODV in this case are 4.3V
and 2.5V. In this figures, the variation 8fOC, and DOD,, value has reflected in the charging and
discharging voltage. The performance of power and energyacteristics are shown in Figs. 2.17 (c)
- (f). The stored and extracted energy is maximum at verydirske which is given in Figl_2.17 (e)
and Fig.[2.1F (f). The amount energy exchange is reducedrafteycle due to capacity fade which
is given in Fig[2.2P (a).

Fig. [2.18 shows the comparison of measured (catalogue )vaheecalculated characteristics of
Sanyo battery of @,/2D, at 3A. The EOCV and EODV observed in this case are 4.02V and 2.5
Figs.[2.18 (c) and (f) show the characteristics of chargimd) discharging battery power and energy

(Pe, Pg, Eavaii andEgor) at 22, and D,. Thet, required to store the energy in the EV battery is
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Figure 2.17: Comparison of proposed model result with Sanyo battergCat 1D, .

reduced due to higle, which is shown in Fig 2.18 (e). It is observed from Hig. 2.18tlfle energy

extracted from the battery is reduced due to the Iidgh

Thus, itis observed from Fi§. 2111 to Fig. 2.18, the propdsatery model characteristics exactly

fits the manufacturers’ characteristics and in some casas iin error less than 5%.

2.5.2 Capacity Fade Analysis

The validation of capacity fade study has also been caruetypcomparing the proposed model

with four manufacturers’ data. The capacity loss data isnakom the battery catalogues provided

by the battery manufacturers. However, due to limited abéity of measured (catalogue value)

data, the comparison has been done only for specified chaydischarge rate. Fid. 2J19 to Fig.

TH-1265_KANNANT




2.5 Model Validation

Charging volatge (V)

(W)

Charging power

Stored energy (Wh)

451

3.5

25

13

12

= = = Measured (? )

Calculated ()

80 100 O 20 40 60 80
State of charge (%)

@)

40 60

= = = Measured (?)

Calculated ( )

.

/

0 20

[ === Measured(gor)

80 100 O 20 40 60 80
State of charge (%)

(©)

40 60

Calculated ( gor)

80 100 O 20 40 60 80
State of charge (%)

(e)

20 40 60

Discharging voltage (V)

Discharging power (W)

Available energy (Wh)

4.5

= = = Measured ( y ) Calculated (g)
4k
N
35
N
3 \J
\}
25 . . . . . . . . . ,
0 20 40 60 80 100 O 20 40 60 80
Depth of discharge (%)
13-
= = = Measured (? ) Calculated ( dﬁ)
12}
N
11
10
N3
9 \J
\}
sl
0 20 40 60 80 100 O 20 40 60 80
Depth of discharge (%)

- - Measured(g )
6 avail

Calculated ( E )
avail

6 8 100 0 20 40
Depth of discharge (%)

(f)

40

0 20

Figure 2.18: Comparison of proposed model result with Sanyo batterfCatZD;, .

[2.22 reports the results obtained from capacity fade stlilg. parameters of capacity fade analysis

have been taken from the capacity loss data provided by tterpananufacturers’ catalogue. Due to

limited data, the capacity loss comparison only done focisieel charge and discharge rate. Due to

unavailability of the battery manufacturers’ capacitysiasta at differen€, andD;, only specified

C, andD; is discussed in this work. The results obtained afteumber of cycle for each types of

batteries are summarized from Tablel 2.4. The variation pdciy loss is shown with respect to cycle

number and total processed energy. The remaining capddiig battery has been given in each case

to show the net processed energy.

Case (i) - EIG Battery: Fig.[2.19 shows the comparison of capacity fade charatiteyisf EIG

battery. Figsl 2.19 (a) shows the capacity loss as a funofioycle number for EIG battery.
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Figure 2.19: Capacity loss characteristics of EIG battery.

In Fig.[2.19 (b), the capacity loss is observed as a functidatal processed energy. As it can be
seen in Figs[_2.19 (a) and (b), the capacity loss as a funofiogcle number and processed energy
has a rising behavior. Figs. 2119 (c) and (d) show the requinel available energy plots with respect
to cycle number. The observation is done till 3000 cycleshteck the increase and degradation of
charge and discharge energy. This results indicate, thrgelaad discharge rate plays a strong role in
determining the capacity fade of batteries. Figs. 12.19i€e))(& show the remaining capacity curve
as a function of cycle number and total processed energy.

Case (ii) - Sony US18650 BatteryThe measured (catalogue value) and calculated capaciy fad
characteristics of Sony US 18650 is shown in Eig. P.20. s thise, the capacity fade study has been

observed for 300 cycles. The capacity fade as a function@désyumber and total processed energy
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are shown in Figs. 2.20 (a) and (b).
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Figure 2.20: Capacity loss characteristics of Sony US18650 battery.

Figs. [2.20 (c) and (d) show the characteristics of chargediszharge energy as a function of
cycle number, while the characteristics of remaining capand total processed energy are shown
in Figs.[2.20 (e) and (f). It is noticed from the plots, the igyeand remaining capacity of battery
with increase in cycle has a falling behavior.

Case (iii) - Panasonic Battery:Fig. [2.21 shows the measured (catalogue value) and cadulat
characteristics of capacity fade for Panasonic batterye lttee study has been done till 500 cycles.
Figs.[2.21 (a) and (b) show the capacity loss as a functiog@e&aumber and energy. The capacity
loss as a function of total processed energy is shown i EZf @).

The characteristics of required and available energy asetiin of cycle number are shown
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in Figs. [2.21 (c) and (d). It can be seen, the energy storedtomated from or to the battery has
decreased with increased in cycle number due to capacity 16&s. [2.211 (e) and (f) show the
remaining capacity curve as a function of cycle number atal pyocessed energy. As like previous
cases, the energy and capacity loss characteristics Harmg feehavior with increase in cycle number

and processed energy.
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Figure 2.21: Capacity loss characteristics of Panasonic battery.

Case (iv) - Sanyo Battery:Fig. [2.22 shows the comparison of capacity fade profiles oly8a
battery. The capacity loss as a function of cycle number atadi processed energy are shown in Figs.
[2.22 (a) and (b). As can be seen from these plots, the chasticiehave rising behavior with respect
to cycle and total processed energy.

Figs.[2.22 (c) and (d) show the characteristics of requiretlavailable energy as a function of
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Figure 2.22: Capacity loss characteristics of Sanyo battery.

cycle number. The values are observed for 500 cycles to dkeplerformance. The comparison of

remaining capacity curve as a function of cycle number atad pgocessed energy are shown in Figs.

[2.22 (e) and (f).
Table 2.4: Results obtained from battery and capacity fade model.
Manufacturer— EIG (2.5V, 8Ah) Sony (3.7V, 1.4Ah) Panasonic (4.5V, 0.83Ah) Sanyo (3.7V, 1.5Ah)

Paramete(, Measured| Calculated Measurdd Calculdted Measured Ctldula Measured| Calculatgd

Qr (Ah) 6.61 6.55 1.27 1.28 0.73 0.72 1.14 1.22

Qi (Ah) 1.39 1.45 0.13 0.15 0.12 0.10 0.41 0.15

Etotal (KWh) 94.98 95.12 2.87 2.78 3.04 2.81 4.67 4.83

Estor (kWh) 14.87 14.65 4.76 4.79 2.88 2.9 4.18 4.49

Eavail (KWh) 14.58 14.27 4.65 4.69 2.69 2.72 4.08 4.32

15T cycle Estor (KWh) 17.99 17.89 5.33 5.36 3.19 3.19 5.55 581

T cycle Eavail (KWh) 17.53 17.43 5.15 5.16 3.01 2.95 5.67 5.74

It can be observed from Fid._2]19 to Fig._2.22, the capacitl fanodel characteristics exactly
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fits with the different battery manufacturers’ curves. Tyygdal simulation and measured (catalogue
value) results of different battery types such as for EIG 3000 cycle), Sony (till 300 cycles),
Panasonic (till 500 cycles) and Sanyo (till 500 cycles) & in Tablé Z.4.

2.6 Summary

¢ In this Chapter, an accurate electric circuit based batiary capacity fade model have been

proposed.

e The battery parameters are extracted using genetic digpbised optimization method which

optimize the polynomial coefficients.

¢ Different performance characteristics like charge vatagischarge voltage, power, energy,

total processed energy and capacity loss are analyzed.
o Four different battery manufacturers’ data are used fadaéihg the result.

e The proposed battery and capacity models are simple andutaely represents the measured

(catalogue value) charge and discharge curves of the nzntges’ data sheets.
e The simulation and measured (catalogue value) result® ayedd agreement.

e BM and CFM has been developed to analyze the power flow bet#@shbatteries and grid.

In the next Chapter, a charging station has been developesiby the battery model for grid
support during the peak load demand and charge the EVs'ieatiduring the peak shaving hours.
The charging station connected with the distribution nofdhe grid with bidirectional contactless

charging system which enables the power transfer betweelB\s’ batteries and grid.

Note: This work, Mathematical Modeling of Li-lon Batteryitlg Genetic Algorithm Approach

for V2G Applications has been published in IEEE TransactiofEnergy Conversion.
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3. Modeling and Control of Contactless based Smart Chargingtation in V2G Scenario

3.1 Introduction

Contactless charging systems are preferable for eleahccle applications due to the elimina-
tion of direct electric contacts. These charging systenamraes the drawbacks of traditional wired
charging systems such as heating of the sockets and cablesf fire and electrical injuries, cable
breakage etc., [2,92]. Indeed, EVs’ batteries have enootgngial to be used as distributed energy
storage through multi-point bidirectional contactlesargng system (BCCS), which are proven to be
the most efficient and compatible technologies for an imgdgyower system operation [82,158,159].
This bidirectional power flow functionality of BCCS modularcbe referred as grid-to-vehicle and
vehicle-to-grid capability [159]. Many studies have beenducted on V2G system with most of the
work focused on the impact of charging systems on the didgtdb network[66, 73, 160]. Some sim-
ulation studies have shown EVs acting as a smart storageaemprovide fast and accurate response
for frequency and spinning reservés |[73,160]. Howeversdlgudies have only done the system
level analysis and are mainly focused on the frequency attdgeregulation. On the other hand,
present area work on multi-point contactless systems an@yrfacused on converter configurations,
compensation circuits and control strategies of thoseerys{2, 82,92, 158, 159]. These works have
studied the component level description of BCCS systemsweder, none of the studies have at-
tempted to study the control and coordination of BCCS unibwiultiple EVs in a charging station
(CS) connected to a distribution node (DN) of the grid. Toroeene the above shortcomings, the

present work is mainly focussed on the following objectives

(i) Developing a multi-point BCCS with its controllers tortool the power flow during V2G and

G2V operations.

(i) Developing the controllers and CS aggregator, to abthe control and coordination of large

fleet of EVs with respect to the variations in the DN voltage.

In detail, this Chapter describes a multi-point BCCS ungéigeint in a CS connected with the DN
of the grid is investigated. A multi-point BCCS unit has war$ charging points, which are accessible
to multiple EVs. However, a large fleet of EVs with differersttery charging/discharging rates (in

this Chapter the charge rat€, ] and discharge ratdX) is referred a<C, 4 for simplicity) in BCCS
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units, distributed across a power grid network may stresptwer system operation which results
in extensive grid outages [66,/73,74,160]. In such caseB®ES unit should necessarily have a

controlled and coordinated smart charging station (SCShawn in Fig[3.11.

Distribution Node (DN)

Viode Bidirectional Contactless
E; Charging System (BCCS)

4 | |
Central Control | :
D Unit (CCU) | BCCS <—® Controllers|,
—> ‘ |
Vhode - NOde voltage
Pgrid Pho1 .
LA i Er - Total available energy
Er CS Aggregator| * D - Duration
> Pon Pgria - Total
N Epn - Individual energy
Eps Ebn )

Ppn - Individual power

Figure 3.1: Smart charging station architecture.

The purpose of SCS is to distribute the power among diffeEdrg, control theC, 4 of EVS’
batteries and to ensure grid voltage stability. In particithe SCS will have the ability to receive and
respond the charge/discharge instruction based on griditomm and the individual energy of EVS’
batteries. The SCS developed has a main controller namesh&ralccontrol unit (CCU) and a Charg-
ing Station aggregator called as CS aggregator, whichloliséts the power requirement based on the
energy demand and grid conditions. Apart from these cdetsjla closed loop control strategy has
been developed inside the BCCS module, which controls tivepfiow during charging/discharging
operations based on CS aggregator output. The performdribe 8CCS module and the control
scheme is tested with multiple EVs of different batteryrgt and are evaluated by simulation con-
sidering a practical distribution system of Guwahati cAgsam, Indial[74]. Although the present
work is modeled for contactless based charging stationHmiptoposed concept can be applied to
any multi-point charging station as well.

The rest of the sections in the Chapter are organized asv®llBection 3)2 describes the modeling

of multi-point SCS. Section 3.3 explains the details of peabformulation. An application scenario
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of multi-point SCS is presented in Sectfon]|3.4. Simulatesuits are discussed in Section 3.5. Finally,

summary of the present work is given in Secfion 3.6.

3.2 Modeling of Multi-Point Smart Charging Stations

The EVs are consuming comparatively high power from the dudng charging. Therefore,
uncoordinated charging of a large number of EVs gives anradwmpact in the grid [26,32]. One best
possible solution can be to ramp-up the power generatiotitsuvill lead to significant infrastructure
cost of the power plants. As an alternative cost-effectorateon, grid allows EVs to coordinate their
charging or discharging operations. This coordination@gsbEVs facilitates avoiding grid overload
and balancing supply/demand potential of the grid. Theegfm this Chapter multi-point SCS has

been modeled for coordinating multiple EVs present in the CS

3.2.1 Distribution Network Model

11kV/440V
Sub feeder 2 scs
2 31 32 33 34 35
L @ L o
i 11kv/440v Sub feeder ¢
Main Feeder 2 51 52 5.4
33/11kV L ]
)

33 kV
Subsystem

6.1 6.2 6.3
@ L]

T 11kv/440V Sub feeder

11kV/440V  gyp feeder 3

2 4.1 42 43 44
@ L @

13kyjadov Sub feeder 1 j

21 22 23 24
5 L *o—©

Figure 3.2: Radial distribution system of Guwabhati city.

The practical grid data of typical network of Guwahati cigstbeen taken in this work, which is
shown in Fig.[3.R[[74]. This network is a reduced system oftatipn which consists of 33/11kV,
5MVA as the main feeder and the entire radial sub feeders hak¥/440V, 500kVA transformers.
The off-peak hour load was assumed to be 60% of peak hour IDael resistance and reactance of

the lines are 0.0027p.u and 0.0024p.u, respectively. Tdaitm of SCS considered for test condition
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is connected in the distribution network at the n&dg as shown in Fig[_3]2. Table 3.1 shows the
existing peak hour load of substation at different nodes.

Table 3.1: Existing load profile of the substation.

Nodes P(p.u)| Q(p.u. Nodeg P(.u) Q(p.u)
2.1 0.50 0.22 4.2 0.63 0.38
2.2 0.47 0.23 43 0.67 0.23
2.3 1.13 0.64 4.4 0.53 0.37
24 0.27 0.15 51 0.45 0.39
3.1 0.42 0.29 52 0.23 0.13
3.2 0.94 0.43 53 0.84 0.46
3.3 0.13 0.09 54 - -
3.4 - - 6.1 0.37 0.18
35 0.25 0.17 6.2 0.23 0.13
41 0.23 0.13 6.3 0.73 0.45

3.2.2 Multi-Point Smart Charging Station(SCS)

The layout of contactless based multi-point SCS is shownign B.3. The proposed SCS has
multi-charging points, where EVs’ batteries of differeatings are connected. The individual charg-
ing points are contactless, bidirectional and it is conegt¢d the DN of the grid via ac bus. Hence,
itis called as BCCS. The complete architecture of SCS isldt/into three units: the central control

unit, the CS aggregator and the multi-point BCCS unit.

BCCS unit 1
ac bus 3 Primary Side Secondary Side] :
J --— I
- - (PS) (SS) EV1
Distribution P : cona o ? -
! ontactless poin !
Node (DN) bl o p ‘
| Primary control Secondary control 3
< L i BCCS unitn 3
3 Primary Side Secondary Sideg !
' (PS) 0t (SS) | evn
| [
-« — - —» . i
Py, ! ? Contactless point ? !
Viode V Primary control Secondary control | :
Central |p T é **********
Control L'di‘- _ P_Owe_f - Energ_y
ooy | st | couaton) o
? ? f ) ? CS Aggregator on
Er D =] Ebn

Figure 3.3: Layout of multi-point smart charging station.

The CCU decides the net power flow between the DN of the gridlaa€S. The CS aggregator

distributes the net power among the EVs’ batteries. The Cikdd decisions of power flowPgq)
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based on three inputs: DN Voltag¥,(qe Of the grid, total energy availability;) of SCS and
duration in hoursp) to support the grid. The direction &%y can be either positive or negative.
Positive power implies the CS will charge the EVs’ batteaad negative power implies the CS has
to support the grid. Th&gy obtained from CCU has to be distributed among the EVs by the CS
aggregator. The CS aggregator takes individual energyaé@iEy;, Epp,...Epn) from each EVS’
batteriesEr of the SCS as well aByiq and distributes the power among individual BCCS uRi; (
Pr2...Ppn). The distributed power can be either positive or negategetiding upon the energy state of
the batteries anByiq as decided by CCU. The positive power allocated to the hyattgrget charged
and the batteries with negative power will get dischargdte BCCS unit has two parts: the primary
side and the secondary side (pick-up), which is separateah lbyr-gap and is magnetically coupled to
each other. The power is transferred from the primary to itle pp through weak magnetic coupling.
Primary and secondary controllers are employed on eitberdicontactless coil, to control the power
flow from G2V and V2G. Based on the information of power reedifrom the CS aggregator, the
controllers of the BCCS unit takes necessary action to obifteC, . Of the battery. By this complete
SCS arrangement, an EVs’ batteries will be able to chargebbgraing power from the DN of the
grid and supply the excess stored energy of EVs into the DMeftid. The controllers present at
the multi-point BCCS unit controls the power flow betweenividbal EVs’ batteries and DN of the

grid.

3.2.3 EV Battery Model

Electric equivalent circuit (EEC) based battery model iscus this work for representing the
real-time EVs’ batteries, which is given in Fi§. _2.3. Theatlieal parameters of EEC are repre-
sented by polynomial equation explained in Chapter 2 Sef#i@d. The terminal voltage for charg-
ing/discharging scenario is given in EQ._(2.5) and Eq.](ZTe)e EVs’ batteries come to the SCS for
both charging/ discharging operation. The batteries wittess energyHa,.ai) would discharge and
support the grid and EVs with less energy would chaigg,{ by taking energy from the grid. The
Estor andE,yq are calculated from EqL (2.113) and EQ. (2.14). The totalgnéEr) of SCS depends

on the sum of stored energy into the battery and availableygne support the grid which is given in
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Eq. (2.17).

3.3 Modeling of Smart Charging Station

The impact of EVs on DN and the quality of power in the node delgseon the charging method-
ology adopted in EVY [161,162]. Therefore, SCS is developkith can handle EVs’ batteries of
different capacity and can coordinate with the DN of the gtidthis SCS context, an entity called
CCU and CS aggregator with multi-point BCCS unit would evetiy play a vital role in coordinat-
ing the charging/discharging of large fleet of EVs. In viewtdg discussion, the main contributions

of the present work are:

e Developing the controllers and CS aggregator for the SCSitarmbordination with the DN.
These controllers and CS aggregator would control the pdlaer between the DN and the

EVs’ batteries.

¢ In order to achieve the desired power flow, multi-point BC@8 is modeled with its associated
controllers. BCCS have many advantages including the coemee of being cordless and

safety during high power charging/discharging [82,158]15

e The entire CS has been controlled by using the fuzzy logi¢rotder, which control and coor-
dinate the EV’s arriving at CS to drawn the power from gridestipport the grid during peak

hours.

3.3.1 Central Control Unit (CCU) and CS Aggregator

In this section, the functioning of CCU and the CS aggregaterdescribed. As explained in the
previous section, the CCU receives informatiorVafse Er and D. Accordingly, it decides thyq
which should flow between the DN and SCS. The CS aggregatmadéls the power among different
EVs' batteries.

The CCU is designed using a fuzzy logic controller (FLC).STRLC has three input®/foqe Et
andD) and one outputRyig) as shown in Fig._3]4. Thyy obtained from CCU has to be distributed
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CCu

Viode CS Aggregator
— »| FlCbased|p =~ i=---------- \
D Central control— 2 power [T % Pu
—®  Unit (CCU) ! Distribution Unit : .
A P (Aggregator) . gp.p
| | bn
c &
T : Ebl Ebn
| | Information
‘ ! from multi
| Energy < _ -
Er | Calculation | charging poin
! ! (BCCS)

,,,,,,,,,,,,,,

Figure 3.4: CCU and CS Aggregator.

among different EVs by the CS aggregator. The distributiogposver (Py,) for " EVs’ batteries are
calculated from Eq[(311).

E
Pon = E_bnpgrid (3.1)
T

The FLC has been used in the CCU because it is most suitabilei$aype of uncertain environ-
ments, which eliminates the need for complex mathematicalets of the systems [34]. The control
logic for CCU-FLC can be modeled by simple IF-THEN rules. Mtami type inference is used here
for the implication of rules. In order to achieve a fast anduaate result, center of gravity method
is chosen for defuzzification process. Three fuzzy subsets as low (L), medium (M) and high
(H) have been chosen for the input variables. negative mhgt),(negative medium (NM), negative
Low(NL), positive low (PL), positive medium (PM) and pos#ihigh (PH) are chosen as output in
order to obtain the required control action. Triangular rbership function is used as it is simpler
and easier to implement as shown in Kig.] 3.5. The rule base@-FLC is given in Table 3]2. The
Fuzzification and defuzzification example for the CCU-FLG baen demonstrated in the Appendix
Bl

The detail sample calculation of CS aggregator has beem giv&ppendiXD. The main feature

of the fuzzy based cental control unit and the CS aggregsigiven below:
e |t estimates the total energy availability of the CS andvidiial EVs available/required energy.

e The fuzzy based CCU decides the amount and direction of pfievebased on the node volt-

age, total energy availability of the CS and duration to supghe grid.

e The power distribution unit estimate the required power @ unit or EVS’ batteries.
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L M H L M H
1 1
0 0
0.8 0.95 1.1 0 0.5 1
@ — ™ ) —(—*™
Vnode ET
1 NH NM NL PL PM PH
0
-1 -0.6 -0.2 0.2 0.6 1

0 —-*™
Pgrid

Figure 3.5: Fuzzy based CCU control structure in p.u (a) inpéHede (b) input: E1, D (c) output: Pgrig.

Table 3.2: Rule base for CCU-FLC.

Vnode ET D Pgrid Vnode ET D Pgrid
L L L NH M M H NL
L L M NM M H L NH
L L H NL M H M NM
L M L NH M H H NL
L M M NM H L L PH
L M H NL H L M PM
L H L NH H L H PL
L H M NM H M L PH
L H H NL H M M PM
M L L PL H M H PL
M L M PL H H L PH
M L H PL H H M PM
M M L NH H H H PL
M M M NM - - - -

3.3.2 Synchronization Mechanism

When EVs arrive at the CS, the BCCS unit will get connecteti thie DN and when it leaves the
CS, the BCCS unit will get disconnected. However, in the sadeharging/discharging operation of
EVs, the initial synchronization process with the grid ice®sary without which the real power
transfer in any direction cannot be controlled. The impwtaof synchronization of any power
converters connected to the grid is explained_in [163] anmttisgonization of BCCS unit has been
described in detail in references [96]. The synchronizatietween the DN and the BCCS unit can
be described by a simple system consisting of two intercctedesources as shown in Fig.3.6.

TheV,im represents the transformer terminal voltage of BCCS #its the total resistance and
Xt represents total reactance of the system which includesfaamer reactance, grid impedance
and a third order LCL filter. The LCL filter is designed basedtlo@ standard level determined by
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Bidirectional power flow
-« \/pnm

@ ’ ;

Figure 3.6: Synchronization mechanism between DN and BCCS unit.

Vnode

IEEE519 for harmonic limits, which considers the level ofremt harmonics injected into the grid
network [164]. The power transferred between the termiabBCCS unit and DN is given in Eq.

B.2).

VnodeVprim

Pon = sin(6) (3.2)

Here,s denotes power angle betwe¥p,q. andVyim. This power is equal to the distributed power
from the CS aggregator. The real power control between EYeties and the DN is regulated by
controlling thes. The value of can be derived from Eq.(3.2).

. PonXt )
§=sint{—S—— 3.3
(Vnodevprim ( )

Floating condition

0.8F

0.6 Vnode

04 - /

0.2

- Inphase
- voltage

prim

and V .

node

\%

-1 | | | | | | | J

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Time (Sec)

Figure 3.7: Synchronization waveform.

For the discussion of power flow, voltage waveform ¥6gqe and Vyim is shown in Fig.[3.]7.
For example, let us consider that the Root-Mean-Square (RislBe of theV,oge andVpyim is 440V,

the Py, is 9.8077kW and reactanc() of the system is given in Table 3.8. Therefofez —8.43°
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required to transfer the poweRy;) from BCCS unit to DN. In AppendikD, the detail calculatioh o
power angle has been mentioned.

The BCCS unit and the DN will be in floating condition till thgstem gets synchronized with the
DN. When the system gets synchronized with the DN, the difimgiaker (CB) closes and the angle
determines the power flow between the BCCS unit and the DN.

To achieve this synchronization operation and to contr@kéal power, load/power angle control

have been used in Fig._3.8.

converter

Transformer LCL filter

Circuit Breaker

Distribution /
Node
Pon
- A/ @
% Vprim Wt Vprim I prim Carrier signal %
@ sin_cos—®| sin_cos Pl u| p.u.. EL : o
g p > conversior—»> LA-FLC 2
a Freql g Freq mea 5 Y 8
Power estimator \ /
lor0
Control signal o Synchronization SPWM
Synchronization | condition check
parameters
3 phase PLL Y ° A
Vhode Wt | —— P
i )
P> Vinode Freqg Vabe
sin_cos sin_cosv
‘Pl g |V
Vnode
dqo to abc
abc to dq0 transformation

transformation

Figure 3.8: Load angle control.

The load angle control has used enhanced fuzzy based pltksel loop (PLL) based synchro-
nization technique, which takes DN voltage as referenceestichates the frequency and phase se-
guence components of the grid to synchronize the BCCS utiit the DN. Besides, the converter
voltage Vpim) and current I(yin) of BCCS unit is given as input to the power estimator block an
PmeasiS Obtained. Based dReasandPy, from aggregator, the Load Angle FLC (LA-FLC) generates
the required as shown in Fig[_3]8. The amount and direction of real powarstfier takes place,
when the voltage produced by the BCCS unit leads or lags tii@geof the DN. A leading phase of

BCCS voltage constitutes power transfer from V2G and lagginase enables power transfer from
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G2V. The brief overview of the load angle controller is giveiow:

The three-phase phase locked loop (PLL) estimate the uctibresing andcod), frequency

and angular time of the BCCS unit and grid.

e The measured power has been calculated from the power éstiorat based on the BCCS

unit three-phase voltage and current, unit vectors andiéecy of the system.

e The fuzzy based load angle controller decide the power dvaged on thé,,.; and thePy,

which is obtained from the CS aggregtor.

e The park transformation has been used to convert the thrasepébg to two phase q0)

transformation.

e The required power angle has been added with the two phasgittesand then it converted

into three-phase transformation.

e The three-phase voltage is the reference signal for sirsepuidth modulation (SPWM).

Fig. [3.8 mainly consists of discrete three-phase PLL unitsch extract the synchronization pa-
rameters (frequency and phase sequence) of the node aretewwoltage, three-phase to two phase
transformation and vice versa, FLC based load angle céettr@lAC-FLC) and power estimator.
Three-phase¥,oqeis the input forabc— dqO transformation unit and discrete three-phases PLL. The
abc - dgO transformation unit converts the three-phasiec) stationary components of théyqe to

two phasedqQ) reference frame [99]. The three-phase DN voltage canfresented by Eq[ (3.4).

Voode = Vape = Vin| sin(t) sin(wt - Z) sin(wt + Z) \T (3.4)

whereV,, is the peak voltage. The three-phase to two phase trandfonmsa given in Eq. [(35)

[165].
V, coswt cos(wt- %) cos(wt+Z) |[ V,
xg =3 sinéwt) sin( ;— z) sm(wé+ z) \\;: } (3.5)
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3.3 Modeling of Smart Charging Station

The three-phase discrete PLL extracts the frequency anghibgector components &f,q. and
feeds toabc— dqO transformation unit andg0 — abctransformation unit (phase shift (3Metween
primary and secondary side voltage of the transformer alssidered). The frequency, unit vector
componentsgin.cos and converter measured voltagé,) and currentl.n,) are input for power
estimator which calculate the actual bidirectional powawfbetween BCCS unit to DN. The LAC-
FLC decide the load anglé)(between DN and converter voltage. The range ofstfa LAC-FLC
has chosen based on the impedance of the BCCS unit and DN.CEmebe either positive or negative,
if the positive values of thé represents th¥;,,, lagging with respect t¥yiq and negative value of the
§ denotes th&/c,,, leading with respect t¥yiq. The inverse transformatiotyp — Vanc is performed
to generate a reference voltag®4, () delayed withs, which is given in Eq. [(316) [165]. Th¥,

compared with the carrier signal to generate the gate patsdé converter.

V, . coSs (ut+’—éi§) sin(wt+’—é¢6) 107 vy
Vo |=35| coslwt—%+6) sin(wt-%=4) 1|V, } (3.6)
Ve cos(wt + % ) sin(wt+%x5) 1|l Vo

Further the SPWM generates switching pulses for the thresg convertor unit considering the
regenerated sinusoidal wavg,  as a reference signal. The converter work as a inverter f@ &i2d
rectifier for G2V operating mode, respectively. The operatf the synchronization controller can

be explained by considering the switching operatio Bf

NB NS z PS PB NH NL z PL PH

1 1

0= 705 0 0.5 . 020 -5 0 45 90
(CY h—— (b) ——>

T

Figure 3.9: Fuzzy membership function for LA-FLC control (a) inpd; (b) output:s.

The input and output membership function of LA-FLC is givarFig.[3.9. Tablé 3]3 shows the
rule base for LA-FLC. The control parameters used in the B@@iSare shown in Table 3.4.

Table 3.3: Rule base for LA-FLC.

E, NB NS 4 PS PB
0 VS S M B VB

For example, let us suppose that error is -0.198 p.u. This\gjyehe measured powd? e, IS
TH-1265 KANNANT

73



3. Modeling and Control of Contactless based Smart Chargingtation in V2G Scenario

grater than the reference pow&,(). The load angle controller will decides the required poarggle
to transfer the power between BCCS unit and gird. The LA-FEe€ide the power angle is %° but
requireds to transfer the power is.83 which is theoretically calculated from Ed._(B.3). This powe
angle information will be updated every instant of time anel LA-FLC minimize the error. If the

error is minimum, then th€,,e, follow the Py, which is distributed from the CS aggregator.

3.3.3 Multi-Point BCCS Unit

In this part, the multi-point BCCS unit is explained. Thecait topology of individual BCCS unit

is shown in Fig[:3.10. The primary side connected to the DMeés@S and the secondary side is the

EV battery system.
Table 3.4: Control parameters
Parameters Descriptions Parameters Descriptions
Charge/discharge battery .
Ve 1 terminal voltage and current Vprim, | pri el mer termiyel
a/gr ¢ (S9) prim. = prim voltage and current (PS)
E, Error input of fuzzy (SS) Vhode DN \oltage (PS)
P n™ distributed power of the v dc measured voltage at
bn CS aggregator (PS) demeas inverter input (PS)

The primary side (PS) comprises of bidirectional threesgtec to dc and dc to high-frequency ac
converter. The secondary side (SS) has a bidirectionatfnégiuency ac to dc converter and a buck-
boost (BB) converter with EV battery pack connected. Comsp#@an capacitors;,C,) are generally
used on either side of contactless coil to compensate thadeanductance between the coils [166].
The detailed design procedure of BCCS unit of rectangulér planar coil distribution has already
been discussed and their specifications are given in TaBl&Be charging and discharging states of
EV batteries are controlled by the power converters. Thérobers present at the multi-point BCCS
unit plays a vital role in controlling the power flow from imiilual EV battery and the DN. Thus,
the BCCS unit is fully controlled and it uses direct contrginal from the aggregator. Depending
upon the power distribution from the CS aggregator to eacR8@Qnit, G2V and V2G operations
are performed. As already mentioned in Section I1.B, pesipower implies G2V operation and
negative power implies V2G operatio,, from the aggregator is the main control signal for the

BCCS unit, which is fed into the load angle control (LA-FL&hich determines the amount and
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3. Modeling and Control of Contactless based Smart Chargingtation in V2G Scenario

direction of power flow from/to the DN as shown in Fig. 13.8 faithh G2V and V2G operation. As

it is not desired to deplete or overcharge the battery, aoridifign has been used to control the power
flow of the EV battery which calculates tii&,.; and the energy status is calculated by considering
the SOC limits (Chaptér] 3, Section BL3, 313.4). Based on Hjsis also fed into the controller of
buck boost converter in the battery side; which determiheséference current signal. The detailed
control process and controllers involved for both G2V and\uierations is explained below. Load
angle control, energy injection control and charging auiri@ntrol is used for G2V operation and
load angle control, sine pulse width modulation (SPWM) teghe and DC link voltage control is

utilized for V2G operation.

3.3.3.1 G2V Operation

The detailed circuit diagram for V2G operation is shown ig.8.11. In Fig[3.111, the primary
side (PS) controlled rectifiers are used to convert threes@lac to dc using bidirectional switches
(S1—Se). These switches are controlled based on SPWM using lodd aagtrol taking DN voltage
as reference. The amount of power supplied to the battegnaled based oa. Then the inverter
switches §; — Sg) converts dc to high-frequency ac using energy injectiamtrad [67,167] which
is given in Fig.[3.14. In the secondary side (SS), the dio@gs{D;,) convert high-frequency ac
to dc. Diode rectification is used here, as the system empigfs magnetic coupling. Obviously,
controlled rectifiers can be used, if the system has a specjalrement to control the misalignments
between the PS and SS. Further, the buck boost conv&itgi)i4) controls the charging current of
the battery. The buck-boost converter is required in the® deecause the sudden flow of high current
may damage the EVs’ batterie,, from the aggregator is fed into the charging current coleralf
the buck boost converter. Fig. 3112. shows the chargingntioontrol,Py,, and the battery terminal
voltage generates the reference currépt)(for the controller. For convenience, the controller is

normalized in per unitf.u) values. Error ;) is obtained from Eq[(317).

VCl,
' ) (3.7)

E=|1-——
' ( an

TheE;, is given as input to charging current FLC (CC-FLC), whichgete the required duty ratio
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Figure 3.12: Charging current control.

for pulse generation. Low pass filters (LPF) is used in the@uwuof CC-FLC, to obtain oscillation
free output. The rule base and membership function used@sFICC is given in Fig[ 3.3 and Table
[3.3. The triangular membership function has been used fibribput and output which is shown in
Fig. [3.13. Five fuzzy subsets are chosen as input varidhle (egative high (NH), negative low
(NL), zero (2), positive low (PL) and positive high (PH). Thezzy subsets chosen for reference (R)
output: very low (VL), low (L), medium (M), high (H) and veryigh (VH).

L NHONL oz PL PH Ll L M H VH
0 0
1 BR0.5 0 _oniiSee 1 0 025 05 075 1
@ —™ (b) — >

T

Figure 3.13: Fuzzy membership function for CC-FLC control (a) inpEf: (b) output:D".

Table 3.5: Rule base for CC-FLC.

E/ NH NL Y4 PL PH
D’ VL L M H VH

For example, let us suppose thigy is 12.52kW, the measured battery terminal volta‘gg)(is
258V and the charging current) is 20.45A. The reference currentef) has been calculated from
the ratio between they; and theVS, itis 48.53A. Then the erro) sinal is 0.5786 p.u. This means,
thel; is much less thah.¢. Therefore, the charging current controller is increagedilty ratio D’)
of the BB converter. If thd’ is increased with respect to ti, then the BB converter switching
time (ton) has been increased. Therefore, the energy stored in thetordl,) will increase. This
information will be updated every instant of time and the C@G&intain the battery. is equal to the
lief By increasing th®’.
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Figure 3.14: Energy injection control.

The block diagram of energy injection control is given in H&14. The primary side current is
compared with the zero, then the gate pulse is generatedvitothesS; and Sg which converts dc

current to high-frequency ac current.

3.3.3.2 V2G Operation

The detailed circuit diagram for V2G operation is shown ig.AB.1%. In V2G operation, the
EVs’ batteries supplies power to the DN. The BCCS unit showddhtain the line-line peak voltage
of the node (625V) for supporting the grid. This is achievgdcbntrolling the secondary side dc-
dc converter $14, D13) using DC link voltage based FLC (DLV-FLC) which is shown iigH3.16.
Further, the dc voltage is converted to high-frequencySaeS;,) using SPWM technique [168]. In
the PS, the diode®{ andDg) convert high-frequency ac to dc and inversion operatigeiformed
by the switches$;-Sg) using load angle control as shown in Hig.]3.8. The amounbwfgs supplied
to the grid is based on the power signal obtained from theegggor. The Errorg;") for DC link

voltage controller is calculated from the equation givelowe

mea
E;’:[l— de ] (3.8)

The membership function of DLV-FLC is shown in Fig._3.17. éfuzzy subsets are chosen as
input variables foE;” andAE;” : negative big (NB), negative small (NS), zero (Z), positweall (PS)
and positive big (PB). The output referen€¥’{ is given by very small (VS), small (S), medium (M),
big (B) and very big (VB). The rule base for DLV-FLC is givenTable 3.6.

For example, let us consider thgf*2is 600V andV:' is 625V. TheE! is 0.04 p.u and thaE/’
is 0.008 p.u. This means, th&*is almost equal to th¥}:'. Therefore, the DLV-FLC will increase

the duty ratio D”) of the BB converter. If th®” is increased with respect to tlie andAE/’, then
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Figure 3.15: Circuit topology for V2G operating mode.
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Figure 3.16: DC link voltage control.
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Figure 3.17: Fuzzy membership function for DLV-FLC (a) inputg;’ andAE;” (b) output:D”.

Table 3.6: Rule base for DLV-FLC.

E/ | AE/ | D’ E/ | AE/ | D”
PB_ | NB M z PS B
PB NS B Z PB B
PB Z B NS | NB | VS
PB PS | VB | NS NS S
PB BP | VB | NS " S
PS NB S NS PS M
PS NS M NS PB B
PS z B NB | NB | VS
PS PS B NB | NS | VS
PS PB | VB | NB Z S
Z NB S NB PS S
Z NS S NB | PB M
Z Z M - : -

the BB convertet,, has been increased. This information will be updated evestant of time and

the DLV-FLC maintain thé/T®is equal to th&/":' by increasing th®”.

C

3.3.4 C,4 and SOC Calculation

As itis not desired to deplete or overcharge the batteryCtheand SOC (in this Chapter SOC de-
notes botls OC, andDOD,, for simplicity) of the batteries are monitored. The capafatling of the
EVs’ batteries is not considered in this work. An algorittssed to control the charging/discharging

of EVs’ batteries by changing thg .. of EVS’ batteries. Thé&, 4 of BCCS unit is calculated from
Eq. (3.9).
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Pmax
Chte - = (3.9)
VCCi /d Q

where,Pnayx is the maximum peak power handling capability of chargingipoThe algorithm
has also taken into account of user defifg (C52) and the current, 4. (Cli,) of the battery. The

ccrt, calculated from the equation given below.

Po
crt _ n
Crate - VC Q (3'10)
G /di
an c tc/d
Vq/d. ¢ Vc‘/d‘ ¢
A4 A4 Ve
Q -
cBces ‘ Cuser ‘ cert < Epn Energy - Pe/a Calculation for| _ Vo/d
Pmax rate rate roig 2 : calculation |~ battery power |

Crate ¢ R

+
Controlled
Voltage . V

Source

Pn
¢ ¢ ¢ Polynomial coefficients ref I

User defined SOC limit forcharging & — as; log c/d
‘ mm(cg(tlecsycyas!grvcfar}e) ‘ ser define Imits i @

Calculation for _ | Battery model 1*>0

l¢, te, C;, SOC ] for charging }
I*
4% Switch %P
» Battery model

lg, tg, D;, DOD for discharging 1* <0

f

User defined DOD limits Polynomial coefficients
for discharging ; — as1)

Figure 3.18: C,ac and SOC calculation.

Calculation for

The control algorithm chooses the minimum of Bg. (CESES,C, and CLs) to regulate the
current flows of individual EV battery. The minimum of k. (CT") will be the processe@ae
of the charging point. Besides, the SOC limits of vehicle ergnare also considered in this work.
When the SOC is near to full (empty), a high power chargingiscttrging should not be allowed
for preventing over charge (over discharge). Theref81©G,» andS OG,.x Of the EVS’ batteries are
taken into account. Based on these limits, the control @hlyaris implemented using Ed._(2]13) and
Eq. (2.14). Fig[3.18 shows the block diagram3f,e and SOC evaluation used in EV batteries of
SCS.

The main features of the charge rate control is given below:

e Control the minimuntC, 4. to regulate the battery current based on the user d€fipe BCCS

unit C4e and currentCi 4 Of the battery.
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Vnode Vprim1 Iprim- Vg:;ea, IC/Idv Pmax -
Vccidi’ Ebn and ET
[

v

DN and BCCS
voltage, phase and freq-
uency are equa

CCU calculatePyig
based orEr, ViggeandD

¢ Pgrid: ET: Ebn
CS aggregator calculate
an
an

Distribute thePy, -

No Yoy W ‘
Syn-V2G Syn-G2Vv Unsyn-G2V

FLC based SC
control the load angles}

' v

SPWM generate gate pulse for EIC generate gate pulse for
dc to high frequency ac converter dc to high frequency ac converter

v v

FLC based SC
control the load anglej}

v v

‘ Bidirectional Contactless Chraging System (BCC$)

—® FLC based dc link voltage control

FLC based charging current contrg

Power flow

DN

Figure 3.19: Flow chart for energy transfer in V2G and G2V operations daseDNC command.

e Estimatethd,, t;, S OCande.f for charging scenario ang, tq andVéf for discharging scenario.
e Calculate the battery power and availability/requiredrgnef the individual EVs.

e The battery model work based on the reference cuirenif 1* > 0 for charging scenario and

|* < O for discharging scenario.

For example, let as consider tHat,.x is 50kW, Q; is 32Ah,VqC. is 258V, Py; is 9.81kW and the
Cuseris 2.5. TheC 4 Of the BCCS is 6.056. Th€!, of the battery is 1.188. The control algorithm

chooses the minimum of th& . to regulate the battery charging current flow to the EV bgtt€he
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minimumC, e is 1.188. For the ease of analysis, the flow chart for V2G, G2 synchronization

operation is given in Fid. 3.19. The detail explanation isadly discussed in the previous section.

3.4 Application Scenario of Multi-Point SCS

The proposed SCS is connected to a nbdeof the typical distribution network as shown in
Fig. [3.2 [74]. Simulations are performed considering 10 BEdéateries of different ratings. The
specifications of EVs’ batteries are given in Tdble 3.7. Femesof analysis, EVS’ batteries are divided
into five groups based on the terminal voltage (V), energylfkWominal capacity (Ah), SOC limits

andCrate.

Table 3.7: Specifications of EV batteries.

S0G S0G,
V‘E'\t/";‘ge '(Eknvflrh%y Q(AN) | SOGua| SOGyn| Casei| Caseil 2% | cise
550 | 8 32 [ 100 25 20 70 70 3
550 | 10 | 40 | 90 | 30 | 30 50| 30 3
200 | 16 | 40 | 8 | 45| 40| 8| 40| 25
200 T 20 | 50 | 95 | 30| 35| 60| 60| 25
500 | 24 | 48 | 80 | 25| 20| 8| 70 >

In order to examine the real-time situations, the followihgee cases of EVs present in the SCS

are considered:

(i) EVs’ batteries with low SOC connected during off-peakit®(23:00hrs to 06:00hrs).

(i) EVS’ batteries with high SOC connected during peak Isq0i7:00hrs to 10:00hrs) and (17:00hrs
to 22:00hrs).

(iif) EVs’ batteries with both high and low SOC connectedidgmormal hours (11:00hrs to 17:00hrs).

(iv) Impacts of the distribution node.

These cases are considered for testing the behavior of S€&sideethere is a large variation of
node voltage during off-peak and peak hours and margin&ti@n in normal hours. The value of
S OG, is assumed to be different for these three cases, whichéngivTabld 3.7. The controller in

the SCS decides the magnitude and direction of power flowrdpg on the node voltage variations.
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EVs’ batteries will not charge, if the node voltage is lowdgénours) and batteries will not discharge
when the node voltage is high (off-peak hours). Howevehefioltage is within the specified limit

(0.95 to 1.05 p.u), some batteries would charge and somedvaistharge depending on the energy

availability or requirement of the individual battery.

The following assumptions have been made in this work:

e Each BCCS unit of the SCS is designed for maximum peak powedtlimg capacity of 50 kW.

e The EV batteries are not allowed to discharge belowSI®@G,, and the batteries are not al-

lowed to charge abov® OG, 4

Fig.[3.10 shows the circuit topology of individual BCCS uaitd its specifications of parameters
are given in Tablé_3]8. The battery parametés R, C, andV,) depends on the status of SOC. In
Table[3.8, the battery parameter is mentioned for a single&tiéry having the rating of 250V, 8kWh
and SOC level of 70%.

Table 3.8: Specifications of BCCS unit.

Parameter

Descriptions Values Parameter Descriptions ueval
PS and SS
LCL 3 ¢ filter (PS) O'Gr%"'érﬂﬁSmF' C.C, | compensation | 1.17F 1.1F
] capacitance
dc link capacitor Mutual
Cac (PS) 10mF M inductance 8.83:H
inductance of PS| 34.8:H, 34.8H, Lb, Coa, BB inductance,
Lo L L SS, resonant 30uH Cr2 capacitance 0.48mH, 5.47mF
0.04022, Total reactance
R, Ry, C, Battery 0.01022, o
v, parameters 1.502F X, fs sysftreemuoepnecratlng 2.894), 25kHz
275.19/ quency

3.5 Results and Discussion

In this section, SCS behavior is analyzed for three casépéaik, peak, normal hours of a day)
as discussed. To avoid the repetition of similar graphsy fimé EVs batteries results are shown
throughout this section.

Case |: EVS batteries with low SOC connected during off-peak hours. In this case, the SCS

is tested during off-peak hours, where the node voltagg;d) is generally high (1.05p.u to 1.1p.u).
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Also, it is considered that during off-peak hours, EVs bagearrive at the SCS have low value of
SOC as mentioned in Table B.7. In this case, CCU-FLC at thegidie decides a total of 180kwW
of power which is required to charge the EVs’ batteries ansl #hown in Tablé 319. The summary
of individual energy, total available energy of SCS, diersiof power from CS aggregator and the
minimumC, e (CM") chosen by the proposed SCS are summarized in Table 3.9.

Table 3.9: Summary of power and required energy of case I.

Energy (kWh)

Parameter Estor Eavai Parameter F()I?VV\\;()H Cgit';
Ep1-Ep2 6.4 - Po1-Poo 12.63 1.58
Enz-Em 6.0 - Pu3-Pos 11.84 1.18
Eps-Eps 8.0 - Pus-Pos 15.79 0.99
En7-Eps 12.0 - Py7-Pos 23.68 1.18
Epo-Enio 13.2 - Puo-Pb1o 26.06 1.08

Er 45.6x2=91.2 Pyrid 90x2=180

Fig. [3.20 shows the power distributed across the termirfas dus of each BCCS unit of SCS.
The individual BCCS units are operated at resonant statede@ese the conduction loss of the system.
When the system operates at resonance condition, maximwear p® transferred in the system and

the power factor (pf) of the system is maintained to unityesurto unity[169]. The pf of the proposed

SCS lies between 0.99 to 1 as shown in Fig. 3.21.

30

26.05
) h
2 23.68
X 20r
o 15.79
a 17,63
g 1o} 1184
©
o)
g
a O Synchronization period
_10 | | | | | | | | | J
0 0.2 04 0.6 0.8 1 1.2 1.4 16 18 2
Time (Sec)

Figure 3.20: Power at each terminal of BCCS unit.

The charging current controller controls the chargingenirof individual EV battery. Itis evident

from Fig.[3.22, the EVS’ batteries are charging at constameat, which shows the effectiveness of
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Figure 3.21: Power factor of the BCCS unit.

the controller. There will be a small negative flow of currdating synchronization period. Actually
during synchronization period, the system is controlled #rere is no power transfer between DN
and EVs’ batteries. This is because, the EVs’ arrive at then@lSmake a closed path through
converters switches having low resistance and there is soitred current flow through LCL filter
and this consumes very less power. This can be seen from FA§.aBd Fig[ 3.23. Fid. 3.20 shows
the power distributed at each terminal of BCCS (i.e., neactbus at grid side), there is no power
transfer during synchronization. However, Flg. 3.23 shtvesbattery power there is some initial
negative power flow at the time of synchronization. The diedatircuit topology of individual BCCS
unit with current flow direction during the synchronizatiperiod is given in Figl_3.15.

Fig. [3.23. shows the power delivered by each battery. Theiaffiy of the system is calculated
based on the ratio of the EV battery power and the distribpteder from CS aggregatoPg,). The
efficiency of this case lies between 86% to 94%, with reducadds of around 0.6kW to 0.8kW.
After synchronization operation, the direction of powansfer is decided. This must be satisfied for
all EVs in the charging station arriving with high and low was of SOC. The buck-boost converter
present in the EV battery system handles this operationduheratio of the buck-boost converter is
controlled and does the necessary operation and mainkenttage level in the grid side. Initially,
the EVs’ batteries have to discharge its energy to perfoersyimchronization operation.

Fig.[3.24. shows the initial and final SOC values of five groofpBVs’ batteries. It is clear from
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Figure 3.22: Charging currents of individual EVs’ batteries.

w
o
1

N
()]
T

N
o
T

[EEY
(8]
T

Battery Power (kW)
=
o
T

Synchronization period

_5 | | | | | | | | | J
0 0.2 04 0.6 0.8 1 12 1.4 1.6 1.8 2
Time (Sec)

Figure 3.23: Power at each terminal of EVs’ batteries.

the Figure that EVs batteries have not crossed the SOC lamitentioned in Table 3.15.

The Total harmonic distortion (THD) and the pf of the BCCStimgive in Tablé 3.10. The THD
of the BCCS unit is found in the range of 1.897% to 2.939% aedtwer factor of the BCCS unit
is found in the range of 0.9982 to 0.9982. The THD and powebfaare allowable as per the IEEE
standard 519-1992 [170].

Case ll: EVS batteries with high SOC connected during peak hours. The V2G operation has
been considered for the negative valué’ff,. Power flow from EV’s batteries to DN will take place

in proportion withé. All the BCCS units connected at the CS together suptigs to the DN.
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Figure 3.24: Initial and final SOC of the EVs’ batteries

Table 3.10: THD and power factor of the BCCS unit during the G2V operatimade.

SI. No THD (%) Power factor
1. 2.939 0.9976
2. 1.897 0.9973
3. 1.897 0.9978
4. 2.028 0.9982
5. 2.545 0.9985

\oltage profile of the DN improved due to support the DN in te@lphours. The node voltage varies
with respect to the magnitude B, drawn from the node. The graphical results for battery power
and current, ac bus powd?,, andV,qqe for V2G operating mode has been presented. In this case,
all 10 EVs arrive at SCS with high energy. The CCU-FLC at thd gide decides to draw -170kW

of power for supporting the grid as given in Table 3.11. Dgrpeak hoursyege is generally low
(0.95p.u to 0.97p.u). The controllers in the SCS allow thesEdétteries to discharge its energy. The

EV batteries discharge based on the SOC limit prescribetid¥V owner.

Table 3.11: Summary of power and available energy of case Il.

Energy (kWh)

Parameter Estor Eavail Parameter Power (kW) Crate
Ep1-Ep2 - 3.6 Pp1-Pp2 -9.81 1.23
Epz-Ens - 2.0 Pu3-Poa -5.44 0.55
Eps-Eps - 6.4 Pos-Pos -17.45 1.09
Epn7-Eps - 6.0 Po7-Pos -16.35 0.82
Epo-Enio - 13.2 Ppo-Pb10o -35.95 1.49

Er 31.2x 2=62.4 Pgrid -85x2=-170

Fig.[3.25E3.26 shows the discharging current of EVs’ bateand the power supplied from each
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group of EVs’ batteries to the DN. Because of the power lossesntactless system, the power sup-
plied from the EVs’ batteries are found to be lower than thegrademanded. The power demanded
by the CCU is -170kW, but the total powers delivered from thsBbatteries are found to be around
-165kW. The efficiency of this case lies between 85% to 92%.

0 a*Synchronization period
|}
~ | ~21.79
< -0
‘\
= \ -39.23
S R - =
> 7 —435.00
o -40.86
©
@ -60-
-71.92
_80 | | | | | | | | | J
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
Time (Sec)
Figure 3.25: Discharging current of EVS’ batteries.
0
ﬁ'\Synchronization period 545
— ‘ -9.81
2 -0 |
bt -16.35
g h—
ch -20F -17.44
>
2
g 301
-35.96
_40 | | | | | | | | | J
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Figure 3.26: Power supplied from the EV battery.

Fig.[3.2T shows the power at the terminals of the primary iderter at each BCCS unit, while
supplying power to the DN.
Fig. [3.28 shows the pf of the BCCS unit. The BCCS unit is ogetait resonant state and the pf

is maintained near to unity, which is an acceptable pf tosfiemmaximum power in the system.
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Power at ac bus (kW)

Power factor

The DC link voltage controller controls the DC link voltaggut of three-phase inverter at the

primary side of BCCS unit, which is shown in F[g. 3.29. Thisitrol action is necessary to maintain
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Figure 3.27: Power at the terminals of inverter of individual EVs.
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Figure 3.28: Power factor of the BCCS unit.

the voltage level to make the circuit in synchronized cdodito cause the power flow.

Fig. shows the initial and final SOC of EVs’ batterieshi§ tcase. It is observed from the

figure, the EV batteries are not discharged beyond the SOi€Cdneferred by the owner.

The THD and the pf of the BCCS unit for V2G operating mode igdivTabld 3.12. The THD of

the BCCS unit is found in the range of 1.95391% to 3.08595%thagf of the BCCS unit is found

in the range of 0.9982 to 0.9991. The THD and power factoralme/able as per the IEEE standard
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Figure 3.29: DC link reference voltage at the primary side.
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Figure 3.30: Initial and final SOC of the EVs' batteries
519-1992([170].
Table 3.12: THD and pf of the BCCS unit during the V2G operating mode.
SI. No THD (%) Power factor
1. 2.939 0.9965
2. 2.5959 0.9926
3. 2.10912 0.9982
4. 1.95391 0.9984
5. 3.08595 0.9991

Caselll: EVS batterieswith low SOC and remaining batterieswith high SOC connected during
normal hours. In this case, few EVs arrive at SCS with low energy and othetts migh energy. The

Vhode IS @assumed to be low (0.95p.u to 0.97p.u). The FLC decidedaw d130kW of power for
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supporting the node. However, it is observed from TablelEM’ batteries are not able to give the

demanded power to the grid. This is because few EVs come ton#i$ow energy batteries.

Table 3.13: Summary of power and required/available energy of case lll.

Energy (kwWh)

Parameter Estor Eavail Parameter Power (kW) Crate
Ep1-Ep2 - 3.6 Pp1-Pp2 -9.81 1.23
Epz-Ena 6.0 - Pu3-Poa 5.45 0.55
Eps-Eps 7.2 - Pos-Pos 17.44 1.09
Epn7-Ens - 6.0 Po7-Pus -16.35 0.82
Epo-Epio - 13.2 Puo-Pb10 -35.96 1.49

Er 9.6x 2=19.2 Pgrid -39.232 =-78.46

Fig. [3.31£3.3R shows the battery current and power for bb#rging and discharging cases of
EVs’ batteries. In this case, the total available energy \¢§’Bbatteries is 45.6kWh and the total
energy required for charging the EVs’ batteries are 26.4kWhe grid demands -130 kW power but
the SCS could provide only -78.46kW of power to the grid. Tikidue to the redistribution of power

for low energy EVs’ batteries.

aor 42.03 3125
< 20t
E Synchronization period
> \
£ 1
g —20F X -26.12
il

-27.08
-40r -47.67

0 0.2 04 0.6 0.8 1 12 14 16 18 2
Time (Sec)

Figure 3.31: Battery current for charging and discharging case.

Fig. [3.33£3.34 shows the inverter power and the power faatdhe BCCS unit. The initial
and final SOC set by the vehicle owners for five group of EVstdras are given in Table 3.115.
It is observed from the Table 3/15, EVs’ batteries have nossed the user defined SOC limits as
mentioned in Table 3l7. EVS’ batteries are not charged atfmenaximum limit § OG,,,) and it is

not discharged beyond the minimum lim& QOG,;,) set by the vehicle owner. Besides, the variation
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Figure 3.32: Power supplied/drawn from/to the grid.

in the node voltages are also observed for three cases ofdbeged SCS. Th¥,.q. Of case | and
case |l varies from 1.053 p.u to 1.03 p.u and 0.98 p.u to 1.01\While, for case lll their is only a

marginal variation between 0.95 p.u to 1.05 p.u and 0.96q1uG3 p.u, respectively.
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Figure 3.33: Inverter power at the primary side.

Fig.[3.35 shows the initial and final SOC of EVs’ batteriesto$ tase.

An EV battery of 8kWh with an initial SOC of 2095(0C,) starts charging during off-peak hours
and reaches 90%. At 17:00hrs, the node voltage fall belowdpd the battery discharges to the grid
in peak hours. At 21:00hrs the battery reaches to 40% SO€ olvserved from the figure, the SOC

of the EV battery increases due to charging of the EV batt88M) and SOC level decreases due to
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Figure 3.34: Power factor of BCCS unit.
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Figure 3.35: Initial and final SOC of the EVSs’ batteries

discharging of the EV battery (V2G).

Fig. shows the change of SOC against the node voltaggivar An EV battery of 8kWh
with an initial SOC of 20% $ OGC,) starts charging during off-peak hours and reaches 90%. At
17:00hrs, the node voltage fall below 1p.u and the battesghdirges to the grid in peak hours. At
21:00hrs the battery reaches to 40% SOC. It is observed terfigure, the SOC of the EV battery
increases due to charging of the EV battery (G2V) and SOQC tla@eases due to discharging of the
EV battery (V2G). Node voltage variation has been obsereeddlk charging and discharging of
EVs.
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Figure 3.36: Changing the SOC level of the EV battery (8kWh, 250V) withpexs to theVgde

The THD and the pf of the BCCS unit for combined G2V and V2G afieg mode is give in
Table[3.14. The THD of the BCCS unit is found in the range 086@1% to 2.79205% and the pf of
the BCCS unit is found in the range of 0.9961 to 0.9984. The BHAD power factors are allowable
as per the IEEE standard 519-1992 [170].

Table 3.14: THD and pf of the BCCS unit during the G2V and V2G operating snod

Sl. No THD (%) Power factor
1. 1.88604 0.997
2. 2.01082 0.9961
3. 2.7486 0.9981
4. 1.98975 0.9983
5. 2.79205 0.9984

Table[3.15 shows the summary of the SOC variation of EVs'eiats. In Case |, the batteries
SOC are increased because the EVs are charging during theaifhours. The EVs’ batteries SOC
levels are decreasing in Case Il due to grid support. The pealer demand has been mitigated by
using the EVs as a DESS to supporting the grid. In Case llIEMg batteries are charging as well
as discharging due to low and high SOC level of the EVs’ bitser

CaselV: Impactson the Distribution Node. Special case has been consider to analyze the impacts
in the distribution node during the G2V operation. In thise&ahe BCCS units are not synchroniza-
tion with distribution network which means the power flowrfrgrid to BCCS unit after a random

time interval. Unsynchronized V2G operation has not beersiciered, as the power flow from EV
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Table 3.15: Summary of SOC for EVS’ batteries.

Case | Casel ll Case lll
S Occr S Ocnax S Occr S OC;nin S OQr S OC;nin/max
EV1-EV2 20 100 70 25 70 25
EV3-EV4 30 90 50 30 30 90
EV5-EV6 40 85 85 45 40 85
EV7-EV8 35 95 60 30 60 30
EV9-EV10 20 80 80 25 70 25

battery to D

N cannot taken place without the synchronipatithe charging operation of EVs’ bat-

teries without synchronization of BCCS unit to DN has beeseased in this unsynchronized G2V

operating mode. ThE€B is switched on after a random time interval without consitethe phase

sequence, frequency and the node voltage to show the impdbes DN.
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Figure 3.37: Battery current in unsynchronized G2V operating mode.

Fig. [3.37E3.4D shows various graphical results obtainatiilmmode. It is observed in the Fig.

[3.37, that large current is fluctuating in the EVs’ battefisa very short time interval and it may

damage the EV battery, PS and SS converter unit.

The node voltage suddenly increases due to without synidation of the BCCS unit and DN,

which results in the undesired sharp peak of 1.013 p.u. magmas shown in Fig. 3.89. Thggeis

suddenly increased due to proper coordination between@@3unit and DN. Therefore, the BCCS

unit must synchronize with DN for power flow in either direxti

Graphical results for the total power drawn from the nodehgyentire BCCS unit in unsynchro-

nized G2V operating mode have been shown in[Fig.13.40. Fosnitjure, the total of 120kW power
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Figure 3.38: Battery power in unsynchronized G2V operating mode.
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Figure 3.39: Node voltage in unsynchronized G2V operating mode.

has been drawn by the node as soon astBas switched on, which is settled to 113.7 kW in 0.4
seconds.

It is evident from Fig[3.37 to Fig._3.40, the power should flogtween grid and BCCS unit after
the synchronization of BCCS unit.

Table[3.16 shows the summary of node voltage before andsafpgrorting the distribution node.

Table 3.16: Summary of node voltage before and after supporting

Vnode Vnode
Case | 1.05 1.053
Case Il 0.98 1.01
Case llI 0.95-1.05 0.96-1.03
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Figure 3.40: Power drawn from the node in unsynchronized G2V operatingeno
It is evident from Fig. [3.20-3.36, that the proposed muttiqp SCS can handle the charg-
ing/discharging operation individually and simultandgusy ensuring grid voltage stability. The
Crate @and SOC limit of EVs have been maintained as per the limit gethb vehicle owner. The
individual BCCS unit power factor for V2G and G2V operatin@ae is lies between the range of
0.951t0 0.88. The THD lies between the range of 1.897% to 2/©&%8ich allowable as per the IEEE

standard 519-1992 [170]. Therefore, this CS has been mabkifor gird support during peak

power demand and also store the energy during off-peak hours

3.6 Summary
¢ In this Chapter, the multi-point smart charging stationlb@esn proposed which is connected in
the distribution node of Guwabhati city.
e The SCS has three main units such ac CCU, the CS aggregattteaBECCS unit.
— The CCU decides the power flow between BCCS unit and DN basewada voltage of
the grid, total energy availability of SCS and duration tpgsort the grid.

— The CS aggregator have the ability to distribute the refexgrower signal to EVs’ batter-

ies.
— The BCCS unit provide the power based on the CCU and CS aggregantrol signal.
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Further, the BCCS unit has three main units such as primal, secondary side and

contactless coil.

x The primary side and the secondary side, which is separateth lair-gap and is
magnetically coupled to each other. The power is transddrmm the primary to the

secondary side through weak or loose magnetic coupling.

x Primary and secondary controllers are employed on eitlderdd contactless coil to

control the power flow.

e The BCCS unit modeled has 10 charging points, which is atdedsr EVs of different battery
ratings. Each charging points of BCCS unit are designed foaamum peak power handling

capacity of 50kW.

e The complete multi-point SCS and real-time grid data of GChatiecity has been implemented

in MATLAB Simulink environment.

e The EVs’ batteries are not charged/discharged beyond th IB@ts and maximunC, 4, de-

fined by the EV owner.

e The SCS has been used for grid support during peak power deamalstore the energy during

off-peak hours.

In the next Chapter, the economic burdens (beneficiary lzdlon) to EVs owners and grid op-
erator while transferring the energy in either directiomoiff grid to EVs or vice versa) have been
presented. Also, the economics beneficiary calculatiorbkas analyzed based on the capacity loss

in the EVS’ batteries.

Note: This work, Modeling and Control of Contactless baseti$ Charging Station in V2G
Scenario has been published in IEEE Transaction on Smad.Gri
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4. Mathematical Modeling For Economic Evaluation Of Electric Vehicle To Smart Grid Interaction

4.1 Introduction

Conventional internal combustion engine vehicle dependsldased energy sources. Along with
it, the environmental issue and the regular hike in the fuekphas prompted to look for alternatives.
Electric vehicles have emerged as an alternative to the KPEckes[171]. Presently researchers are
trying to integrate the EVs with the recently developed tedbgies.

The EV'’s higher fuel efficiency, lower per km cost, eco-fdgnare some of the advantages. EV’s
disadvantages are mainly in the form of limited driving ranigigher refueling time (battery recharge
time), higher purchasing cost (due to high cost of the battéulky battery size and weight [1[72].
The EV’'s named disadvantages are mainly related to therpatteimerous research work is being
carried out to neutralize all such battery related probleifisough there is increasing demand for
EVs, but its large scale implementation remains a challerig}é’s untimely charging pattern will
create a major problem to the grid operators [173, 174].

Simultaneous charging of a large number of vehicles can teaygtid instability. This can be
avoided, if the EVs are integrated with the grid. For grids thill provide an option to minimize peak
power demanco [22, 175, 176]. Researchers are evaluatirtgthaical feasibility of the scheme and
finding the solutions to the problemis [32]. In a different mggeh, optimal scheduling for charging
and discharging of EVs in V2G scenario has been developé€d [64/2G scheme, the peak hour
energy supplied by the EV to the grid depends on the battgrgaity. The battery capacity represents
the maximum amount of energy that can be extracted from ttieripaThe battery capacity is affected
by capacity fade (CF) or capacity loss (CL). Capacity faddirectly proportional toC, and D,
[177,/178]. The capacity of the battery also decreases wathsage and with time (due to its self-
reacting chemicals).

Though the above paragraph has established the techni@itades of V2G, but to practically
implement the scheme it has to be checked on the scale of ascial feasibility. The economic
aspects of V2G have been reported in various literaturesl[79]. Coordinating V2G services for
energy trading has been discussed in [179].

Integrating the EV to the grid results in capacity loss ofltlagery, which mainly depends @,.

This capacity fade results in energy loss. Battery capgghdimainly affected due to the CL during
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V2G interaction[[9, 68, 74,174,177, 180-184]. This lossepehdent on the chemical structure of
the battery. Hence, this is a characteristic loss which eaembe eliminated. The CL results in
financial loss to the EV owners. Also while replacing the &aitits high cost becomes a burden to
the EV owners. For the EV’s to sustain, EV owners should ness money specially due to V2G
interaction. The vehicle owners will cooperate with thedgvperators only if they are financially
benefited. The grid operators also have some constraintseecemiount of money it can charge from
consumers and the amount with which it purchases energytiherieV ownersl[B]. In this work, a
method has been described for the grid to minimize peak htengg demand by considering the EV
as an distributed storage source. Further the energy énrabsfween the grid and the EV has been
discussed at differer@;, D, and some of the important financial results have been ardilyze

The main features of the model have been summarized below:

(i) For the bidirectional flow of energy between the EV andlgthe monetary calculation for per
km transportation becomes complex. This Chapter has masledmplex calculation into a

fairly simple calculation using a set of equations.

(i) As integration of the EVs to the grid is arguably profikabthis work compares the per km
transportation cost for the EV with and without integrattorthe grid. It has found that due to
peak hour transfer of energy between the EVs and the grighehlem cost for the EV integrated

to the grid is higher.

(i) Capacity loss has been determined for the integratibthe EV'’s to the grid. Based on the
capacity loss, all the major financial calculation have baéeme, i.e., the economics related to

the capacity loss has been analyzed.

(iv) The capacity losses in the integration of the EVs to thd fpr different charge/discharge rate

have been calculated.

This Chapter is organized as follows: Section| 4.2 presdrgscapacity loss model of Li-lon
battery. The mathematical model for economic evaluaticgh@f/2G has been formulated in Section
4.3. In this section the process of bidirectional energydfer between the EVs and the grid has been
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identified and analyzed. In sectibn 4.4, a scenario has besyzed where the EV is not integrated
to the grid. The cost benefit related calculations for engrgysferred from grid-to-vehicle (G2V)
and vehicle-to-grid (V2G) are discussed in Secfion 4.5hisgection the energy flow from V2G and

G2V is analyzed at differer@, andD,. Sectiori 4.6 summary of the present work.

4.2 Capacity Fade/Loss Model

In this section, mathematical model for capacity loss ofENebattery is presented. The electric
equivalent circuit (EEC) for EV battery is given in Fig._ 2.Bhe EEC model has three parameters:
an open circuit voltage\), internal resistance}{ andR,) and capacitanceC). This model is
used to determine the circuit parameters for diffe@nandD,. The battery parameter values are
different for the different charge or discharge rate. Thiédog parameters are determined using the
measured value of the battery manufacturer’'s charagtsridata. If the charge or discharge rate is
constant, the electrical equivalent circuit parametBis R, C andV,) are approximately constant
from 20% SOC to 100% SOC, but changes exponentially from 0% 8020% SOC. This is due
to the electrochemical reaction inside the battéry [39].e Thariation of small parameters among
the curves for different charge or discharge rate indich#t these parameters are approximately
independent of charge or discharge currents. The matheshegpresentations fd#;, R, C andV,
under constant current charging conditions are given i@, Sectiof 2]2.

The terminal voltage\(g/dj) of charging/discharging scenario is given in Eq. §(2.5) Bad (2.6).
The terminal voltage of the battery equivalent circuit deggeon the parameters of the polynomial
equation. The quantity of energy stordek,) to charge the EV battery depends on the SOC of the
battery which is given in Eq[L(2.13). The total processed@néPE.) for charging scenario is given
in Eq. [2.14. The energy availabl&g,;) from the EV battery can be calculated from Ef. (2.15).
The processed energR ) for discharging scenario is given in Hg. 2.16. Using Eql%2and Eq.
(2.16), the total processed enerdy(a) of the EV battery is defined as the sum of processed energy
for charge and discharging scenarios.

It should be noted here that the total processed energy iequal to the energy that can be

processed. The total processed energy is the sum of theyathattghas been injected and extracted
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from the battery. For example, assuming a 20kWh batterk\i¥b is extracted from it and 5kWh is
injected back into it, then the total processed energy i8Ml2kWhereas the total energy that can be
processed is 40kWh, i.e. if the battery is new and has 100% tR&€C20kWh can be extracted from
it and once its SOC is 0% then 20kWh can be injected into it.

The amount of energy that can be extracted from the battesyoned in the battery decreases
rapidly due to the CL in the EV battery. The CL mainly dependdatal processed energy during
charging/dischargind;,, D, and temperaturé [180F, andD, varies with respect to the grid condi-
tion [185]. Therefore, a mathematical model is requiredredet the CL at differentC, andD,. The
battery capacity depends on certain specified conditiocis asC,, D,, SOC and temperature [181].

In this work, room temperature has been consider. The mattieshmodel for CL at differenC;

andD; is given in Eq. [(2.2B).

4.3 Mathematical Model for Economic Evaluation

Due to the bidirectional energy transfer between the grditaa EV, determination of the amount
of money that the consumers (who uses the EV for transpomnjatiave to pay becomes complex.
Normally, the electricity tariff is based on peak and ofagéours demand [186]. However, due to
the bidirectional energy transfer, the current tariff stame is not suitable for the immediate future.
Therefore, a model should be formulated such that large stgdlementation of EVs does not result

in a complex financial calculation. This section discusses s possible model for V2G.
4.3.1 Notations
While doing the mathematical modeling we need to define fetatiams and they are as follows:

e (s the total capacity loss of the EV battery in Ah. Using Eq28), q can be mathematically

represented as:
q=>qf (4.1)

4.3.2 Assumptions

The following assumptions have been made.

e Peak hour is that period of the day when the demand for thérielglcenergy is maximum. On
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an average, the duration of peak hour is assumed t?drfethe day i.e 8 hours [187]. So the
duration of off-peak hour is 16 hours. Therefore, the tota&rgy consumed by EV in a day can

be mathematically represented as:

Etotal = Epeak+ Eoff—peak (4-2)

where,Ea Is the total energy consumed in kWH,, is the total energy consumed during
peak hours in kWh anlf,¢r_peak IS the total energy consumed during off-peak hours in kWh.

Using Eq. [4.2), the monetary equivalent of energy consuraedoe represented as:

A= RpeakEpeak+ R:)ff_peakEoff—peak (4-3)

where Ais the total money to be paid for energy consumptRs); Ryeaxis the tariff of energy
during the peak hoursis)/kWh) andRy; .., is the tariff of energy during the off-peak hours

((Rs)/kWh).

e EV owners are the proprietor of the EVs. The consumers arpebple who use the EV for
transportation only. In terms of EV to grid coordination, B¥ners are the participants in V2G

and G2V scheme. Consumers are participants only in the GB&hse.

e When the EV owner uses the EV, the owner itself becomes it®oes as it (the EV owner)
pays for the cost incurred for transportation. The EV owaeidthe consumers are the different

entity for the same EV.

o Efficiency of the EV battery has been assumed 90%. This lovfieremcy is due factors such

as heat, faulty electrical components, étc [188].

e Scheduling of peaks hours power plant is very costly as veetlamplex. Also the cost of the
battery is very high. So whenever energy is required by tieg grthe EVs supply it then it

gets money. So, it's economically beneficial for both the B¥d the grid operators.
e For ease of calculation, all the financial and energy traimascare calculated on per day basis.

The sample calculation has been demonstrated in the AppEhdihe next subsection discusses

about the energy required by the EV battery.
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4.3.3 Energy Required by EV Battery

To supply the energy, the battery has to charge itself (stoe¥gy). For a battery with 90%
efficiency (assumed), 10% of the energy supplied to it by the ig always lost. Therefore, 90%
input energy to the battery should be equal to the energyinemjby the battery. Mathematically, this

can be represented as:

(%) E% = Estor

4.4
Ei% = Estor X (%)) ( )

0
where,ES is the input energy to the battery provided by the grid. The gperators will charge

the EV owners depending upon the total quantity of energgamed by the battery. Using Eq. (4.3),

the amount paid by EV owner to grid operators is given by thievieng equation:

APgyg= CX + C'X’ (4.5)

where, AP.q is the total amount of money paid by the EV owners to the gridrators during
a complete day is the total quantity of energy supplied by the grid to the Eftéry during peak
hours,c’ is the total quantity of energy supplied by the grid to the EAttéry during the off-peak
hours,x s the tariff paid by EV owner to grid operators per kWh durpegk hour Rs) andx is the
tariff paid by EV owner to grid operators per kWh during o#gk hour RS).

Using Eq. [(4.5), the total energy supplied by the grid is étpue+c’. Assuming grid transmission
lines to be lossless, this energy is also the input energyetdattery. Therefore, this energy is equal
to EZ. Mathematically, this can be represented as:

y — EG
c+c =Ep

v _ Estor
= C+C = 09

(4.6)

The EV battery has been charged wif, the energy that can be extracted from EV battery which
is less tharkg,,. Using Eq. [(2.16)E.v.i is the energy that can be extracted from the EV battery. The
next subsection describes the possible quantity of ené@agytihe EV can supply to the grid during

stress.
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4.3.4 Peak Hour Energy Supplied to Grid

During the V2G interaction the battery exchanges energly thid grid. This also results in capac-
ity fade. The total capacity loss is calculated using the Gihith is mentioned in Eq[(4.1). This
equation provides a easier method to calculate capacy los

If the EV has sufficient energy after its transportation disen only the EV can support the grid.
For a battery with nominal capacity, the minimum level up to which the battery is usable for grid
interactions and its daily requirements for transportaparposes i§. The value of% chosen for
transportation requirements is user defined. It has beeseahso that the initial energy that the EV
can give to the grid, after the losses, is at least 50% of titielienergy that the EVs has extracted
to charge its battery. The EV owner invests in a battery thatstore 3 times the energy due to the

following reasons:

e EVs can support the grid during stress.
e To match performance of the conventional vehicles, EVsirega large battery.

e EVs can sustain itself in sudden requirement of long distdravel. Fuel engine based vehicle

has the option to instantaneously refill itself, at preskatiEVs does not enjoy such facility.

The EV has remaining energﬁ%—?), which also includes the losses. Mathematically,

Evanspor = 2 @7)
Erem = ZEgva" (4.8)

Eq = K(Erem) = Zkiava” (4.9)
E = K (Erem) = 2K iava” (4.10)

where, Eqanspor IS the energy used by EV for the transportation purp&sg, is the energy re-
mained in the system after its usage for the transportatiopgsek is the percentage of energy loss
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due to CL,K is the percentage of energy loss due to other reaghns the energy loss due to other
reasons such as faulty circuits, components, etcEand the energy lost due to capacity loss. This
CL is due to grid interaction and as well as transportation.

The EVs are available in the parking bay [22, 23], thus candael dor interacting with grid. The
battery energy that can be sold back to grid during peak hdissequal to remaining energy in the

EV battery minus losses. Mathematically,

Epos = Erem - Eq - E| (4.11)

where,Es is the possible amount of energy available in the batteryydha be sold to the grid.

Substitute Eq.[(4]8), Eq.(4.9) and EQ. (4.10) in Eq. (4.11).

Epos = % (1-k-K) (4.12)

It must be noted here that the energy sold by the EV owner tgrideoperators may be different
from the possible amount of energy available in the battérys the EV owners who decides and
supplies the amount of energy to the grid. The above scersaviaidated with the assumption that
the grid obtains as much peak hour energy as provided to tfi@e quantity of energy received by
the grid depends on the discharging efficiency of the batteoy a 90% efficient battery (assumed),

the energy obtained by the grid can be mathematically repted as:

90
Etrans = (_) Esup (4.13)

where, Eyans is the actual amount of energy that the grid obtains from tWeakd Eg,, is the
amount of energy supplied by the EV battery to the grid. ThepBed energy Es,) is equal to the
possible energyRos) available for grid support. Therefore, substitute EqLZ}in Eq. (4.18B).

90
Etrans = ( ) Epos (4-14)

100
The grid operators pay for the quantity of energy actualbeieed from the EV. Using EgL (4.3),

the amount paid by the grid operators to EV owner is given kyfdllowing mathematical equation:

APge= SX%+SXy’ (4.15)
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where, APy, is the total amount of money paid by the grid operators to tHeofners during a
complete daysis the total energy obtained by the grid during the peak ha&lis the total energy
obtained by the grid during the off-peak houxgjs the tariff paid by grid operators to EV owner per
kWh during peak hour energyR€) andx; is the tariff paid by grid operators to EV owner per kWh
during off-peak hour energyR(s). Using Eq. [(4.16), the total energy obtained by the gricijisad to

s+ s. Mathematically, this can be represented as:

S+§ = Etrans

= S+ 9 = (%) Em

(4.16)

4.3.5 Capacity Loss Compensation

For a battery, charging is the process of accumulation afggrend discharging is the process of
dissipation of energy. The process of charging and disaingufgr one time completes one battery
life cycle. Due to natural limitations, the usage of a batierlimited to a fixed number of cycles,
after which the battery is of no use to the EV owner. e, be the depreciated value of the battery
aftern number of cycles of V2G interaction. The battery is expettddstn’ number of cycles. The
average per unit cost of the battery in terms of number of VQﬂeasnM So aftem number of V2G

interactions, the depreciated value is given by the follmynathematical equation:

n

where,M is the initial cost of the battery ande, is the depreciated value of the battery after
number of cycles. The energy lods,} due to capacity loss is estimated by running the iteration o
CL modeln times and assuming that orly, amount of energy is being exchanged from the battery.
This is an additional loss to the EV owners. Therefore, tHeyugd be compensated for this loss.
The sum of compensation money charged by the EV owners sheuipieater than or equal to the
monetary equivalent of the energy lost due to degradati@apécity of the battery. This will ensure

that the EV owners are beneficiary participants. Matherabyic

Cm > Me (4.18)
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where, C,, is the compensation money for energy loss &mdis the money equivalent of the
capacity lost. The capacity loss mainly depends on the nuofteycles of V2G interaction and the
energy associated with it [180]. In this work, the SOC linastbeen assumed from 20% SOC to 100%
SOC for charging scenario and 100% SOC to 20% SOC for distigasgenario. If the SOC limit is
interrupted, then the amount of energy processed for amguagid discharging scenarios will change.
As the capacity losses also depends on the processed epegafging and discharging scenario,
the capacity losses will have different value if the SOC timinterrupted. The compensation money
is calculated using the above mentioned factors. Matheaibtiit can be denoted as:

Cm < NPE;q

or (4.19)
Cm = ana/d

where,z is the compensation money charged by the EV owners for dgplasis andPE; g is

the processed energy for chargim®;) and dischargingRE;) scenarios. With time and usage, the
battery does not provide the energy it had provided in thg fiest cycle. This generates a loss of
energy as well as loss of money. Therefore, the capacitydiosald be compensated. As capacity
loss is a permanent loss, it can only be compensated in teérmsmey. Hence, the capacity loss is
compensated, then the financial losses for the EV owner kes teare off. The maximum energy
available from the battery iIE,.41. SO0 the cost of per unit of battery §A—I This per unit battery
cost is true only when the total energy can be used. For toatagon purpose, the maximum energy
that the battery can use is upiqa—”. The remaining energy |%Egi" which also includes the losses
(capacity and other loss). The capacity loss depends orutéer of cycles of V2G interaction, go
is calculated using the depreciated value of the battergréfbre, the per unit energy cost which also
includes the losses of the batteryi'\f'ié—';. Hence, the monetary equivalent of the capacity loss of the
battery can be mathematically reprsesented as:
_ 3Mgep

2E aail
Using Eq. [(4.17) to Eq[{4.20) the above condition is forrnedaas:

Me

Eq (4.20)

3Mdep

nzPE,q >
/ Eavail

Eq (4.21)
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12 —————
2EavaiInPEc/d

Using Eq. [4.211) and Eq_(4.P2), the valuezafan be determined. It should be noted that the EV’s

(4.22)

CL is due to grid support during peak hour. Therefore, girdrapors provide compensation money to
EV owners for capacity loss. Eventually the grid recoves ttost from the consumers while selling
the energy in peak hours. The next subsection presents thersrof money that has to be paid by

the grid operators (for peak hour energy) to the EV owners.

4.3.6 Determination of Tariff for Grid Operators

The high cost of batteryM) and the capacity loss of the battery are the major finanaiailities

to the EV owners. For EV owners, these liabilities can belaited as losses. Mathematically,

Tioss =2+ Mdep (4.23)

where, T\oss IS the total losses to the EV owners during V2G interactiohe Total cost price of
energy for the EV owners is the sum of the money paid to thegpétators to charge the EV battery

and the loss incurred during V2G interaction. Mathemajcal

APcp = APevg + Tloss
= APevg +Z+ I\/Idep (4.24)
= APgp = CX+CX +Z+ (”n—"")

where, AP, is net cost price of the energy for the EV owners. In Eq._(4.24nd Mgep are de-
pendent on the full battery discharge. It may take days orthsoor years for the battery to discharge

completely. Therefore, Ed._(4.24) has to be normalized higtatatically,

74 OM
Asp=CX+CX + 5 i (4.25)

n

where, D, is the number of days the battery takes to depreciate iteevawero. D’ can be

mathematically represented as

Dp= — (4.26)
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where,n’ is the maximum number of cycles that the battery can chaiggdrge in its life span
(this value is fixed by the manufacturer) amtlis the average number of cycles of daily G2V inter-
action. From the economic point of view, this cost price ltalsd raised by selling energy to the grid
operators. Mathematically,
P Yo APy = AP,

oM 4.27
= CX+ X’ + 20 (4.27)

+Dn = SX%+SXy

EV owners to get profit, tariff paid by grid operators to EV @wper kWh during peak houky)
should be greater than tariff paid by EV owner to grid per kWihing peak hourx) and tariff paid by
grid operators to EV owner per KWh during off-peak hoxfj) @reater than tariff paid by EV owner

to grid per kWh during off-peak houx(). Mathematically,

Xo > X

Xy > X' (4.28)

The cost of per kWh energy charged by the EV during sellingasathan the money it had paid to
buy the energy. The cost charge by the EV also includes therpaiost and the capacity loss. As the
result EV always gains money, whenever they sell energyagtia. \While the cost of battery is very
high, but participation of EVs in V2G can be safely assumedn€et the peak hour demand, the grid
may install extra generators. Functioning of these geoesatre very economically costly and also
very complex. So buying energy from the EVs to meet the peak boergy demand is economical
more beneficial for the grid. So by participating the EV ovenaliso can obtain the battery cost from
the grid. So this is also beneficial for the EV owners. The sekisection determines the amount the
consumers (passengers) have to pay for EV transportativicee
4.3.7 Determination of Tariff for Consumers

The grid had supplied enerﬁ%) to the EV. The EV pays for it and the grid operators obtain its
cost price. When the EV sells back the ene(r@QEsup) to the grid, the EV gets its money including its
battery price. So if the consumers pay@BEsup), then the total quantity of energy exchanged during
the complete process is financially accounted. Using[E),(the amount paid by the consumers to

grid operators is given by the following mathematical ecprat
Acg= S¥X+SX1’ (4.29)

where A is the total amount of money paid by the consumers to the gredadors during a complete

TH-1265_KANNANT

113



4. Mathematical Modeling For Economic Evaluation Of Electric Vehicle To Smart Grid Interaction

day, x; is the tariff paid by consumers to grid operators per kWh geak energy (Rs.) and, is the
tariff paid by consumers to grid operators per kWh off-pealrrenergy Rs).

Grid operators to get profit, tariff paid by consumers to gqerators per kWh peak hour energy
(x7) greater than tariff paid by grid operators to EV owner pertkiNiring peak hounx) and tariff
paid by consumers to grid operators per kWh during off-pealc X)) greater than tariff paid by grid
operators to EV owner per KWh during off-peak hoxy Y. Mathematically,

X1 = Xo

X' > Xyt (4.30)

The next section presents the scenario where EV uses itdemenergy for transportation with-

out supporting the grid.
4.4 Electric Vehicle Without Supporting the Grid

This section presents the scenario where EV is not supgadittie grid during peak hours. The
EV uses its complete energy for transportation. An EV witlatidry of 80% SOC, nominal capacity
100 Ah, constant terminal voltage 400 V and 90% efficiencyldesn considered in this Section. The

capacity of the battery for the complete life cycle for diéfetC, andD, is shown in Fig[4.11.

v
v 1c
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Figure 4.1: Capacity loss for a 40 kWh battery without grid-interaction

The critical level (or value) has been chosen based on therpatapacity. When the battery
capacity is reduced to 46.65 Ah, the corresponding cyclebauris called critical value. Using Eq.
(@.4) and Eq.[(4]5), the financial parameters are calcukatecare listed in Table 4.1. It is observed

that the average per km transportation cost for-1D, to 3C,-3D; is almost same. This is due to the
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fact that the per unit battery cost is almost same for allGh®, .

Table 4.1: Average financial value for a normal EV

1Cr'1Dr 2Cr'2Dr 3Cr'3Dr
Battery reaches its 2664" cycle 2461 cycle 2354 cycle
critical level
Consumer pay to
Grid (Rs) 254.84 264.13 269.78
Cost/Per kmRs) 1.13 1.17 1.20

The next section presents the cost benefit related calontator a model where EV is supporting

the grid during peak hour. This section discusses the fiahaspects of V2G and G2V.

4.5 Analysis of Energy Trading Scenario Under Different Chaging/Discharging
Rates

Among the present types of batteries, Li-ion battery hasweskelf-discharging rate. Also Li-ion
battery has better energy density, long durability, lowt@® intrinsic safety when compared to
other battery types [189]. Therefore, Li-ion battery hasrbeonsidered for this model. Nowadays
the Li-ion battery is widely used in the EV. Generally the E&&s battery which ranges from 20kwWh
to 55kWh [190, 191]. In this work, a 40 kWh battery system hasrbconsidered.

For a 40 kWh battery system, the voltage and current asgolcwath it must be high. With high
current, the 2R loss increases. Therefore, a nominal value of current isete® minimize this loss.
For the present work, a battery with nominal capacity 100 Ath @onstant terminal voltage of 400 V
is considered [192].

The total CL is mathematically calculated using EqQ. 1(4.1}.pfesent, the parameters required
in Egq. (4.1) are not available for the required battery. Herthe parameters of a chosen battery
are theoretically (by simulation) expanded to meet therddstondition. Here a SONY 18650 US
battery has been used to produce the required data. It sheuldted that the battery parameters and
its associated characteristics varies with respect tojgte df battery and its manufacturer.

Assuming SOC of the battery to be 80%, the maximum energydduatbe extracted from the
battery is 32 kWh. After complete discharge, the batterytbdse charged with 32 kWh of energy.
Out of this, 10.67 kWh @‘) is used for transportation and 21.33 k\/\@ﬁC{Z(WW) is the remained

energy that can be used for grid support. This 21.33 kWh aistudes the losses. The energy
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required for EV’s transportation is constant, but the epeugpplied by the EV to grid during peak

hour decreases as capacity of the battery decreases. Matbaihy,

EStOI’ = SZ(Wh
Erem = 2 (32kWH = 21.33kWh (4.31)

The CL of the battery results in its lower energy storing dalgg. The battery can be used till it
supplies sufficient energy for EV’s transportation. Theref the battery is useful till it can store and
supply 10.66 kWh. Hence, the useful energy that the battgwplges for supporting the grid is 21.34
kWh (32 kWh - 10.66 kWh). The constant terminal voltage is ¥0Therefore, the useful nominal
capacity range is 53.35 Ah (21.34 kWh/400 V). Hence, thesbait useful till its nominal capacity
has reached 46.65 Ah (100 Ah - 53.35 Ah). Tilecycle, until which the battery is useful, is said to
be the critical point of the battery. In this modelis the critical point and it is the maximum number

of cycle of possible G2V and V2G interaction.
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90 . el / Energy losses due to
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70_ / \\\\\\\ /
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Figure 4.2: Capacity loss for 53.33 kWh energy interactions of a 40 k\Wtelpa (1C,/1Dy).

The capacity of the battery during the complete life cycldemdifferentC, andD, are shown
in Fig. [4.2 to Fig.[44. The graphs are expectedly similadgréasing in nature, as it represent
the capacity of the battery. This decreasing in the capasitiue to the capacity loss. The graphs
obtained are linear in nature. It has been claimed by sonteeahtanufacturers that the capacity loss

are linear in nature. In this work the capacity loss are dated using base values (data) provided
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by the manufacturers. In the above graph the only differdiesein the number of cycles required
to reach the critical valuenf. As the CL is directly proportional to th€, andD,, higherC, or D,
degrades the battery very quickly. This can be seen il E&todrig.[4.4. While &,-3D, takes 2041
cycles to reach its critical stateC22D, takes 2544 cycles andC]-1D, takes 2801 cycles to reach its

respective critical state.
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Figure 4.3: Capacity loss for 53.33 kWh energy interactions of a 40 kWttela (2C,/2D;).

To calculate the monetary equivalent of the energy loskes;dst of the battery is required. The
optimum cost of a high energy Li-ion battery is approximatete 7,500 Rs)/kWh, so the total cost
of purchasing the 40 kWh batteryyl) comes out to be 3,00,00R§) [193].
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Figure 4.4: Capacity loss for 53.33 kWh energy interactions of a 40 kWitelpa (3C, /3Dy ).
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For mathematical calculation, certain parameters ara@ssand they are as follows:

e The EV charge their battery during the off-peak hours. U&ing(4.6),c = 0 andc’ = EO—‘Q
e The EV supports the grid during peak hours. Using EQ. (4.46)0.9Es ,ands =0

e The peak rate of energy consumptiog) (s assumed to be 40% higher than the off-peak con-

sumption ratex)). xi= 1.4(x")

e The off-peak hour electrical tariff in Assam, India isRg)/kWh [8]. During charging, the EVs

are consumer to the Grid. Therefores 5.6 (Rs) andx = 4 (Rs).

e The EV will charge itself during the off-peak hours and supgee grid in the peak hours. This
process will take a complete day. Therefore, the averagédauof daily grid interactions can

be assumed to be 1. Mathematically it will represent’as: 1.

¢ Using Eq. [4.26), the number of days, required by the battecpmpletely discharge is shown

below:D, =& =% =
e An EV with 40kWh battery is expected to give a mileage of 225pen charge [194].

e Let the profit percentage @ Using Eq. [(4.30)x; can be mathematically represented as:

X1 = Xo (1 + 1—80) (4.32)

In this modelp has been assumed to be 0.1% such xha¢mains as low as possible.

Using Eq. [(2.1b), EqL(2.17), EJ.(4.7) - EG. (4.10), Eq. ¥ .4nd Eq.[(4.24), the compensation
money for capacity loss forQ;-1D;, 2C,-2D, and X,;-3D; is shown in Fig[ 45. The compensation
money is highest for G;-3D,, when the battery discharges comparatively faster tl&nrlD, and
2C,;-2D,. This is due to the fact that per cycle battery cost is highe8C,-3D,. So, ;-3D; is the
favorable case for the EV owners. It can be observed fromrdyghgthat thez is lower than expected.
With capacity loss the ratigﬁ increases, but the rati?; decreases very quickly, &S, increases
with each cycle. Alsm in the denominator further normalizes the compensationaporhese factors

contribute to the low compensation money for capacity ltsshe work, the total processed energy
TH-1265 KANNANT

118



4.5 Analysis of Energy Trading Scenario Under Different Chaging/Discharging Rates

has been considered for calculating the compensation nfonegpacity losses. This can be replaced

by the processed energy during discharging process, whereyuired.
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Figure 4.5: Compensation money charged by the EV owners for capacisydbthe battery.

Using Eq. [4.11) and Eq[(4.114) the net energy obtained bytiieduring V2G interaction is
shown in Fig[4.6. Maximum energy is transferred during tre Gycle and least during the last. The
per cycle average transferred energy is same @rf1D,, 2C,-2D, and ;-3D,. As n is more for
1C,-1D,, maximum quantity of energy is transferred in this case.ddedC,-1D, is the most useful

case for the grid as it gets the maximum possible energy.
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Figure 4.6: Energy obtained by the grid in kwh during V2G interaction.

Using Eq. [[4.211), Eq[{4.26) and Eq.(4.27), the tariff paidjiid operators to EV owner per kWh
energy &) is shown in FigL4l7x; is linearly increasing upto 1401 cycles. Therefore, ony/lthear

part ofx, has been shown in the graph. Since the EV deals in money othiythg grid operators, this
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is the only way to generate profit for them. The EV accommaiggdinancial liabilities by charging

a higher tariff for the peak hour energy (from grid operatovgith decreasing capacity of the battery,

the energy supplied to the grid goes on decreasing and itsgaes on increasing. This scenario

is due to the fact that the cost of energy for the EV remainsstitee, but the quantity of its extra

energy for selling becomes less. So to recover the monefg\theharges a higher tariff. The tariff is

inversely proportional to the quantity of energy sold by B\éto grid. x, is maximum at the critical

point.
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Figure 4.7: Tariff paid by grid operators to EV owner per kWh energy.

Using Eq. [4.11) to Eq[{4.15), the money paid by the grid afmes for grid stress energy to the

EV is shown in Fig[4.B.
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Figure 4.8: Money paid by the grid operators to the EV for the grid stressgy.

Using Eq. [(4.16), Eq[(4.29) and E@. (4.30), the money paithbyconsumers (for transportation
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usage) to the grid operators is shown in [Fig] 4.9.
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Figure 4.9: Money paid by the consumers to the grid operators for theggnesed by EV for transportation.

As the variation in the compensation money for the CL is vewy, Aje, andA., is almost constant
for the complete battery cycles. The money paid@-1D; in both cases is lower when compared to
2C,;-2D, and X,-3D;. This is due to the fact that inCL-1D, the per cycle battery cost is lower when
compared to €,-2D, and X,-3D,. Hence, the average cost price of energy for the EV is lower in
1C-1D.,.

The grid operators and the EV should benefit for their servie® the EV owners, cost price is
the money paid for obtaining the energy to recharge thetyadted revenue is the money obtained by

providing grid services. Mathematically, the EV’s profidegrid operators’s profit can be denoted as:

profit = revenue- costprice (4.33)

EVprofn — APgeV_ AP(;p (4.34)

For the grid operators, cost price is the money paid for obigithe energy from the power
generation set-up and the EV owners (during grid stressyarehue is the money they obtain from

the EV owners (charging the EV) and the consumers (traresipan.

Gridproﬂt = Apcg + APevg - Apgev_ APcpg (4.35)

where,AP; is the cost price of the energy which is sold by the grid oesato the EV. Using

Eq. (4.15%), Eq.[(4.25), Eq_(4.26) and EQ. (4.30), the prafihgd by the EV is shown in Fig._4110.
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Figure 4.10: Profit Obtained by EV per day for transportation and V2G ité&on.

Using Eq. [4.5), Eq[(4.15) and Eq. (4129), the profit gaingthie grid operators is shown in Fig.
4.11.
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Figure 4.11: Profit obtained by the grid operators per day in V2G inteoacti

While EV profit increases with battery cycle, grid operatgofit is almost constant for the
complete battery cycle. This is due to the fact that whileEMeowners receives the compensation
money for the CL, the grid operators does not receives anly inancial benefits. Also the profit
gained in both the cases are extremely small. The profits eaesirably increased by manipulating
Xo. Here the least possible value xf was considered such that the consumers had to pay the least
possible amount. when compare@, 3D, proves to be a better option for the EV owners and the
grid operators. In this model the battery has been assumedtd its zero depreciated value when

its capacity reaches 10.66 kWh or 46.65 (Ah). In reality thastery can again be used for different
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purposes. So this depreciated battery is also worth monahwhries locally. This turns to be added
profit to the EV owners. Also the consumers pays for the enéuagiyng grid stress. So this energy is
available to the grid as zero cost energy, which it sells tageextra profit.

Using the above data (Fid. 4.5 to Fig._4.11) the average salfithe parameters are listed in
Table[4.2. It is observed that the money paid by the EV to tlek gperators is same forCl-1D,,
2C,;-2D, and X;-3D;. Ideally the EV should be penalized for fast charging. Angaity for the EV
will result in a higher tariff for the grid operators, whichlifforce the consumers to pay more. To
avoid financial burden to the consumers, the EVs are not jzedal Tabld 4.2 also shows the cost
per km for differentC, andD,. 1C,;-1D, is the most favorable case for consumers. Also, it can be
seen that the average energy required during grid stres4ikBvh and the EV uses 10.66 kWh of
energy for transportation. So the passengers (consunegys)igr 50.75% of the net energy used for
transportation. This will prompt the consumers to willipgly for the grid support energy.

Table 4.2: Average values of the financial and energy transaction.

1C, - 1Dy 2C, - 2D, 3C, - 3Dy
Battery reaches its critical level 280tycle 2544 cycle 2041 cycle
Zmin (RS) 0.97 1.06 132
Energy obtained by Grid (kWh) 5.41 5.41 5.41
Aoy (RS) 250.54 26152 290.82
Aveg (RS) 142.223 142.223 142.223
Acg (RS) 250.30 261.12 290.53
% (RS) 46.31 48.36 53.73
EV profit (Rs) 0.97 112 1.32
Grid profit (Rs) 0.25 0.26 0.29
Cost/Per kmRs) 3.34 3.49 3.88

Using Tablé 4.11 and Table 4.2, it can be seen that the EV stipgdine grid during peak hour has
a higher average per km transportation cost when comparad E)/, which is not supporting with

the grid. But still integration of the EV with the grid is mauseful, as stated by the following points:

e It supports the grid when required.

e The consumers pays for almost half the energy (it had usetldonsportation) at an escalated

price. With technology development this price is expecteble lower.

With technological development, this is also going to berfmally beneficiary. Also in grid

supporting scheme, only one-third of the total energy isldsetransportation. In the other scheme,

TH-1265_KANNANT

123



4. Mathematical Modeling For Economic Evaluation Of Electric Vehicle To Smart Grid Interaction

all the energy was utilized for transportation. This is thaimmcause for the higher per km cost of
transportation for the EV integrated with the grid. Intégma of the EV with the grid is desired, as

this will enable an option for grid support when required.

4.6 Summary

¢ In this Chapter, a mathematical model for economic evaduaif EV to grid interaction taking

into account the capacity fading/losses of EV battery is@néed.

e The economic evaluation of the bidirectional energy trangfbm V2G and G2V was formu-

lated.

e The bidirectional energy transfer between EV battery anmdl lgsis been discussed at different

charge and discharge rate.

e The capacity wear (loss) model was used to study the perfarenaf battery during V2G

interaction.

e The energy transfer between EV battery and grid, the monelgaayged among the grid and

EV owners was determined such that all are benefitted.

e The objective of this work is to determine the optimal coselgctricity so that both,the grid

and the EVs owner are beneficiary.

In the next chapter, conclusions of the present work and th&vation of future research based
on the grid support during the peak power demand and storertergy during the off-peak hours

have been presented.

Note: This work, Mathematical Modeling for Economic Evaioa of Electric Vehicle To Smart

Grid Interaction has been published in IEEE Transaction am& Grid.
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5. Conclusion and Future Works

5.1 Summary of the Present Work

The objective of the work presented in this thesis is to rategthe peak power demand and
store the excess amount of energy in EVS’ batteries duriagg pad off-peak hours. To address this
issue, electrical equivalent circuit based mathematicadehfor EVs’ batteries has been developed,
which estimate the performance characteristics of EVeebas. The validation of the model has
been carried out by comparing the simulated results withrélaktime battery data obtained from
four manufacturers’ data sheets. Further, an SCS has beetoded based on the battery model
and fuzzy logic controllers, which control the power flowween EVs'’ batteries and grid. Also, this
thesis focuses to predict the capacity fade at differengehand discharge rate and beneficiary model
of EVs owners and grid operator for vehicle-to-grid intéi@a.

In Chaptef 2, an accurate electric circuit based BM and CFMUdeen proposed. The BM pa-
rameters are extracted by using genetic algorithm. Theloleed BM and CFM performance char-
acteristics are compared with battery manufacturerslegi# such as voltage, power, energy, total
processed energy and capacity fade. Four different battanufacturers’ data are used for validating
the result. The proposed battery and capacity fade modeksimiple and it accurately represents the
charge and discharge curves of the manufacturers’ datéssiide simulated values of capacity fade
were found to be in good agreement with the manufacturets’ atadifferent cycle numbers.

The multi-point SCS has been proposed in Chapter 3. The S€$hhee main units: CCU,
the CS aggregator and the BCCS unit. The CCU together witlCeggregator has the ability
to decide and distribute the power flow between EVs’ batteaied the grid. Thus, this approach
does not require extensive off-line optimization or driyipattern, except the real-time information
of grid and the EVs’ batteries. The BCCS unit modeled has Hdgthg points, which is accessible
for EVs of different battery ratings. Each charging poinBs&£CS unit is designed for a maximum
peak power handling capacity of 50kW. The complete multrp8CS is verified with a real-time
grid data of Guwahati city. The control algorithm proposethiis work considers the limits preferred
by EV battery owner regarding the batte§OG, andC,4e. It is observed that EVs’ batteries are
not charged/discharged beyond the SOC limit and maxif@gmprescribed by the EV owner, which

proves the effectiveness of the proposed system.
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5.2 Complete V2G System and Control Architecture

In the last part of this thesis work, a mathematical modefmrgeconomic evaluation of the
vehicle-to-grid has been presented. During the peak haid,rgquires extra energy to fulfill the
energy demand. The EVs would supply energy to the grid dyrgak hour and recharge itself during
the off-peak hour. This will enable the EVs to act as a disted energy source. Hence, a mathemat-
ical model has been developed for economic evaluation obitieectional energy transfer between
EVs and grid. The bidirectional energy transfer has beetudsed at different charge/discharge rate.
The CFM model has been used to study the performance of thea®rp during vehicle-to-grid
interaction. The total energy exchanged between the gddlanvehicle has been analyzed. On the
basis of energy transfer, the money exchanged among theyfiend the consumers (EV users) has
been determined such that all are benefited. In Chapter 4racial model for integrating the vehicle
into the grid has been developed. This model can be used igieey scenario of the vehicle-to-grid
interactions.

In all the works presented in this thesis, fuzzy based snharging station has been implemented
for the peak power shaving and valley filling. To analyze thergy transfer between EV battery
and grid, an EEC based mathematical model for EV battery bas developed. This battery model
predicts the charge and discharge rate characteristiedE ¥hbattery and capacity losses at different
charge and discharge rate. Moreover, an economic bengfitiadel has been developed for EV
battery and grid operator. This mathematical model camesé the optimal cost required to charge
the EV battery during the off-peak hours and support the duiihg the peak hours.

5.2 Complete V2G System and Control Architecture

In this thesis, Chaptéd 2 discusses about the electric algmi/circuit based mathematical model
of EVS’ batteries. This Chapter, GA is used to extract thédpaparameters and gives optimum value.
TheC, andD, characteristics are calculated using the parameters &hehich are obtained from
the GA and it compared with the different types of battery ofaaturers’ data. The results from BM
and data given by the different types of battery manufacsuege in good agreement.

In Chaptef B, discuss about the multi-point BCCS unit presea SCS connected with the DN of
the grid by using the developed battery model. A multi-p&@ICS unit has various charging points,

which are accessible to multiple EVs.
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In this thesis, Chapter 4 discusses about the economicefibiamy calculation for EVs owners,

grid operators and consumers. This chapter lacks discussiout the per km cost for consumers,

beneficiary cost for EVS’ owners and grid operators basederenergy transfer between EVs’ and

grid.

It has been observed that, each Chapter of this thesis peelsarreal time implementation of

battery modeling, coordination of multiple EVs in the SCSitigate peak power demand during

peak and off-peak hours and economic evaluation based @mérgy transfer between EVs’ batteries

and the grid. If, all the works of V2G presented in this thesisombined together, the complete

system can solve the peak power demand of the distributidie @s well as maintain the voltage

profile of the grid throughout a day. The complete V2G syste&mawith the control architecture is

shown in Fig[5.11.
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Power Flow
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Energy
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Figure 5.1: Complete V2G system along with the control architecture.

5.3 Contributions of the Present Work

The important contribution of this research work reportethis thesis is the implementation of

the SCS for EVs’ batteries based on the fuzzy logic controllehe main contributions are given

below:
TH-1265 KANNANT

128



5.3 Contributions of the Present Work

(i) An EEC based mathematical model (battery model) has begaloped for EVs’ batteries to

analysis the performance (charge or discharge rate) deascs.

(i) Polynomial equation with exponential function is foahated to represent the EEC parameters,
this is because of battery performance characteristioagrenentially increasing or decreasing

nature.
(iif) GA has been used to optimize the BM polynomial coeffittie

(iv) Capacity fade model has been developed based ois th€,/DOD,,, C,/D, and processed

energy for charging/discharging scenario.

(v) A closed-loop control algorithm has been developedciican estimate the charge rate, charg-
ing time andS OG, for charging scenario and discharge rate, discharging @ntkbOD,, for

discharging scenario.

(vi) User defined charge/discharge rate, SOC/DOD limitareidered while developing the BM.
Moreover, the closed-loop control logics are not allowedharge/discharge beyond the user

defined charge/discharge rate and SOC/DOD limits.

(vii) An FLC based SCS has been developed to mitigate the peakr demand and store the excess

amount of energy in the ESS.
(viii) FLC based CCU has been used to control the total poveer Between grid and SCS.

(ix) An aggregator has been designed for SCS which coomlimattiple EVs present in the SCS
and distribute the reference power signal to each EV bali@sgd on the updated values of the
energy status of each individual EV battery, total energjlatility of the SCS and total power

generated from CCU.
(x) Bidirectional converter and inverter are used to tranttie power in either direction.

(xi) Contactless charging systems are used due to eliroimafidirect electric contacts, heating of

the sockets, burning of cables, risk of fire and electricalrias.
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(xii) An FLC based control techniques are developed forrbittional converter and inverter, which

can control the battery charging current, maintain corstedink voltage and power angle.
(xiii) FLC based synchronization controller has been usexy/hchronize the BCCS unit with grid.

(xiv) Mathematical model for economic evaluation of enettgnsfer between EVs’ batteries and
grid has been developed, which can estimate the financiafibér EV owners, grid operators

and consumers.

5.4 Scope for Future Research

In this section some important scope for future research vgqoresented.
(i) The battery parameters are optimized with less numbpotyinomial coefficients.

(i) A general battery model can be developed for other tygfesatteries (lead acid, lithium-ion

and alkaline battery, etc.) based on the manufacturer& dat

(i) An optimization method can be developed to predict pine-exponential and adjustable factor

at different charge and discharge rate.

(iv) The implementation of reactive power control for vgjéaregulation can be studied to analyze

the impacts in the distribution system.

(v) Multi SCS has to be modeled for BCCS unit, which can sufipjgct the active or reactive or
both active and reactive power for voltage regulation. Fhigti SCS can be connected in the
multi node of the Guwabhati city distribution system. Thistho&lology would solve the peak

power demand of city.

(vi) The power transfer between grid and EVs battery can béietl by using the DC bus which
has to be placed between the three-phase ac to dc and dc téréugiency ac conversion.
In this case, the synchronization time gets reduces bedhesBCCS unit having only one

bidirectional converter.
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5.4 Scope for Future Research

(vii) The integration of both renewable-energy source aNdb&ttery can be implemented in the

SCS. The impact of the distribution node due to interactibiRBS and EVs’ can also be

analyzed.

(viii) The effect of the coupling variations (misalignmerdf the coil or changes in the dimensions

of the air gap) in contactless coil can also be analyzed.

(ix) Asuitable FLC based controller can be designed for tieatignment of primary and secondary
side coil. This controller maintains the voltage constaithwespect of the misalignments in

the coils by controlling the resonant frequency of the syste

(x) The economic evaluation model for V2G interaction caodle developed by using the driving
pattern of EVs. This will be more accurate and convincingtfeneficiary calculation of EV

owners and grid operators.
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A. Battery Sample Calculation, Initial Population and Solution Set

A.1 Sample Calculation for Battery Model

In this section, the detail calculation f@;, S OG,, PE., E:a, €tc. during charging the battery

has been shown. Similarly, the values can be calculate $shdrging scenario.

A.1.1 Current SOC (S OG;) and Charge rate (C,) Calculation

The example of Chaptér 2 has taken and the following valuesamsidered for sample calcula-
tion: Battery type - EIGQ=8, S OG,=70,1.=1, V800:2.2723,S 0G,=100,S OG,»=0, VdCj =2.1596,
Ts=37 andC!™=8.

The calculated value & is given in Eq. [[A1).

8- = g =1 (A.1)

The EIG battery calculated valuestpfandS OG,; is given in Eq. [(A.2) - Eq.[{AB).

(3600x 8) — (712) x 3600x 8
to = ( (;"0) ) +(37-36)= 1081 (A.2)

8 x (1081- 1045
8 x 3600

SOG, = 70+( ) = 7001 (A.3)

Similarly, tg, DOD,,, D, andlq can obtained by using Eq. (2.6) - EG. (2.16).

A.1.2 Battery Power and Processed Energy

The P, andP4 for charging and discharging scenario is given in [Eq.(A.4).

P. = 2.2723x 8 = 181784 (Ad)
Py = 2.1596x 8 = 17.2768 '
The amount of stored and available energy during charginigdsscharging process at 70% of

S OG, andDODy, is given in Eq. [(A.6).

Estor = 2.2723x 8 x (195%) = 0.18184
Eavail = 2.1596x 8 (295%) = 0.172552 (A.5)

The processed energy for charging and discharging caskidatad form Fig[A.1

PE. = 17.8942

PEq = 17.4297 (A.6)
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Figure A.1: Process energy for charging and discharging scenariGaarid 1D, .

The total processed energy is calculated by substituteates ofPE;. andPE; in Eq.[2.17.

Etotal = (17.8942+ 17.4297)= 35.3239 (A7)

A.2 Capacity Fade Model

A sample calculation of the capacity fade at different ckaagd discharge rate is given in Eq.

(A.8).

c_ _ 24,9872<0.00007317.89428x1x0.7 _ 24.9872<7498124><8><17.42975<l><0.7)
Q,=0.09051x exp( 80149929816 )+7-8995X exp( 80149329816

Q¢=7.8936 (A-8)

where, 24.9872 is the dimensional analysis constant. Tiectis fade characteristic is optimized
by the fitness functionR’(x)). The F’(X) is maximized, when the difference betwe@f;i‘ and Qﬁ

capacity loss is minimized. The value Bf(X) is given in Eq. [(A.9), where=1, >, Ql"f is 7.9998.

1
F/(x) = — 0.903996 A9
) = 1779998~ 7.8939 (A.9)

A.3 Genetic Algorithm

To solve the battery parameter extraction problem, therapti solution set process typically in-
volves modeling of the system, objective function for théimzation problem which give optimal
solution. The objective function to be minimized may be momvex and have several local minima
values. Then, a global optimization method is needed togmtene local minimum. Therefore, in the
recent years, there has been a great deal of interest irog@vgimethods for solving global optimiza-

tion problems. A Genetic Algorithm (GA) is used for solvirgtparameter extraction problem which
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gives the global optimum values. The population is the miment of GA and the genetic operators
such as reproduction, crossover and mutation are manipglte population for next generation if

the system is not optimized. The final optimal solution haslase to optimal” solution set.

A.3.1 Initial Population

The first step in GA is to generate random number of initialidapon with having uppen{’ =
163835) and lowerx- = 0) boundary. In this problem, the population size has belemntas matrix
size of 300x 465. The length of the each string is 15 which are given in@@bll. Then, the string
should be decoded by using the Eqg. (2.20).

Example, let take first string from Tallle Aa}, ,=110000110101000
S; = 2°(0) + 2%(0) + 2%(0) + 23(1) + 2*(0) + 25(2) + 25(0) + 27(1) + 28(1) + 2°(0) + 2%9(0) + 2'}(0) +
212(0) + 213(1) + 2'4(2)

S;=0+0+0+8+0+32+0+128+256+0+0+ 0+ 0+ 8192+ 16384
S; = 25000
Then, the decoded values should convert into real values.célresponding real of th®; is given

below:

U_~L
a =a"+ 53 xS

a; = 0+ 183850 % 25000

a; =125

The initial value os the polynomial coefficieat is 12500 which is given in Table_Al2. Let take
second string from Table’A.1:

am.n = 000100110001011

S; = 2°(1) + 2Y(1) + 22(0) + 23(1) + 2*(0) + 25(0) + 25(0) + 27(1) + 28(1) + 2°(0) + 2%9(0) + 2'}(1) +
212(0) + 213(0) + 2'4(0)

S;=0+0+0+8+0+32+0+128+256+0+0+0+0+ 8192+ 16384

S; = 2443

Then, the decoded values should convert into real values.colresponding real of tHg, is given

below:
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a, = 0+ 1838550 5 2443
a, =12215
The initial value os the polynomial coefficieat is 1222 which is given in Table Al2. Similarly, the

corresponding real values is calculated for remainingesbf the Table All.

A.4 Polynomial Coefficients &; — az1)

The performance characteristics of the battery model dépen the parameter&{, R,, C and
Vo) of the electrical equivalent circuit. The battery paraengtis obtained based on the optimized
value of the polynomial coefficienta{ — az;). The initial polynomial coefficients are given in Table

[A.2 which is calculated from Eq[(2.21).

A.5 Battery Parameters

A simple electric equivalent circuit based BM has shown ig. 1.3, which consists open-circuit
voltage ¥p) with a series resistanc&y) and the parallel resistance and capacitafG€) circuit
as shown in Fig[_2]3. Ideally, the battery model parametersiapendent on multi-variable func-
tions like SOC, DODC;, D,, temperature and cycle number. The parame¥gyR, with parallel
R,C characterizes the usable capacity, instantaneous valtageand self discharge energy loss. The
R,C network in the model is similar to that in Thevenin based nhoghich simulates the transient
response. The battery parametd®g’ Ry, Vo andC have an exponential nature [194] and are repre-
sented as a function & OC DOD, C, andD, for charging and discharging scenarios in terms of
polynomial equations. Therefore, the general polynonggla¢gion for denoting the battery charge
and discharge rate characteristics has given in[Egl. (2.4) (£8).

Thus,R;, Ry, C andV, are represented in terms of polynomial equations usingicaeefts from
a; to ag;. The detailed extraction method to find the polynomial cogdfit is based on GA based
optimization approach. The optimized polynomial coeffitgefor EIG battery by using GA is shown
in Table[A.3. Similarly, the battery parameters of SONYU&3®, PANASONIC and SANYO at

differentC, andD, also can extract from GA.
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Table A.1: Initial population matrix

Initial population froma; to ag
String -a;. String -ap String -a3 String -a4 String -apg String -azg String -az1
1 110000110101000 000100110001071 111100010001PD00 1000000110 11100100000111L 101111111011300 0100110011
2 111110011111000 011000011110001 011000011111{100 0011001111 00001011110001fL 001111111101¢01 1110100010
3 111001001100101 0110111100110Q0 010111100001p10 0010010011 111110110100100 001101010010101 0110000100
4 110010101011101 1011111101101Q1 101111101100[L00 1000011010 00101010001101t 011000010110Q11 1110000000
5 000000100110111 111111001000131 001011010100Dp00 1100110110 01100000000111fL 011000101111311 1100100011
6 011011101000100 0010101101010Q0 000011011000p00 0000101011 01101010011111p 110010011010001 0010100000
7 111010111000100 011000100001101 010011010010{L00 2021000100 00001110101110p 111000101100001 1000100010
8 101010000011010 000010110001171 101001011111f100 1000000010 00001011110010fL 011110110110000 0001000000
9 001011110010011 011100110011030 001001100101p10 1000100001 00010100001101p 011101010111¢01 1000001011
10 001000000100011] 000111101100111 010000001011011 0Q00111011 001010010101010 001011001001100 1000010111
11 010101101100010| 110111000100000 001000011101{101 00100010111 101010010011001 000011101011110 0100001110
12 110101110010100] 111101000101011 101000101001{111 11101001111 111111011111112 011000100001101 0100100011
13 111110101011001] 111000010010190 011100111110000 0210100110 001101100000100 001110101001111 0000000111
14 100111111100101] 101001001001110 001000010001{110 01021010100 011000100111100 100101111001¢01 0101000001
15 001000111001001] 110111001000110 100010111100000 00000010010 10001100001011f1 10110100111110 0000011100
16 101110000100001] 111001100110000 000100110010[101 11100101011 001110000001000 011101100111011 1000110100
17 000100101001011] 011100010110000 100010000101010 01000111101 010000011000100 011111001001110 1001000111
18 011111110101110| 010010010110011 111110110110010 00010100001 110111100110100 001101001111001 0000000111
19 010101101100011] 110111000100000 001000011101j101 00100010111 000111111001001 001010010001101 1100001011
20 111010011111111] 101100111001000 011010100100010 00010000100 101010010011001 000011101011110 0100001110
21 011000010100110 110111001000190 110110110000010 01200011011 101100011001100 000011100110100 0100001000
22 101100000110001] 101110100100111 101001010010010 100A0001000 000110111011001 101010000011101 1001001110
23 100111011010011] 0100110100010¢0 001111010010[100 01010011100 110111011101111 001011101001101 0000000001
24 110001010000011] 100000100110110 001111000111010 10011100101 010001010111101 110011000110101 0001000101
25 000110111110100 000000011000001 011001110011011 00001001110 01010010100101j1 101000000000111 1000000011
26 110101110010100] 111101000101011 101000101001f111 11101001111 111111011111112 011000100001101 0100100011
27 101110101010110] 101001100011011 111101010011000 11010100111 110000001101100 010110010101000 1001110001
28 111100100011001] 110111111011111 101001111101011 10001001001 110101010101001 101010110000001 1101000010
29 010111001001110] 0010000010110¢1 101101001100001 10100100111 00010010101001J1 000010101011110 0111010001
30 110111110011110] 101001100001110 010011101100011 00110001100 01101011110101j1 010010110100111 1110000010
31 011100011111101] 000011110001100 100010110000(111 11000100100 110000001001001 101000010100011 1000101100
32 111111110111001] 1110001111111G0 100001111000001 10000111110 100111001010001 101000001001(00 1100000001
33 101110010000100] 0010001100011¢0 111011001111000 11000101111 1010010101011001 000011110010000 1100000000
34 001111010101010| 001010001000000 001010110001j001 10001010110 00010101100011j1 101110001010010 1110010100
35 011101100111100 0011110000101¢0 011010101100011 00011010011 001111100011110 001001010111110 1000010001
36 101010100011000] 0010101110000¢0 001110100001011 11010011000 010001111001010 10001001100101 0001100000
37 001100011111111] 001010001101010 011101101101111 00010100100 000011001111110 100010110110000 0100001101
38 000011110000001] 0001010011101¢0 001011010000111 10010001001 011000000001110 001011010100111 0100100100
39 010111111000111] 110001001110110 010010000111/100 01110111000 1000011101001111 101110110010010 0000101101
40 100001110100110] 1110111101111¢1 101010111001100 00000101101 010101101101010 110111110111711 1011000110
265 000110110110010 010110111001010 001001111003{111 010101100001 01001101001011j0 01011100101110 1100001101
266 100110000001011 111100011110111 010010011012100 010001010101 101100101110001 111010110011011 0010111111
267 111001101011017 001101110010101 000100011111111 101101010010 11111110100111j0 110110000101011 1100001000
268 001100010111100 0100010100011¢1 010000001000100 000001011000 010100110001101 111111101110001 0010101001
269 010011111000110| 011100000100001 011111100100111 100101110000 100100101011101 011000000110101 1100001000
270 010000110100001 111010110101010 111001100010111 110001110100 110001011100111 010010011100000 1010001010
271 011011110011001] 111110100011171 111101001011j101 010001010111 00111001101117]1 001111011000101 0010000001
272 111101100011001] 0001000110011¢1 011110010100011 110001000011 01001110101001j0 011011000010101 0001000010
273 010111110001101 011101011001110 110100001010111 010010000001 000001111001010 100010010001101 0001100000
274 011101100111100| 001111000010100 011010101100011 100011010011 01110001000001f1 111000110001100 1100111111
275 000110011001111] 011001011100110 011101000111111 011000011101 00101001010103j0 011011001001100 1000011111
276 001000000100011f 000111101100101 010000001002011 000001111011 0000000111001d0 011111000100000 1100100011
277 111001101011017 001101110010101 000100011111111 101101010010 0101001100011d1 111111101110001 0010101001
278 100100000011011] 110111010101010 110110111011j101 100000100011 000100100100100 101111001110000 1010010000
279 001000000100110 001010111001001 111111101012j011 0000020010110 00100010110117j0 000101010000011 0100001111
280 110110101000007 000000010101110 1111011100112101 00@Q01001101 111001000001111 101111111101001 1110100010
281 110000110101000 0001001100010]11 111100010001000 001001100110 000011001111170 100010110110000 0100001101
282 000011110000001] 00010100111010 001011010000111 002000100100 010100110001101 111111101110001 0010101001
283 111001101011011| 0011011100101¢1 000100011111111 101101010010 11111000010101/0 100010010010111 0000001101
284 11000000110111Q 101110100000111 110000010010101 0102201000100 0010000000001d1 111000010100001 1100001111
285 010001010100001] 1010110010100]1 010110101107]101 010001110001 01100000000117j0 001011010100111 0000100100
286 001100011111111] 001010001101010 011101101107{111 010010001001 01100000000111]1 011000101111111 1000101111
287 011011101000100| 001010110101000 000011011000000 110000101011 100011000010111 101101001111010 0000011100
288 101110001100007 111001100110000 000100111100000 002000010010 010001010111101 110011000110101 0001001101
289 110001010000011| 100000100110110 001111000111/010 110011100101 001101110001001 110101001101000 0000001011
290 110000001101110 101100010111110 011111010001{100 000000110000 000111101101000 001010000000110 0100001111
291 11010011011000] 001001010000100 010011111100101 100000010111 000111111001001 001110010001101 1100001011
292 111010011111111] 101100111001000 011010100100010 000211000100 01101011110107]1 010010110100111 1010001010
293 010111001001110 0010000010110¢1 101101001100011 000111001100 10000101010011)1 101110110010010 0000000110
294 010111111000111f 110001001110110 010010000111100 001111111000 110100111000011 100011110111111 1000001100
295 10000010100011Q 010101000011101 010101011000100 011110110111 001111100011110 001001010111110 1000011001
296 101010100011000 001010111000010 001110100007j011 111010011000 110111100110100 011111001001110 1001000111
297 011111110101110 010010010110011 111110110110010 000111100001 01000111100103j0 100010011001101 0001100000
298 011101100111100| 001111000010100 011010101100011 100011010011 01111010000001f1 001000000111000 1000001100
299 110011100100010 000011111001010 100000111010101 000101101101 101100011001100 000011100110100 0100001000
300 101100000110001] 101110100100111 101001010010010 010001001000 101100011001100 000011100110100 0100001000
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A.5 Battery Parameters

Table A.2: Initial set of polynomial coefficients

Initial solution set
a a asg 2] a | ) az s 6 a7 s a9 a3o asl
1 125 12.215 154.28 106.75 38.66 145.19 66.1B 146004 6134 43.37 38.69 146 122.7 50.515
2 159.96 62.645 62.7 72.875 65.534 18.24p 75.46 .. 13642 .9652 97.46 39 7.535 40.845 153.45
3 146.43 71.16 60.21 25.375 132.07 163. 96.795 .. 64.115 0.312 6.355 43.52 160.83 34.025 70.1
4 129.75 122.51 1221 91.01 36.24 151.3p 105.74 15149 .2088 155.33 54.885 27.015 62.335 146.2p
5 1.555 161.64 28.96 132.75 135.4 71.2 69.6Y 33.9p5 8746 129.91 132.21 61.515 63.355 131.1%
6 70.74 27.72 8.64 59.095 11.86 103.88 22.335 |.. 32.8p5 156 33.03 58.475 68.15 129.05 27.36
7 150.74 62.785 49.38 159.06 103.1! 47.795 30.795 .. 97.83 10.54 127.37 135.93 9.42 145.13 87.53
8 107.65 7.115 106.22 96.17 0.03 46.14 134.45 91.47 161.5 156.63 142.13 7.545 78.96 10.64
9 30.175 73.73 24.53 101.93 28.55 58.00p 121.88 .. 6.1p 089.7 55.15 61.785 12.93 75.165] 96.21
10 20.655 19.715 41.415 1235 100.6: 135.94 52.65 .. 112|04 11.58 84.5 74.975 26.45 28.54 85.43
11 55.53 140.96 21.665 73.075| 25.56 139.81 63.74 .. 23.145 6.357 87.085 96.085 108.29 9.43 63.35
12 137.7 156.38 104.08 143.12| 58.17| 80.4 90.18 126J19 .7169 8.12 29.19 162.56 62.785 46.89%
13 160.45 144.1 74.16 144.19 95.44] 9.77| 16.16 |.. 152.58 3917, 37.505 61.545 34.58 37.515 5.275
14 102.27 105.35 21.19 115.62 44.61| 95.0: 106.8 .. 94.765 6.214 143.34 159.23 63.02 97.005 53.445
15 22.765 141.15 89.44 82.01 47.52 2.54 19.795 " 5.9%5 2.285 39.48 15.485 89.715 115.81 19.99
16 117.93 147.44 12.265 132.39 37.3 135.73 39.81 = 108{76 9.418 105.92 104.7 35.88 75.815 121.8
17 11.895 72.56 87.25 86.385 21.32 103.86 1328 . 1.71 5436 2.825 30.285 41.94 79.75 102.1%
18 81.51 46.975 160.89 25.445 30.71! 148.37 3159 .. 128.1 1.02% 90.255 60.365 142.34] 33.884 11.19]
19 55.535 140.96 21.665 73.079 25.54 139.81 63.714 .. 10.49574.215 89.055 109.83 20.205 26.30 127.
20 149.76 114.92 68.01 62.42 24.57 71.965 130.29 i 23.145 76.35 87.085 96.085 108.29 9.43 63.35
21 62.27 141.14 140.17 126.22 7.3 29.17 159 91 .. 12662  .0417] 103.93 100.17 113.66 9.22 73
22 112.89 119.24 105.69 148.84 116.84 50.5585 18.985 1158 122.66 87.27 36.25 17.725] 107.671 99.5
23 100.9 49.32 39.14 147.02 142.23 69.956 81.3p 79.465 2168 95.155 115.69 142 29.825] 30.96
24 126.1 83.47 38.69 80.505 15.254 162.7 7.73 131.B9 9515| 98.9 5.12 44.465 130.83 15.745
25 17.86 0.965 66.055 51.59 36.25 110.1f 133.44 74.615 2455 80.08 79.19 52.855 102.44 105.1
26 137.7 156.38 104.08 143.12| 58.17| 80.4! 82.9 126.18 7169 8.08 29.19 162.56 62.785 46.895
27 119.47 106.38 156.92 162.12 118.0p 32.045 29.285 661.2 71.65 53.04 84.73 123.42] 57.16 120.9
28 155.01 143.2 107.42 59.245| 141.5 60.465 40.25 153|05 6.355 25.435 31.555 136.53] 109.44 133.6]
29 59.27 20.925 115.69 50.435| 29.66' 125.14 115.96 128.7 27.27 128.75 41.495 11.935] 6.87 81.68b
30 142.87 106.31 50.415 145.64 40.43 23.245 151.24 838[7 107.54 5.46 117.67 69.015 48.195 144.6|
31 72.945 9.66 88.995 151.54] 105.9 133.111 36.4]7 66.495 3.832 109.67 55.68 123.25 103.27 88.67
32 163.49 145.9 86.725 29.75 129.3 124.29 160.56 97.p8 15.61 33.015 122.86 100.25] 102.7! 122.9
33 118.42 22.46 151.64 91.435| 90.18 161.97 8.3 33.765 .9624 51.72 91.68 105.83 9.68 143.73
34 39.25 25.92 27.565 56.75 24.699 93.57 56.205 57.785 2.316 132.02 40.845 13.795 118.1 151.8
35 75.82 38.5 68.335 35.615 122.54 19.936 85.2p 68.105 3.920 115.9 54.405 39.83 23.99 94.84
36 108.92 27.84 37.175 122.36| 35.34 92.9 55.48 10436 .6957 15.45 85.09 45.81 88.045 37.6
37 31.995 26.13 76.075 104.5 156.8 558 7.44p 81.35 287 135.19 26.425 8.31 89.2 65.825
38 9.605 13.38 28.835 67.245 136.3 135.86 88.25 110J12 7.215 127.55 5.205 61.51 28.995 67.14
39 61.155 126.03 46.38 148.44 149.34 93.01 109 113447 8844 65.36 51.845 86.595 119.77| 17.58
40 86.59 153.27 109.82 34.785| 94.74 25.055 64.215 139|42144.77 132.12 115.54 55.57 143.04 120.0]
41 16.945 118.1 103.22 8.185 12.89 104.0p 129.36 3.985 .3445 114.57 69.325 79.735 72.59 72.5
42 22.965 110.48 32.705 159.93 138.0 88.195 150.52 1475 134.11 139.16 130.72 19.185 66.99 133
43 81.51 46.975 160.89 66.405| 30.71! 148.36 31.99 113|47144.88 65.36 51.845 85.315 119.77 17.31
259 108.260 63.715 5.505 50.755 13.21p 24.095 157.690 ... 4132 40.290 102.410 142.515 78.41 13.80p 6.76
260 58.430 75.710 127.575 69.775 27.73p 121.0R5 124.895 ..154.930 87.370 27.395 31.760 12.09 123.6]10 89.3]
261 108.920 27.850 37.175 122.28D 35.345 92.900 55.410 ...26.515 117.040 24.565 100.16 113.660 9.22p 73.0|
262 112.885 119.235 105.69 148.840 116.8R0 29.1p0 159.p10. 27.145 103.915 115.904 54.404 39.83D 23.990 94.8
263 100.135 43.190 75.010 72.974 162.145 21.680 127.580 79.465 68.210 95.155 115.69 141.995 29.825 30.9
264 100.895 49.320 39.140| 147.02D 142.230 69.955 81.320 ...21.400 113.595 88.835 69.560 143.235 88.610 69.8|
265 17.530 58.610 25.355 48.485 101.890 71.215 120.110 ... 0818 136.265 39.710 76.525) 49.39 59.330 155.7]
266 97.335 154.835 47.180 6.825 75.93D 121.3f75 12.210 ... 4.008 63.010 142.915] 13.820] 114.485 150.585 80.3]
267 147.655 35.305 11.515 138.01p 129.6%5 15.010 50.470 ...34.975 149.985 7.040 152.32 162.950 138.4h5 134
268 31.660 44.225 41.300 3.640 50.16 163.2p5 114.770 ... .8350| 149.955 25.005 70.910 53.184 163.125 30.6!
269 50.910 71.845 80.835 53.04( 157.350 64.1%5 105.650 ... 7410 147.675 124.095 123.23 93.90p 61.705 125.2
270 43.045 150.610 147.31% 57.54 127.185 77.765 23.950 ...50.290 28.345 75.650 48.145| 106.260 5.62 118.3
271 71.165 160.155 156.624 28.594 81.150 30.105 15.230 ... 0.00@ 121.145 23.575 144.73 126.595 47.200 119
272 157.565 11.265 77.615 17.614 94.42p 70.0%5 10.865 ... 4807. 75.505 48.880 81.000 36.955 39.38p 25.44
273 60.865 75.270 133.555 69.765 113.5%0 132.125 141.y25. |..106.955 148.625 38.485 40.96( 50.33p 69.225 57.2
274 75.820 38.500 68.335 35.615 122.545 60.885 85.2P0 ... 4.338 57.695 15.450 85.090 4.850 87.74p 37.6!
275 16.395 65.150 74.555 111.50p 67.56p 74.260 42.065 ... 9.493 16.525 110.065 14.475 72.33 145.340 132.]
276 20.655 19.705 41.335 123.495 100.680 135.940 52.450 112.035 11.580 84.500 74.975 26.45 69.500 85.4
277 147.655 35.305 11.515 138.01p 129.6%5 11.895 73.180 ...59.800 104.615 61.565 30.120 1.140 79.520 130.9
278 92.295 141.650 140.624 93.614 37.06b 61.090 50.070 ... 0.825 149.945 25.005 70.910] 53.18 163.125 30.6!
279 20.670 27.885 163.015 21.87() 42.14p 142.320 57.375 ...01.110 99.750 157.470 111.39 11.70p 120.880 117
280 139.845 0.870 158.225 123.26p 41.126 162.545 67.410 ...54.105 84.665 105.865| 46.905 22.31 13.455 80.7
281 125.000 12.215 154.28 106.750 38.665 145.190 66.180 . |..146.040 34.610 43.360 38.690 145.995 122.7p5 153.4
282 9.605 13.380 28.835 84.020 156.800 155.2P5 7.445 ... 0780.| 37.125 135.185 5.945 8.310 89.20 65.84
283 147.655 35.305 11.515 138.01p 129.6%5 15.010 50.470 ...50.825 149.955 25.005 70.910 53.18 163.195 30.6
284 123.430 119.075 123.62 128.340 98.770 102.295 55.980.. |. 92.460 160.790 15.705 111.08% 158.930 87.795 30.7]
285 44.325 110.495 58.145 108.08p 155.420 79.015 78.430 ..152.275 31.510 122.660 142.96 20.50p 144.1p5 142
286 31.995 26.130 76.075 67.244 136.365 135.855 88.250 ...10.120 57.215 127.545 5.205 61.51 28.995 67.1.
287 70.740 27.720 8.640 59.095 11.86 21.90 22.3B5 583. 74.680 129.905 132.208 61.519 63.35p 131.1
288 118.245 147.440 12.640) 82.01 47.526 2.545 19.795 ... 9555, 152.245 39.480 15.480 89.719 115.810 19.9
289 126.095 83.470 38.690 80.50% 15.25p 162.700 7.720 ... 1.888 115.950 98.900 5.120 44.464 130.825 15.7.
290 123.430 113.590 80.060 2.160) 159.985 159.530 87.435 ...68.820 18.495 56.170 131.56 35.24 136.2p0 14.9
291 135.285 23.700 51.065 92.914 119.825 155.100 146.815. |[..50.805 82.610 157.450 102.45 19.72p 25.630 57.7
292 149.755 114.920 68.010 62.42 24575 71.965 130.290 ...10.895 74.215 89.055 109.82 20.20 36.545 127.Q
293 59.270 20.925 115.695 145.66p 40.430 23.245 151.235 ..138.775 107.540 5.460 117.67 69.01b 48.195 144.
294 61.155 126.030 46.380 148.44p 149.340 93.010 103.880 113.470 144.880 65.360 51.845 85.31b 119.770 17.3
295 83.550 53.905 54.740 153.23p 68.62D 16.700 48.725 ... .56B5 35.820 9.715 126.245 135.37p 91.83p 101.9
296 108.920 27.850 37.175 122.36p 35.345 92.900 55.430 ... 8.10% 103.915 115.900 54.405 39.83 23.990 94.8.
297 81.510 46.975 160.89( 66.404 30.71p 148.370 31.590 ... 25.095 11.025 90.255 60.365) 142.340 79.790 102.]
298 75.820 38.500 68.335 35.615 122.545 60.8$5 85.2P0 ... 4339 57.695 15.450 85.090 45.81 88.06p 37.6
299 132.010 9.970 84.265 63.264 135.735 139.0R0 81.515 ... 9.116 84.100 12.840 15.415 78.094 20.76D 87.4.
TH '1265 }{OA Y I}\illzlgslﬁ Tllg .235 105.69 148.840 116.8R0 29. 1’20 159.p10. 126 515 117.040 24.565 100.16p 113.660 9.220 73.0¢
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A. Battery Sample Calculation, Initial Population and Solution Set

Table A.3: EIG battery parameters at @b (charge rate).

Charge rate at 0.5C,
Ry Ry [@ Vo Ve SOGr Ri Ry C Vo Ve SOGr
0.091554 0.030567 0.39806! 2.948548 1.97158 0| 0.041548 10410 1.506431 2.63262 2.215846 51
0.079745 0.027253 0.54597| 2.877699 2.0217Dp9 1 0.041548 10440 1.506481 2.635497 2.21871) 52
0.069871 0.024206 0.68728¢ 2.812934 2.0603[L5 2| 0.041p48 010449 1.506523 2.638374 2.221598 53
0.062556 0.021712 0.80781] 2.760305 2.0861pH6 3 0.041p48 010448 1.506559 2.64127 2.224495 54
0.057137 0.019671 0.91062] 2.717607 2.103144 4 0.041p48 10448 1.50659 2.64418 2.22740p 55
0.053123 0.017999 0.99830 2.683043 2.11497 5 0.041p48 10448 1.506616 2.64710. 2.23033 56
0.050149 0.01663 1.073089 2.655143 2.1209[12 [§ 0.041p48 10448 1.506639 2.650041] 2.23326 57
0.047946 0.015509 1.13687 2.632702 2.1250p1 0.041p48 010448 1.506658 2.652992 2.23621 58
0.046314 0.014592 1.19128 2.614733 2.1274B9 8| 0.041p48 10448 1.506674 2.65595¢ 2.23918] 59
0.045104 0.013841 1.23768% 2.6004 2.1288p8 9 0.041p48 10448 1.506688 2.65893F 2.2421 60
0.044209 0.013226 1.27726 2.589131 2.1296p5 1 0.041p48 010448 1.5067 2.66192 2.24514 61
0.043545 0.012722 1.31101 2.580295 2.130156 1 0.041548.010018 150671 2.664929 2.248153 62
0.043053 0.01231 1.33980§ 2573479 2.13097 17 0.041548 10448 1.506719 2.66794] 2.25116P 63
0.042689 0.011973 1.36436 2.568319 2.1310p5 1 0.041548.010018 1.506726 2.67096§ 2.254197 64
0.042419 0.011696 1.38531 25645 2.1315p4 1 0.041548 10448 1.506732 2.674009 2257237 65
0.04222 0.01147 1.40317 256183 2.13232 15 0.041648 04481| 1.506738 2.677061] 2.26028P 66
0.042072 0.011285 1.41841 2.560071 2.1332p1 1 0.041548.010048 1.506742 2.680125 2.263354 67
0.041962 0.011133 1.43140 2.5590 2.134; 1 0.041648 04481| 1.506746 2.68320 2.26643 68
0.041881 0.011009 1.44249 2.558669 2.135563 1 0.041548.010048 1.506749 2.68629) 2.269519 69
0.04182 0.010907 1.451945 2.5587 2.1369p8 19 0.041p48 10448 1.506752 2.68939 2.27261P 70
0.041776 0.010824 1.460009 2.559332 2.1385B3 2 0.041548.010948 1.506755 2.692502 2.275731 71
0.041743 0.010756 1.46688¢ 2.560243 2.140234 2. 0.041548.010948 1.506757 2.695625 2.2788594 72
0.041718 0.0107 1.47275% 2.56140P 2.1420b5 27 0.041p48 10448 1.506759 2.69876 2.28198B 73
0.0417 0.010654 1.477754 2.56287 2.143983 23 0.041648 04481 1.50676 2.701906] 2.285131F 74
0.041687 0.010617 1.48202! 2.564437 2.146007 24 0.041p48.010448 1.506761 2.705063 2.288291 75
0.041677 0.010586 1.48566: 2.56629 2.1481[14 2 0.041p48 010448 1.506762 2.70823 2.291459 76
0.041669 0.010561 1.48876 2.568141 2.1502P5 2 0.041p48.010448 1.506763 2.711409 2.294638 el
0.041664 0.010541 1.49141 2.570179 2.152541 2 0.041p48.010448 1.506764 2.714599 2.297828 78
0.04166 0.010524 1.493673 2572315 2.1548014 2 0.041p48 010448 1.506765 2717799 2.30102B 79
0.041657 0.01051 1.495599 2574535 2.1571P8 2 0.041p48 010448 1.506765 2.72101 2.304230 80
0.041655 0.010499 1497242 2.576825 2.159506 3 0.041548.010018 1.506766 2.72423 2.3074 81
0.041653 0.01049 1.49864: 2579177 2.1620B5 3 0.041p48 010448 1.506766 2.727463 2.310691 82
0.041652 0.010482 1.49983 2.581582 2.16451 32 0.041p48 010448 1.506767 2.73070: 2.313933 83
0.041651 0.010476 1.500858 2.584033 2.1670[18 3! 0.041548.010018 1.506767 2.73395 2317186 84
0.04165 0.010471 150172 2586525 2.1695p6 34 0.041p48 010448 1506767 273721 2.320446 85
0.04165 0.010467 1.50246' 2589053 217272 35 0.041548 10448 1.506767 2.740489 2.3237]] 86
0.041649 0.010463 1.50310 2591613 217471 3 0.041p48 010448 1.506768 2.74377 2.32699) 87
0.041649 0.010461 1.50364 2.594202 2.1773p4 37 0.041p48 010448 1.506768 2.747061 2.3302 88
0.041649 0.010458 1.50410 2.596818 2.17996 38 0.041p48 010448 1.506768 2.750361 2.3335 89
0.041649 0.010456 1.50449: 2.599458 2.1826[L6 3 0.041p48.010448 1.506768 2.75367 2.336899 90
0.041649 0.010455 1.50482: 2.602141 2.1852p2 4 0.041p48.010448 1.506768 2.756989 2.34027 91
0.041649 0.010454 1.50511 2.604805 2.187987 4 0.041p48.010448 1.506768 2.76031 2.343545 92
0.041649 0.010453 1.50535 2.607509 2.190 47 0.041p48 10448 1.506768 2.763653 2.34688[L 93
0.041648 0.010452 1.505564 2.610233 2.19343 4 0.041p48 010448 1.506768 2.766998 2.350227 94
0.041648 0.010451 1.50574% 2.612974 2.1961]77 44 0.041p48.010448 1.506768 2.770353 2.353581 95
0.041648 0.010451 1.50589 2.615733 2.198901 4 0.041548.010018 1.506768 2.77371% 2.356944 96
0.041648 0.01045 1.50602 2.618500 2.20172 4] 0.041p48 10448 1.506768 2.77708 2.36031] 97
0.041648 0.01045 1.50613 2.621301 2.2045[15 ] 0.041p48 010448 1.506769 2.78046| 2.3636 98
0.041648 0.010449 1.50622 2.624109 2.2073p6 4 0.041548.010048 1.506769 2.783854 2.367093 99
0.041648 0.010449 1.50630 2.626932 2.2101p1 4 0.041548.010448 1.506769 2.78725] 19116.2L 100
0.041648 0.010449 1.50637 2.6297 2.2129P1 50 - - - - - |
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A.5 Battery Parameters

Table A.4: EIG battery parameters at @5 (discharge rate).

Discharge rate at 0.5Dr

Ry Ry € Vo Vé'i DODcr Ry Ry C Vo Vé'i DODcr
0.0416 0.0104 1.5068 2.786' 2.3701L 0 0.0416 0.0104 1.5063 6262. 2.2102 51
0.0416 0.0104 1.5068 2.783 2.367[L 1 0.0416 0.07)04 1.5062 6242. | 2.2073 52
0.0416 0.0104 1.5068 2.7805 2.363 2 0.0416 0.07)04 15061 6212. | 2.2045 53
0.0416 0.0104 1.5068 2777 2.360B 3 0.0416 0.07)05 1506 182.9 2.2017 54
0.0416 0.0104 1.5068 2.773 2.356P 4 0.0416 0.07/05 1.5059 6152. | 2.1989 55
0.0416 0.0104 1.5068 2.7704 2.353p 15 0.0416 0.07/05 1.5057 6132.] 2.1962 56
0.0416 0.0104 1.5068 2.767 2.350p 6 0.0416 0.01005 15056 102.§ 2.1934 57
0.0416 0.0104 1.5068 2.763 2.346P 7 0.0416 0.07)05 1.5054 6072. | 2.1907 58
0.0416 0.0104 1.5068 2.760 2.343 8 0.0416 0.07)05 1.5051 6042. 2.188 59
0.0416 0.0104 1.5068 2.757 2.340p 9 0.0416 0.01005 15048 022.9 2.1853 60
0.0416 0.0104 1.5068 2.7537 2.336P 10 0.0416 0.0105 1.5p45.5992 2.1826 61
0.0416 0.0104 1.5068 2.7504 2.333p 11 0.0416 0.0105 1.5p41.5962 2.18 62
0.0416 0.0104 1.5068 2.7471 2.330B 12 0.0416 0.0105 1.5Pp36.5942 2.1773 63
0.0416 0.0104 1.5068 2.7438 2.32 13 0.0416 0.01/05 1.5p31591@. 2.1747 64
0.0416 0.0104 1.5068 2.7409 2.323] 14 0.0416 0.0705 1.5p25.5892 2.1721 65
0.0416 0.0104 1.5068 2.7373 2.3204 15 0.041L7 0.0705 1.5p17.5862 2.1696 66
0.0416 0.0104 1.5068 2.734] 2.317p 16 0.0417 0.01/05 1.5009 5842. 2.167 67
0.0416 0.0104 1.5068 2.730 2.313] 17 0.041L7 0.0705 1.4p98.581@ 2.1645 68
0.0416 0.0104 1.5068 2.7279 2.310] 18 0.041L7 0.0705 1.4p86.5792 2.162 69
0.0416 0.0104 1.5068 2.7242 2.307 19 0.0417 0.0705 1.4p72.5762 2.1596 70
0.0416 0.0104 1.5068 2721 2.304p 20 0.0417 0.07)05 1.4956 5742. | 2.1572 71
0.0416 0.0104 1.5068 2.717 2.30 21 0.0417 0.07)05 1.493757232. | 2.1548 72
0.0416 0.0104 1.5068 2.714 2.297B 22 0.0417 0.0705 1.4p14.5702 2.1525 73
0.0416 0.0104 1.5068 2.7114 2.294p 23 0.0417 0.0706 1.4888.5682 2.1503 74
0.0416 0.0104 1.5068 2.7082 2.291 24 0.0417 0.0706 1.4B57.5662 2.1481 75
0.0416 0.0104 1.5068 2.705 2.288B 25 0.0417 0.0706 1.482 5642. 2.146 76
0.0416 0.0104 1.5068 2.701 2.285[ 26 0.0417 0.0707 1.4/78.5622 2.144 77
0.0416 0.0104 1.5068 2.6988 2.282 27 0.0417 0.0107 1.4y28 5612. 2.1421 78
0.0416 0.0104 1.5068 2.6954 2.278P 28 0.0417 0.0108 1.4569.5602 2.1402 79
0.0416 0.0104 1.5068 2.6924 2.275) 29 0.0418 0.0108 146 592§ 2.1385 80
0.0416 0.0104 1.5068 2.6894 2.272p 30 0.0418 0.0109 1.4519.5582 2.137 81
0.0416 0.0104 1.5067| 2.6863 2.269 31 0.0419 0.0I1 1.4425 5582. 2.1356 82
0.0416 0.0104 1.5067| 2.6837 2.266/4 32 0.042 0.0111 1.4814 5592. 2.1343 83
0.0416 0.0104 1.5067 2.680. 2.263fF 33 0.04P21 0.0113 1.4]184.5602 2.1332 84
0.0416 0.0104 1.5067 2.677 2.260 34 0.04p2 0.0115 1.4p32.5612 2.1323 85
0.0416 0.0104 1.5067| 2.674] 2.257p 35 0.0424 0.01117 1.3853 5642. 2.1316 86
0.0416 0.0104 1.5067 2671 2.254p 36 0.04%27 0.012 1.3644 682. 2131 87
0.0416 0.0104 1.5067 2.667 2.251p 37 0.0481 0.0723 1.3B98.5732 2.1306 88
0.0416 0.0104 1.5067 2.6649 2.248p 38 0.0485 0.0127 1.411 5802.| 2.1302 89
0.0416 0.0104 1.5067 2.661 2.245p 39 0.04412 0.0732 1.2]73.5892 2.1297 90
0.0416 0.0104 1.5067 2.658 2.242p 40 0.0451 0.0738 1.2B77.6002 2.1289 91
0.0416 0.0104 1.5067 2.656 2.239p 41 0.0463 0.01}46 1.19136142. | 2.1275 92
0.0416 0.0104 1.5067 2.653 2.236p 42 0.0419 0.01)55 1.1869 6322. 2.1251 93
0.0416 0.0104 1.5066 2.65 2.233 43 0.0501 0.0166 1.0Y31 552. 2.1209 94
0.0416 0.0104 1.5066 2.647 2.230B 44 0.0581 0.0]8 0.9983 6832.] 2.1141 95
0.0416 0.0104 1.5066 2.6447 2.227h 45 0.05f1 0.0197 0.9]106.717@ 2.1031 96
0.0416 0.0104 1.5066 2.6413 2.224p 46 0.0626 0.0417 0.8p78.7602 2.0862 97
0.0416 0.0104 1.5065 2.6384 2.221p 47 0.0699 0.0442 0.6873.8122 2.0603 98
0.0416 0.0104 1.5065] 2.6359 2.218| 48 0.0797 0.0473 0.546 8772. 2.0217 99
0.0416 0.0104 1.5064] 2.632 2.215 49 0.0981 0.081 0.3-503 9572. 1.5649 100
0.0416 0.0104 1.5064] 2.6293 2.213 50 - - - -
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A. Battery Sample Calculation, Initial Population and Solution Set
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Fuzzy Logic Controller
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B. Fuzzy Logic Controller

B.1 Introduction

In this section, the fuzzification and defuzzification mettod the fuzzy central controller is dis-
cussed, which has used in Chapter 3. Similarly, the exglamatn be suitable for other controllers
such as the fuzzy based synchronization controller, dcyuitage controller and charging current
controller. The uncontrolled charging or discharging & EVs causes voltage fluctuation in the DN
at which the SCS has been connected. Therefore, there islaoheeordinating the EVs at the SCS
to control the power flow between the EVs and the DN. The chgrgind discharging of the EVs’
batteries have been controlled using a Fuzzy Logic Coeir@iLC). For example, the input param-
eters of the CCU are taken as the available energy in the Qtageoprofile at the DN and duration
to support the grid. For a low energy and high node voltagewiHMcharge while for a high SOC
and low node voltage, EV will discharge. However, there nlag e cases where both the available
energy and node voltages are high or both are low. For sugatsins, low charging or discharging
needs to be employed. Thus, the FLC has been fine tuned todaek@fcsuch situations as well, so
as to keep the node voltage fluctuations within the permessinits.

Fuzzy logic is another class of artificial inelegance buttis¢ory and its applications are more re-
cent than those of expert system [165]. Fuzzy logic derivexhffuzzy set theory which can deal with
uncertainties in systems. Fuzzy logic incorporates a ®mptTHEN rule based approach to solve a
control problem rather than attempting to mathematicalbdet a system. Fig. B.1 shows the func-
tional block diagram of a fuzzy logic controller. Unlike lairy logic, Fuzzy Logic is a many-valued
logic where the fuzzy logic variables may have truth vale®ing in different degrees between 0
and 1. Fuzzy Logic can deal with the uncertainties in theesysthrough a simple IF-THEN rule
based approach, thereby eliminating the need for a mathhsahatodel of the system. This is very
much useful for complex system where the complete matheaiatiodel representation may not be
possible. It consists of fuzzification, knowledge systamfelience engine and defuzzification, which
is shown in Fig[B.lL. The crisp input is converted or traredahto crisp values by using the fuzzifi-
cation. The rule or knowledge base collects the controkrulkeich describe expert’s knowledge and
experience in the fuzzy set. Based on the rule base and ftatiin output, the fuzzy control values

have been generated in the inference engine. Then, the Hahzgs are converted into crisp values
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by using the defuzzification method.

Knowledge base

Rule base

A4 A Y

Crispinput
g» Fuzzification | Inference »| Defuzzification

> - >
Fuzzy engine Fuzzy Crisp output
input output

Figure B.1: Functional block diagram of fuzzy logic controller.

The following steps are required to implement fuzzy logahteique:
e Fuzzification convert real value or crisp data into fuzzyadat Membership Functions (MFs).

¢ Inference Engine combine membership functions with therobnules to derive the fuzzy

output.
e Defuzzification is a process which convert fuzzy quantiitiés crisp quantities.

Mamdani type inference is used here for the implication ¢ésuIn order to achieve a fast and
accurate result, center of gravity method is chosen forzidigation process. Three fuzzy subsets
such as Low (L), Medium (M) and High (H) have been chosen aghét variables. Negative High
(NH), Negative Medium (NM), Negative Low (NL), Positive Loff’L), Positive Medium (PM) and
Positive High (PH) are chosen as output in order to obtaimebaired control action. The triangular
membership function has been used in this work because tbelatdons and implementation are
easy, which is given in Fid._Bl.1. It is very difficult to calati¢ the arithmetic operations in case of

Bell, Sigmoidal, Asymmetric and Guassian. The rule bas€foU-FLC is given in Table Bl1.

B.1.1 Fuzzification

Fuzzification is the first step to apply a fuzzy inference esystMost variables existing in the real
world are crisp or classical variables. One needs to coilese crisp variables to fuzzy variables.
Then apply fuzzy inference to process those data to obtaiddkired output. Generally, fuzzification
process involves deriving the MFs for input and outputtirgiables and representing them with

linguistic variables such as Low, Medium, etc,. The tridagiviFs have been used in this work.
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Table B.1: Rule base for CCU-FLC.

Vnode ET D I:’grid Vnode ET D Pgrid
L L L NH M M H NL
L L M NM M H L NH
L L H NL M H M NM
L M L NH M H H NL
L M M NM H L L PH
L M H NL H L M PM
L H L NH H L H PL
L H M NM H M L PH
L H H NL H M M PM
M L L PL H M H PL
M L M PL H H L PH
M L H PL H H M PM
M M L NH H H H PL
M M M NM - - - -

B.1.2 Defuzzification

Defuzzification is a method which converts fuzzy output iatisp output. The generated fuzzy
outputs are not possible to use. Hence, it is necessary t@adhe fuzzy output into crisp output.
This can be archived by using defuzzification process. Séweethods of defuzzification are used
in practice such as center of area (also called as centenaitygy; maxima, mean of maxima, height
and modified height methods. The most popular method is cehtrea which estimate the center

of gravity of the fuzzy set. The general expression for theerof area is given below:

Ms

— Pgridi# (Pgridi)

Pgrid = (B-l)

gn:l/l (Pgridi)

Detailed fuzzy logic process is explained with numericalraple of the CCU-FLC.

(i) Step - 1. The rule base for CCU-FLC has been decided based on the waitdlzie energy of
the CS, distribution node voltage and duration to suppartject the power. If the node voltage
is low, total energy availability of the CS is high, the duwatis medium then the CS support
the grid with very high power value. The distribution noddtage {,oq¢ is 0.965, the total
energy availability Et) is 0.9 and the duration) is 0.9.

(i) Step - 2 Estimate the Degree of Membership Function (DOFLEf,oqdp.U)), u(Et(p.u))
and u(D(p.u)) for the equal fuzzy setsum(Viodd = 0.9, un(Vhode = 0.1, um(Er) = 0.2,
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/lH(ET) = 08,/1|\/|(D) =01 and,uH(D) =0.9.

(iii) Step - 3: The rule base for the CCU-FLU is given in Table B.1. IdentH eight rules from
this Table forM, H values ofu(Vnoad p.-U)), u(Er(p.u)) andu(D(p.u)).

e Rule 1: If u(Viosd = M AND u(Et) = M AND (D) = M THEN p(Pgig) = NM.
e Rule 2: If £(Viosd = M AND u(E1) = M AND uy(D) = H THEN p(Pgrig) = NL.
e Rule 3: If u(Vnodd = M AND u(E7) = H AND p(D) = M THEN u(Pgrig) = NM.
e Rule 4: If 4(Vnoded = M AND u(E7) = H AND py(D) = H THEN u(Pgrig) = NL.
e Rule 5: If 4(Vnoded = H AND u(E7) = M AND (D) = M THEN p(Pgrig) = PM.
e Rule 6: If 4(Vnoded = H AND u(Er) = M AND py(D) = H THEN u(Pgrig) = PL.
e Rule 7: If u(Vnodd = H AND u(Er) = H AND py(D) = M THEN u(Pgrig) = PM.

e Rule 8: If 4(Viogd = H AND p(E1) = H AND y4(D) = H THEN p(Pgrig) = PL.

Then, estimate the DOF of each rules sing the min or AND operat

e DOF;: min {tm(Viogd), fm (E1), um(D)} = min{0.9,0.2,0.1} = 0.1.
e DOF,: min {um(Viode), um(Er), #n(D)} = min{0.9,0.2,0.9} = 0.2.
e DOF3: min {um(Viode)> #H(ET), um(D)} = min{0.9,0.8,0.1} = 0.1.
e DOF,: min {um(Vnode)> 41 (ET), un(D)} = min{0.9,0.8,0.9} = 0.8.
e DOFs: min {un(Vnode, um(ET), um(D)} = min{0.1,0.2,0.1} = 0.1.
e DOFg: min {un(Vnode)> um(ET), un (D)} = min{0.1,0.2,0.9} = 0.1.
e DOF7: min {uy(Vnodd, uH(ET), um(D)} = min{0.1,0.8,0.1} = 0.1.

e DOFg: min {un(Vhnodd, uH(ET), un(D)} = min{0.1,0.8,0.9} = 0.1.

(iv) Step - 4. Estimate the total power flow between in either directidtyq, for corresponding

rules in the above Table.

® 1(Pgrig,) := —0.6 for NM corresponding t®OF;,=0.1.
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Rule 1(R1) 1(Vnodd) H(Er) (D) H(Pgria) H(Pgria)
. L Ml 0o H . L M H 1L M H . NH NM NL PL PM PH o
S o8 O 09 Rule 1 contribution
0 % 0.1 o : 02 : 01 0 0.1
0.8 095 1l u) 0 05 ' TE(pu 0 05 Ip(puy -1 -06 -02 0.2 0.6 1 -1 -06 -02 0.2 0.6 P (pu
“ noad P-U) o | T(p.U) o ! (p.u) @ Pyra(p.U) © grid (P.U)
Rule 2(R2) 1{Viosd u(Er)! uD) #(Pgro) 1(Pgria)
L M | H L M | H L y I H NH NM NL PL PM PH .
1 Q09 1 08 1 % oo 1 Rule 2 contribution
| : 1 \02
0.1 0.2 0.1
0 0 T 0 T - _ — p —
0.8 (oa.sgs L, oedpl) © (ob.;r, : TEr(pu) © :)C;s : TD(p.y) 1 0.6 0.2 o 0.2 0.6 Bya(puyt 0.6 0.2 o 0.2 0.6 Bya(p.u)
Rule 3(R3)#(Vnod3 w(Er) u(D) | H(Pgria) H(Pgria)
L ! H L " H L ' H NH NM NL PL PM PH
ML o M | Y
1 : > 1 08 1 O 09 1 Rule 3 contribution
0 % 0.1 o : 02 : 01 0 0 }\
0.8 ((:;as L, 0dpl) © (ob,;s 3 TE(pu) © ;)c)s 'Ip(pu) L 06 02 N 0.2 0.6 Pya(puyt 06 02 B 0.2 0.6 By a(p.U)
Rule 4(R4)ﬂ€Vnodr9 H(ET)| uD) | H(Pgria) H#(Pgria)
L ! H L M " H s L H NH N N A pL oM pH Rule 4 contribution
1 1 ; 0.8 1 0.9 1
! T I
01 0.2 . 0.1
0 0 0 - - - 0— — pr
0.8 085 Ty (pu) © 05 T TE (pu) © 05 1 Tp(pu) 1 0.6 0.2 0.2 0.6 Pya(pu)? 0.6 0.2 0.2 0.6 Pya(p.U)
@ ® (©) I (d) (e)
Rule 5(R5) (Voo H(En)! uo) | 1(Peria) 1(Poria)
L i H L ' H L ' H NH NM NL PL PM PH
1 Miq0® 1 M | 1 M 508 1 Rule 5 contribution
T 0.8 I
%01 : 0.2 ; 01 0.1
0 4s 095 1. 070 05 ' I 0% 05  ip 0106 -02 0.2 0.6 P 01 06 -0z 0.2 0.6 P
nodd(P-U) 1 “Er(pu) 1~ D(pu) arid (P-U) aria (P.U)
(a) b (© I (d) (O]
Rule 6(R6) 11(Vnode) H(Er)! #(D) #(Pgria) #(Pgria)
L I H L | H L | H NH NM NL PL PM PH
M 0. M ! M !
1 > 1 o 1 09 1 Rule 6 contribution
01 0.2 & 01 0.1
0 0 T T 0
0.8 0.95 Npoadpl) © 0.5 ! TE(pu)y © 0.5 ! Tp(pu) L 06 -02 0.2 0.6 Pya(puyt 06 -0z 0.2 0.6 Py a(p.U)
(a‘ ® (©) | (d) (e)
Rule 7(R7) #t(Vnosd u(Er),) uD) | #(Pgria) #(Pgria)
. L Mhos H . L o 'H 1 L . I H lNH NM NL PL PM PH e
I 08 @09 Rule 7 contribution
0.1 0.2 o 01 0.1
0 0 0 i e — 00— i —
0.8 095 Ty (pu) © 05 T (pu) O 05 1 1p(py) 1 0.6 0.2 0.2 0.6 Bya(pu)? 0.6 0.2 0.2 0.6 Pya(p.U)
(@) (b) ! (©) ! (d (e)
Rule 8(R8) (Vnosd H(En): uD) #(Pgria) #(Pgria)
1 L Mlios H 1 L M ' H h L . ' H 1NH NM NL PL PM PH -
¥ o8 7 0.9 Rule 8 contribution
0.1 0.2 0.1 \\ 01
0 0 " 0 0 — = = 0— pr =
0.8 0.9‘5\1 L, oedpl) © 05~ T (pu) O 0.5 S WD(pAu) 1 0.6 0.2 0.2 0.6 Pya(puy? 0.6 0.2 0.2 0.6 Pya(p.U)
@ o | © (C) C)
0.965 0.9 0.9

Figure B.2: Membership functions for CCU controller (8)oqd p.U), (b) E1(p.u), (c)D, (d) Pgriq and (e) rules

contribution.

o u(Pgrig,) :

H(Pgrid,) :
u(Pgrig,)
M(Pgrids)
U(Pgrid)

H(Pgrid,) :

o 1(Pgyrid,) -

—0.2 for NL corresponding t®@OF;=0.2.
—0.6 for NM corresponding tbOF;=0.1.
—0.2 for NL corresponding t®©OF;=0.8.

0.6 for PM corresponding t®©OF;=0.1.

= 0.6 for PL corresponding tdOF;=0.1.

= 0.6 for PM corresponding tdOF;=0.1.

= 0.6 for PL corresponding tdOF;=0.1.
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(v) Step - 5: Estimate the crisp outputPyiq by the center of area method.

(0.1x —-0.96) + (0.1 x —0.56) + (0.2 x —0.52) + (0.8 x —0.28) +
(0.8x-0.12) + (0.2%x 0.12) + (0.1 x 0.16) + (0.1 x 0.24) + (0.1 x 0.56)

01+01+02+08+08+02+01+01+0.1 (8.2)

F)grid =

Pgrig = —0.1824 (B.3)

Contribution of R4

Contribution of R2
M(Pgrid)

Contribution of R1. R Contribution of R5,R6,R7,R8

-1 -06 -02 0.2 0.6 > Pgria(P.U)
Figure B.3: Crisp value of thePyig.

From Eq. [B.2), the crisp value of the output power is showRign[B.3. The defuzzified value of
the total power flow in either direction is value-+§.1824p.u. The controller has decide the negative
sign and low value oPgiq which means the power will plow from CS to grid and the gridtage
near to unity. Therefore, the CS support the grid with low polevel.

Detailed fuzzy logic process is explained with another niicaéexample:

(i) Step - 1. The distribution node voltag&/f.qe is 1.05, the total energy availabilityeg) is 0.3
and the durationd) is 0.5.

(i) Step - 2. Estimate the Degree of Membership Function (DOFuEf,oqdp.U)), u(Et(p.u))
and u(D(p.u)) for the equal fuzzy setsupm(Vnode = 0.5, un(Vinode) = 0.5, u (ET) = 0.4,
/lM(ET) =0.6 andﬂm(D) =1.

(iii) Step - 3: The rule base for the CCU-FLU is given in Table B.1. Identlig eight rules from
this Table forM, H values ofu(Vhogd p.U)), u(E7(p.u)) andu(D(p.u)).

e Rule 1: If (Viogd = M AND p(E1) = L AND (D) = M THEN p(Pyriq) = PL.

o Rule 2: If i(Vnogd = M AND p(Er) = M AND 115(D) = M THEN p1(Pgrig) = NM.
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e Rule 3: If ((Vnogd = H AND p(Er) = L AND g4(D) = M THEN (Pgrig) = PM.

e Rule 4: If ((Vnogd = H AND (Er) = M AND p(D) = M THEN p(Pgig) = PM.

Then, estimate the DOF of each rules sing the min or AND operat

e DOF;: min {uym(Vnode, uL(Et), um(D)} = min{0.5,0.4, 1} = 0.4.
e DOF2: min {um(Vhodd), um(Et), um(D)} = min{0.5,0.6, 1} = 0.5.
e DOF3: min {up(Vhode), uL(Et), um(D)} = min{0.5,0.4,1} = 0.4.
e DOF,: min {uy(Vnodd, um(Et), um(D)} = min{0.5,0.6, 1} = 0.5.
Rule 1(R1) #(Vnode) w(Er) u(D) 1#(Pgria) #(Pgria)
L M H L M H 1 L H NH NM NL PL PM PH . .
1 1 05 0.9 1 Rule 1 contribution
05 <
I 0.
0 0.8 0.95 l.f\/ de(P?J) 0 : 0.5 1 ET(pU)O 0 a.5 1 D(pu) 0 -1 -0.6 -0.2 0.2 1 -1 -0.2 0.2 0.6 JP ‘d(P-U)
@i " o) ® @ Paria(p.u) © o
Rule Z(RZ)#(Vn:de H(Er) H(D) H(Pgria) H(Pgria)
L M : H L M H L H NH NM NL PL PM PH . )
1 H 1 0d 1 0.1 1 Rule 2 contribution
X 05 ; 0.5
0 0.8 0495: 1. 0 0 : 05 1 0 Q.5 1 0 =il -0.6 -0.2 0.2 0.6 ) gl =0, B B )
@ 3 WVhodd P-U) ® Er(p.u) & D(p.u) @ Pyria (PG © gric (P-U)
Rule 3(R3) (Ve ' u(Er) £(D) #(Pgrid) #(Pgria)
L M LH Loow H L H NH NM NL PL PM PH .
1 ! 1 o 1 L 0.9 i Rule 3 contribution
05 S
o I o 0. 0 9 @ N 0.4
0.8 0.95 1. 0 105 1 0 a.5 1 8 -0.6 -0.2 0.2 0.6 N -1 -0.6 -0.2 0.2 0.6 N
| Nioad p-U) e Er(p.y) o D(p.u) © Pyria (p-U) s Pyria(p.U)
Rule 4(R4) u1(Vpad) \ u(Er) H(D) H#(Pgria) H#(Pgria)
L M1 H Lo b H L H NH NM NL PL PM PH -
1 ! 1 08 1 PN 1 Rule 4 contribution
0.5 )
f ,
0 0.8 0.95‘ 1':\/nod4p<%) 0 05 s ET(p.U)O 0 f 0.5 1 D(pU) 0 =i -0.6 -0.2 0.2 0.6 lP nd(g.UTl -0.6 -0.2 0.2 0.6 1P nd(p-u)
@ ® © @ ’ © ’
1.05 03 05

Figure B.4: Membership functions for CCU controller (8)oqdp.U), (b) Ex(p.u), (c)D, (d) Pgriq and (e) rules

contribution.

(iv) Step - 4. Estimate the total power flow between in either directidtyq, for corresponding

rules in the above Table.

o (Pgrig,) := 0.2 for NM corresponding tddOF;=0.4.

o 1(Pgig,) := —0.6 for NL corresponding t®OF;=0.5.

e (1(Pgrig,) := 0.6 for NM corresponding tddOF;=0.4.

e 1(Pgrig,) := 0.6 for NL corresponding tddOF;=0.5.
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(v) Step - 5:Estimate the crisp outputPyiq by using Eq[B.1L.

Pgria = 0.2896 (B.4)

Contribution of R1 #(Pgria) Contribution of R4
Contribution of R2 Contribution of R3

21 _a -6} ) 0P 0.2 0.6 = Pgria(p.u)
Figure B.5: Crisp value of thePyyiq.

From Eq. [B.2), the crisp value of the output power is showRig [B.B. The defuzzified value
of the total power flow in either direction is value i2896p.u. The controller has decide the positive
sign and medium value &y which means the power will plow from grid to CS and the grictage

greater than unity. Therefore, the CS inject the power froich g

TH-1265_KANNANT

151



B. Fuzzy Logic Controller

TH-1265_KANNANT

152



Filter Design

TH-1265_KANNANT

153



C. Filter Design

C.1 dc-dc Converter Design

There are different types of circuit topologies has beewntepl for bidirectional dc to dc Buck-
Boost (BB) converter [195-199]. A simple dc-dc convertgrdiogy is used in the BCCS unit. Fig.
[C.1 (a) shows the circuit diagram for bidirectional BB coregewith two switches$,3 andS;4) and
two diodes D;3 andD1,4). This circuit diagram has the ability to provide an outpoltage higher or
lower than the input voltage and also it can transfer powdoithh directions. Moreover, this circuit
diagram has few number of switches are used for bidirectipoaer flow. This circuit topology
selected due to its simple structure, well-known dynamitaver, pulse by pulse currant limitation
and instantaneous shutdown. The output voltage is coetratli either direction by controlling the

duty (D) ratio of theS;3 or Sy4.

C.1.1 Modes of Operation

During G2V operation the switc8,3 and diodeD,4 will conduct and V2G operation switch, 4
and diodeD1, would conduct.

The BB converter operates by storing the energy in the imatct) during the interval of Switch
Sz in turnedon (t,,). The stored energy is transferred to load or distributextggnsource when the
switchS3is turnedof f (t,¢¢). During this operating interval, thg, provides a least resistance path.
Hence, the maximum current flows through the The capacito€y; is used to remove the ripples in
the output voltage. Fidg. C.1(b) and Fig. C.1 (c) shows thewadgnt circuit diagram for G2V modes
operation and corresponding waveforms. WhenShgs turnedon, the energy is stored into the,
the inductor currentl(;) is reaching to the maximum(,,) after a time intervakT which is shown
in Fig[C.1 (c). The voltage across the swihy is low and the current provided from the sourtg)(
to load is maximum. The switc8,; is turnedof f, then the current falls to zero but thg starts to
flow through the load and diod®,4. The stored energy in tHg, will transfer to the load. Thé,; is
decreased, then the swith; would be turnean again in the next cycle.

The net impedanceZfe;) of the output side is calculated from Ef. (C.1).

Znet = (C . 1)

TH-1265_KANNANT

154



C.1 dc-dc Converter Design

ton tort ton toff

0 > !
KT T T+kT 21

\j

Mode : 2

\/

\j
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Ly Ch2 IIOEIUI Vi

+

(b) Modes of operation
Figure C.1: Buck-boost converter circuit diagram, modes of operatioth\@aveforms.
where V.4 is the battery terminal voltage or output voltage of the dosdnverter andPgs is
the maximum power handling capacity of the BCCS unit. Thekgegeak ripple currentAly) is

calculated from EqL{Cl2).
Aly =

T (C.2)

whereVy. is the supply voltage or input voltage of the BB converter &nd the switching fre-

quency. The peak to peak ripple voltage/g,,) is calculated from Eq[(Cl3).

Ik
AVCbz - sz (C.3)
wherek is the duty cycle. The output voltage of the BB converter i&giin Eq. [C.4).
_ Vdck
Voa = —7 1 (C.4)

The equation fok, andCy; is derived from Eq.[(C]2) and E4.(C.3) which is given belowsAme

the peak to peak ripple voltage is 3% of the maximum voltagkthe ripple current is 3% of the rated
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current.
_ Vdck
Lp = FALL (C.5)
Ik
b2 = fAVCb2 (C'6)

C.2 Contactless Power Transfer System

The inductive power transfer (IPT) system consists of theg@ry and the secondary sides. Pri-
mary side consists of a converter that converts dc suppyhigth-frequency ac signal and passes on
to the primary coil. The primary coil is coupled with the sedary coil. The high-frequency current
passing through the primary coil induces a voltage into #eosdary coil and hence the power is
transferred.

C.2.1 Self and Mutual Inductance Calculation

Although spiral circular geometry is the one having bettmraing [94], the geometry used here
is square or rectangular with planar coil distribution. Yis&ow better tolerance to misalignment,
which is one of the important characteristics for EV apglmas. The calculation of; andL, for
rectangular winding and planar coil distribution can beragpnated using neuman’s formula, which

is given in Eq. [(C.I7). The rectangular winding with andN, turns and their equivalent radiuss

L= % N29§56 d"rd' (C.7)

rn r

given by

r

> -
r2 4 Q
> -
e B > x
//”/ '/h(
_ -
‘a c a,

Figure C.2: Parameters of the rectangular coils for any dimension apdedative position between them| [2]

The Eq. [[C.V), applied to the system shown in C.2, gives
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a.In 2aibj 2aibj

L= Ho N;? " ri(a+ Vazeb? ri(oi+ Vaiz+b? (C.8)
_2(a|- + bi — \/aiz + biz) + 0.25(85 + b|)

+bi.ln

Wherer; is the equivalent radius of the winding, defined as

r = 1,N|—SI (Cg)
T

Winding resistanc®, is given by the following expression:

2(a + by)

. = p CuNi
R = p CuNi S

(C.10)

Where in Eq.[(CB) - Eq[(C.10),= 1 should be used for the primary winding aind 2 for the
secondary winding. To consider the possibility of havingaving of different sizes and significant
misalignment can occur while transferring the power frommpry side to secondary side via contact-

less coil. Therefore, an general expression for mutualatathce of the primary and secondary side

coil is given in Eq.[(C.I1).
Mzﬂmmiﬁmm (C.11)
Ar r

ri r2

Fig.[C.3 shows the induced and reflected voltages, whichpeeified in terms of mutual induc-

tanceM, the operational frequeney, andly, Is, V,, Vs are the primary and secondary current and

voltages. The mutual inductance is related to the magnetipling coefficientk and is given by

(C.12)

C.2.2 Electrical Circuit Parameter Calculation

Fig. [C.3 shows the series-series compensation circuitaggand mutual inductance coupling
model of a series compensated contactless coil.

The voltage induced at the secondary side of the contacitelsis given in Eq. [(C.IB).
Vs = joMlI, (C.13)
Reflected impedance at the primary side can be expressed agtithof the reflected voltage and
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L A —jle@ @ joMI, Vs

L J
(a) Baisc circuit topology

(b) Mutual inductance coupling model

Figure C.3: Circuit topology and mutual inductance coupling model.

the primary current.

_ J“)lM'S (C.14)
p

The secondary current can be expressed as the ratio of thedsey voltage (reflected upon by
primary coil) and secondary impedan@g)(

Z

_ JoMl,

=~z (C.15)
Hence, the general expression reflected impedZntrem the secondary to the primary is found
by dividing the reflected voltage by the primary current fesg in

l's

We2M?

Z = C.16
= (C.16)

whereZs is the impedance of the secondary network and depends orldesi compensation

topology. Assuming load resistance toRehe secondary side reflected impedances for the is given
below.

Zs = jwls+ jwlcs +Rs+R (C.17)
wherew is the angular frequency whichds= \/Ll_c The load impedancey) seen by the power
supply can be found by combining the primary impedance aeddfiected impedance. In the case
of series-compensated primary,

Z = oC, + juLlp+ Ry + Z (C.18)
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C.2 Contactless Power Transfer System

The power transferred from the primary to the secondarywsrgby

P = (Rez,)l? (C.19)

Where the operatoRe represents the real component of corresponding variable clrrent

flowing through the secondary winding is given by

_ JwoMlp

C.20
=7 (€20)

The voltages across the primary and secondary windingsémngn Eqg. [C.211) and Eq.({C.22).

Vp = jwolplp — jwoMls (C.21)

Vs = J(,UoMlp - jwoles (C.22)

Efficiency of the system (ignoring switching losses) can éednined by

2

B RI5

- 2 2 2
Rllp + Rols + RIS

n (C.23)

C.2.3 Operating Frequency

The primary side and secondary side operating frequenayldbe same. The change in primary
operating frequency is mainly to attain zero phase angl@)@perations by nullifying or minimizing
the reactive impedance as seen by the power supply. Thises tominimize the VA rating of the
power supply. However, the ZPA frequency must be within gaterange of the resonant frequency,
else it would affect the power transfer capability of thetegs Also, the operation frequency may be
changed to control power flow from primary to secondary. Byiding the system, the power transfer
capability of the system is reduced. This method is ofter igeontrol the secondary side voltage

or current from primary side.
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C.2.4 Compensation Level

There are four basic compensation topology has been rebioriderature such as series-series
(SS), series-parallel (SP), parallel-series (PS) andlpkhparallel (PP). Although, series-series com-
pensation has been used for in this work because, its retpsisecopper mass and lower current.
Compensation of the primary and secondary coil is a very mapbd element of the IPT system.
Firstly, operation at or near to resonance points help inimiaing power transfer capability. Sec-
ondly, compensation helps in reducing VA rating of the poswgply. In the absence of compensation,
a higher magnitude of current would be needed to sustainytters. This would result in greater
resistive losses in wires and also during switching. Hetieeprimary compensation is necessary to
minimize the VA rating of the supply. In the secondary congagion, it is essential for maximizing
power transfer capability, which is normally low due to lasipling.

Selection of topology is based on various theoretical abaggiractical considerations. The series
compensated secondary resembles a voltage source whaliepaompensated secondary resembles
a current source. Assuming secondary coil resistance t@twe the reflected resistances (real part
of impedance) comes out to b@"—z and%’%"z, respectively and then using Eq. (C.19), one can see
the validity of the statement. A series compensated pringnsed to keep primary coil voltage
and current at manageable levels while parallel competiszteondary is used for generating high
current. Hence, the selection of the circuit topology isgosn the application. Moreover, there are
more factors that vary along with the circuit topology anfieeif the selection of primary operation
frequency and primary capacitance.

The series resonant circuit shown in Fig. IC.2 is formed by memsation capacitoiS, andCs,
and leakage inductandg, andLs. The approximate resonant frequency of the resonant tisui

given by

) 1
-
V(Lo +m2LY.(Cp+ D)

where,n = % is the turn’s ratio of the transformer. Therefore, the regglicompensatiorCeom,

w (C.24)

of the series capacitor is given by
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C.3 Filter Design for Bidirectional Converters

1

- - C.25
wozl—leak ( )

Ccom p—

A usual method of design is to select the primary operatiegudency as the nominal frequency
(secondary resonant frequency). In this case, it is assuihadhe load and the magnetic coupling
don’t vary much. The ZPA frequency is made the same as thenadfiequency by selecting the
primary capacitance such that it nullifies the reactive idgree as seen by the power source at the

nominal frequency. The choice of primary capacitance deépen the topology selected.

e Series compensated secondary reflects only real impedanteeqrimary side at nominal
frequency. Hence, in series-series topology, primary @ggece can be tuned independent of

coupling and load.

¢ In parallel-series topology, the imaginary part of the inlgrece as seen by the source and hence

primary capacitance tuning depends on load as well coupling

e Parallel compensated secondary reflects the load indepeoagacitive reactance on the pri-
mary side. In series-parallel topology, primary capaaéatuning depends on the magnetic

coupling but not load.

¢ In parallel-parallel topology, tuning depends on both negrcoupling and load.

Hence, after selection of the primary capacitance for fixegudency operation in PP and PS
topology, it has to be ensured that the load and couplingtran is within limits and doesn’t lead to
significant shift in ZPA frequency and hence increase VA@tiSimilarly in the case of SP topology,
variation of load must be in limits. Theoretically, SS topgy can be considered to be most desirable
as its primary capacitance tuning is independent of magmeupling or load. However, due to

practical considerations, it may be preferable to use lgh@mpensation on one of the sides.

C.3 Filter Design for Bidirectional Converters

The converters are used to convert one form electrical gmetganother form of electrical energy
based on the switching operations. Fig.|C.4 shows the tidcagram of bidirectional ® and 1b ac-

dc converter with filter. These converters are used in thestrchl application, variable speed control
TH-1265 KANNANT
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and voltage regulator, etc. These converters are act agitereand inverter during G2V and V2G

operating modes, respectively.

(a) 3® ac to dc converter (b) 1@ ac to dc converter
% A A
E o
Q de —— f—
g ¢ V4C Vq4C
()
o
= D, | \/

Figure C.4: Circuit diagram of bidirectional ® and Xb ac-dc converter with filter.

In the G2V operation, the electric grid supplies the excessumt of energy to store in the EVS’
batteries during off-peak hours. Then, th& 8c voltage is converted into dc voltage by using the
switches’S; to Sg. Further, the ® high-frequency voltage is converted into dc voltage. Thigou
voltage of this converter is not a pure dc voltage, some agooent also raiding in the top of the
dc voltage. Therefore, filter circuit is required to remolwe harmonics in the dc output voltage. The

filter circuit has been design based on the net reflected iemmedseen from the source, which is

given in Eq. [C.2b).

Vi
Zoat = 22 (C.26)
CS

Ls

XL = nwlL¢

() Var(nw) S 4

(a) Circuit diagram
Figure C.5: Equivalent circuit diagram fon order harmonics.
The equivalent circuit of the harmonics is shown in Hig. |CThe ng harmonic ripple current
to pass through the filter capacitance. Therefore, the logmbdance, much greater than the filter

capacitance [200].
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C.3 Filter Design for Bidirectional Converters

1 10
JR2 L)? = 27
" (nw ) g NwCs NwCs (C.27)

The root-mean-square (rms) value of thgharmonic component appearing on the output of the

ac to dc converter, which is given in E. (C.28).

Van (C.28)

Vin (C.29)

The ripple voltage due to harmonic is given in Hg. (C.31)

1
) 2
Vae = ( > vgn) (C.30)
n=2,46....
The Fourier series for ac to dc converter is given in Eq. (I£.32
Vo (t) = Vge + Z (an cosnwt + b, sinnwt) (C.312)

n=2,4,6....

The output voltage of the ac to dc convertgrandb, are given below:

2n
Ve = = [ Vo (t) dot
0

) (C.32)
Vic = 2 [ Vmsinotdwt = 2
0
2r bid
an = 1 [Vocosnwtdwt = 2 [ Vi sinwt cosnwtdwt
0 0
Y 1 _forn= 25 A\Gs
a, = n:z,24,6,... (n-1)(n+1) (C.33)
Oforn=1,3,5, ...
2 n
by = £ [ Vosinnwtdwt = 2 [ Vi sinwt sinnwtdwt
0 0 (C.34)

Substitute the values &y, a, andb, in Eq. (C.31).
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2r n
br = 1 [Vosinnwtdwt = 2 [ Vi sinwt sinnwtdwt
0 0

(C.35)
b,=0
Vo) = 2oy ¥ Mo cognat
O() T n:2’Z4’6’,_. Vs (n—l)(n+1) (C36)
Vo (t) = 2r — 2 cos 20t — T2 cOS 4ot — 22 COS vt — — 22 COS 8ot...

From Eqg. [C.3B), the second order harmonic is the dominashttlae rms value is given in Eq.
(C.38).
4V,

Vi =
T 3ver

(C.37)

Substituten = 2 in Eq. [C.29)

-1
- (Zw)z(Lfo - 1)V2h

Voo (C.38)

The value of the filter capacitanc€y() is given in below equation

1
VR + (2wL)? = ngf (C.39)

Simplifying the above equation,

Ct = 10 (C.40)

Arf [R2 + (4 fL)?

The value of the filter inductance can be calculated fromleifgctor (rf) which is defined as the

ratio between the input and output voltage of the converter.

Vac Vo2 Vo 1
Vac  Vae Ve (4nf)’LiCr - 1 (C41)
Assume, 5% of the ripples in the output voltage,
10428
(4nf)“Cs

Similarly, the value of the filter capacitance and inductafar 3D ac to dc converter is given

below,

10
Ci = (C.43)

(127)2 \|R2 + (127 fL)?
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C.4 LCL Filter Design

1.0082

f

C.4 LCL Filter Design

Fig.[C.6 shows the equivalent circuit of three-phase imrardonnected to the grid. The switching
frequency effects in the inverter can inject harmonics fibi charging station to the grid. These
harmonics requires the connection of filter between thertaveand the grid. The filter attenuates
most low order harmonics in the output.

The inductor ) determines the ripple on the current and reduces the lequ&ncy harmonic
components. The voltage across the induci) (vith respect to the switching frequencig() and
ripple current Al,) is given by Eq.[(C.45).

Al

V. =L— (C.45)
fSW
Grid network Transformer LCL filter Bidirectional ac to dc conveter
A Y vy ey ~
1
Ry Lg T Ly i L L T T
| | | |
| | | i |
Vg%id 1 & T i, HG Ve
i | i
! |
1 L |

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure C.6: Equivalent circuit of grid connected inverter.

According to the harmonic standards, 15-20% of the ratepleipurrent is allowable; 20% is
assumed. The maximum ripple depends on the inductance, ldged/y) and fs,. The dc link

voltage and switching frequency is constant and the indicetaan be calculated from E@. (C.46).

_:_L Vdc
~ 8AI s

(C.46)

The high-frequency components have to be eliminated fremnttiuctor current when connected
to the grid. This must be performed by the shunt impedancetwikilow at high frequencies. Assum-
ing, Viny is the inverter voltagéey, is the capacitor voltage arft, Z;, Z; andZ, are the impedances of
the capacitor, transformer, grid network and inductor eeigely. Let,L is the total inductance of the

filter circuit. Thel; is designed based on the current ripple &pds assumed to be a fraction bf
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or greater than or less than bf. Therefore, the total inductance of the filter circuit is defl as the
sum of filter inductancé&, andL, (L = L; + L,). The relationship between the andL, isL; = al,.

The transfer function of the Fig. C.6 is given in EQ. (G.47).

lo(5) _ Z(S)(Z(9) + Zy(9))
Vinl(S)  Ze(S)(Zi(S) + Zy(9) + Z04(9)) + ZLa(S)(Z(9) + Zy(9))

The LCL filter transfer function which affects the closedpa®ystem bandwidth in grid connected

(C.47)

mode of operation is

WS _ 1 (C.48)
Vin(S)  SLC(Lg+ Li) + PLRC + (L + Ly + Lg) + Ry
The filter capacitance value has been obtained from the admpyation.
sk(L+ L+ Lg)+kR,—1
C=- (L+li+Ly) + kR, (C.49)

Lk (s(Lg + Lt) + Ry)

where,k = V'—° Consider a charging system have 80kW peak power handlipgcdst and the
three-phase inverter connected to a grid network througbaation transformer 11kV/440%/Y.
The dc-link voltage is 650V and switched frequency of thed#iphase inverter is 4kHz. From Eq.
(C.486), the filter inductance will be.@00008548845434. The standards state that the harmonic
orders greater than 35 must not exceed 0.2% rated curretl} [ZBus, the calculated value of the
filter capacitance i€ = 0.5343028408—-5F. The grid network impedandg andR, vary depending
on where CS is connected to the grid. The grid impedance nstb@ ianalysis ity = 6.422x 105

andRg= 0.08064. The maximum current flow from inverter to grid is giNeEiow,

i _ PCS
0=

\/§Vgrid
The simplified equation for the filter capacitance by substig the values in Eq.[(C.49) and

(C.50)

S= lnw,

o _ 639999(1.19496s - 0.9869
~ 7 s2(7.39876s + 0.08069

(C.51)
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D. Synchronization

D.1 Sample Calculation

The detail sample calculation for CS aggregator is desgribehis section. AsSSUM&/noge IS
0.89 p.u and théd is 0.95 p.u. Then, the calculation for the individual enecfythe EV battery
is given below. The calculations are performed consideti@g=Vs batteries of different ratings.
The specifications of EVs batteries are given in Tablé 3.7avimd the repetition of similar type of

calculation, only five EVS’ batteries calculations are show

Epy = (250x 32 (0.7 — 0.25)) = 3.6kWh

Epo = (250x 40 x (0.5 - 0.3)) = 2kWh

Ens = (400x 40 x (0.85- 0.3)) = 6.4kWh (D.1)
Ebs = (400x 50 x (0.6 — 0.3)) = 6kWh

Eus = (500x 48 (0.8 — 0.25)) = 13.2kWh

The total energy of the CS is given in EQ. (D.2) which is caed from in Eq.[(2.17).

ET = Ebl S Eb2 a4 Eb3 + Eb4 213 Eb5

Er =2%x312=624kWh (D-2)

The fuzzy based CCU is decide the amount of power flow betweeCE and grid based on the
Vhode D and the energy of the CS. The CS aggregator distribute teesrefe power. The BCCS unit

reference signals are given in EQ. (D.3).

Pb1_624>< ~170= —9.807 KW

Py = = x —170= —5.4487KW

Pb ?%éx ~170= —17.435%kW (D.3)
x —170= —16.346 KW

Pb Ziéx ~170= —35.9615W

The total power flow from CS to grid is given below.

Pgrid = Po1 + Pp2 + Ppg + Ppa + Pys

Pgria = 2x —85=-17W (D-4)

The real power control between EVs’ batteries and the DNgsleged by controlling thé. The

values of power angles are given in Eq. (D.5).

— 1 (-98077x2.894
81 = sint (=29LL2894) - _8 43046

— —1 (-54487x2.894
52 = sint (=B448D28%4) - _4,67186

5 = sin ! (LL2592894) = _151079 (D.5)

(5
54: sin! (LEZE22894) — _ 141433
(5

—359615x2.894
05 = sint (=252894) = 32518
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D.2 Synchronization Operation

D.2 Synchronization Operation

Fig.[D.1 shows the functional block diagram of the synchzation controller. It mainly consists
of discrete three-phase PLL units, which extract the syortlaation parameters (frequency and phase
sequence) of the DN and,in, three-phase to two phase transformation and vice vers&ll&and
power estimator. three-pha¥g,qeis the input forabc— dgO transformation unit and discrete three-

phase PLL.

converter

Circuit Breaker

Distribution e
Node
ST | .
% M /oeim lprim Carrier signal %)
2] sin_cos—| sin_cos p.u. | E o
% B =] == P P » conversion—®| LA-FLC Q
- Freql gl Freq mea 3 Y 8
Power estimator |/
lor0O
i Synchronization
Control signal Synchronization c)(/)ndition ok SPWM
parameters
3 phase PLL Y ° A
Vhode Wt|——————————
Wt 6
B Viode Freq Vabe
sin_co - sinfcosvd
©L_p Vi
Vnode
dqO to abc
abc to dq0 transformation

transformation

Figure D.1: Detailed block diagram of the FLC based synchronizatiorirotiar.

One of the important conditions for synchronizing any Dimstted Energy Resource (DER) with
the grid is the line voltage of the DER system which must beakéquslightly greater than the line
voltage of the grid. To satisfy this condition, the EVs baés arrive at the charging station would
discharge some energy initially for synchronizing with tved. The system will be in floating con-
dition for some period and no power transfer occurs. Aftercbyonization operation, the direction
of power transfer is decided. This must be satisfied for al EVthe charging station arriving with
high and low values of SOC. The buck-boost converter praaght EV battery system handles this
operation. The duty ratio of the buck-boost converter ismdied and does the necessary operation

and maintains the voltage level in the grid side. Initialhe EVs batteries have to discharge its energy
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to perform the synchronization operation. The control pssds briefly described here.

D.2.1 Control Process

The objective of the control system is to control the chagfjthscharging process of EVs’ batter-
ies, which mainly depend on DN voltage, energy status of Mg Batteries and duration to support
the grid Vnode Er andD). These inputs are given to Central Control Unit (CCU) ana@r@ing Sta-
tion (CS) aggregator, from whidh, is fed inside the BCCS unit to control the charging/dischrayg
states of EVs’ batteries.

The input from the CS aggregatd?y) is the main control signal for the controllers in the BCCS
unit. ThePy, is fed into the LA-FLC, which determines the amount and dioecof power flow
from/to the DN for both G2V and V2G operatiof®y, is also fed into the charging current control
of the buck-boost converter in the battery side; which deiees the reference current signal for the
inner CC-FLC, as we required controlling the charging rditée battery.

When EVs arrive at the CS, the BCCS unit will get connectedh wie DN and when it leaves
the CS, the BCCS unit will get disconnected. However, thesas charging/discharging operation
of EVs; the initial synchronization process with the grichecessary; without which the real power
transfers in any direction cannot be controlled. The imgure of synchronization of any power
converters connected to the grid is explained in [168] anttisgonization of BCCS unit has been
described in referencé [158]. For achieving this synclaation operation and to control the real
power flow, we have load/power angle control in our work shawfig. [3.8. The LA-FLC provides
the required to cause the power flow in any direction. The amount and daectf real power
transfer take place, when the voltage produced by the BC@3eans or lags the voltage of the DN.
This process is done by controlling the load angle of the BQGIE Thus, the charging/discharging
process of EVs are controlled through appropriate confrii@power converter based on the control
signal from the CS aggregator.

During the synchronization period, the system is contdodled there is no power transfer between
DN and EVs’ batteries. However, the EVs arrive at the CS vélldnsome initial discharge of energy.

There will be a small negative flow of current during the sywodlization period. This is because, the
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Figure D.2: Detailed circuit topology of individual BCCS unit
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D. Synchronization

EVs’ arrive at the CS will make a closed path through convexwgtches having low resistance and
there is some initial current flow through LCL filter and thsnsumes very less power. The detailed
circuit topology of individual BCCS unit with current flow mdiction at the initial synchronization

period is shown in Fid. D]2.
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E. Economic Beneficiary Calculation for EVs Owners, Grid Ope&ators and Consumers

E.1 Sample Calculation

In this Section, sample calculation for economic benefycadrEV owners and grid operators is
described. Let, capacity of the battery is@®b after 332 (n’) cycle. The following data’s are obtained
from battery and capacity fade modéPE.q = 56.05kWh E; = 3.39kWh Ego = 25.61KWh
Etranspor = 10.67 andEem = Estor — Etranspor = 25.61 - 10.67 = 14.94kWh

Also, the following assumptions are made= 0 (energy supplied by the grid to EVs’ batteries
during peak hours)s = 0 (energy obtained by the grid during peak hours), totaldifé¢he battery
(n=2801),D =1, M =Rs.300,000 andx’ = 4

The input energy to the battery provided by the grid has batulated from Eq.[(4]4).

ES = 32x (49)

= 35.55kWh ED

The total amount of money paid by the EV owners to grid opesatiuring a complete day is

given in Eq. [4.5).

APgyg= CX+ C'X = OX + C'X’

APevg = 3555x 4 = Rs142222 (EZ)

The actual amount of energy that the grid obtains from thedsalculated from Eq[(4.13).

90
Etrans = (100) 14.94 = 13.446kWh (E.3)

The amount paid by the grid operators to EV owner is obtaine £q. (4.15).

APge= SX+SXy" = S% + 0X,

E.4
APgev = S% (E4)
Thex; is relative quantity, it can be determined from Hq. (4.27).
= CX+C'X + H"M = SX+S'Xy’
_M
CX+ CX + 20 = =S¥% + S X
0+ 324 1+ 2B _ 134460, + 0, (E)
14223+ Z+3§85§1§73 = 13446,
Xo = 115214+ 5+

37662246
The value ofz can be determined by using Ef. (4.21) and Eq. (4.22).
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E.1 Sample Calculation

3MgepEq
> 1
2z 2EavailnPEc/d
7 3MgepEq
I e S (E.6)
X .
Z2 5149528055605 = 1-226
2=123

Substitute the value dafin Eq. (E.5),

Xo = 115214+ —37é6223246
X, = Rs1152 (E7)

The total amount of money paid by the grid operators to the #&¥eys during a complete day is
calculated from Eq[(4.15).
APgey = S¥% + S'X = SX + 0X

APy, = S¥ = 13446x 1152 (E.8)
APy, = Rs14589792

Profit for EV owners is calculated from Ed. (4128)

Xo' > XX > X' >4 (E.9)

The total amount of money paid by the consumers to the gridabpes during a complete day is

calculated from Eq[{4.29).

Acg= SX+S'X1 = SX;
Ac=13446x 1153 (E.10)
Aw=Rs15503

Profit for grid operators is calculated from EQ. (4.30).

X1 > X, > Rs1152 (E.11)

Total energy consumed per kilometerfﬁ”p1 = 5.625%km/kWh To charge the EVs’ battery from
grid, the consumers pdys 154.056 per day. Therefore, cost per knRis 3.34.

TH-1265_KANNANT

175



E. Economic Beneficiary Calculation for EVs Owners, Grid Ope&ators and Consumers

TH-1265_KANNANT

176



Bibliography

[1] EIG, “Battery Charge Rate Characteristics,” http:/mwwwigbattery.com/.

[2] J. Sallan, J. Villa, A. Llombart, and J. Sanz, “Optimakam of ICPT systems applied to electric vehicle
battery charge JEEE Trans. Ind. Electronvol. 56, no. 6, pp. 2140-2149, June 2009.

[3] “Electricity Generation in India and Power Sector at a a®@le "ALL INDIA"”
http://en.wikipedia.org/wiki/Electricitysectorin_Indiaandhttp://www.powermin.nic.in/indian
electricity scenario/introduction.htm.

[4] “Indian Energy Sector: An Overview,” http://http://emkipedia.org/wiki/Electricity sectorin_India.
[5] “Energy Calculation per Capita,” http://www.indexndircom/g/r.aspx?v=81000.
[6] “Electricity Generation in India,” http://www.teriiorg/events/docs/Copl4/mitigation. bdf.

[7] “Peak power demand in assam,” http://articles.ecomtimes.indiatimes.com/2012-12-27/news/36022094
1_power-projects-power-allocation-free-power.

[8] AERC, “Assam Electricity Regulatory Commission,” hifii@erc.nic.in/.

[9] M. Singh, P. Kumar, and I. Kar, “Analysis of vehicle to drconcept in indian scenario,” £4nt. Power
Electron. and Motion Control Conf. (EPE/PEMC’1@p. T6—149-T6-156, Sept. 2010.

[10] “Design Department of Assam  Electricity Grid  Corpooat Ltd. [online].”
Available:http://www.aegclsldc.org/1024.html,2010.

[11] “Battery (electricity),” Available:http://en.wilgedia.org/wiki/Battery28electricity29 and
http://batteryuniversity.com/learn/article/chargifignium_ion_batteries.

[12] S. Buller, E. Karden, D. Kok, and R. De Doncker, “Modgjithe dynamic behavior of supercapacitors
using impedance spectroscoph\FEE Trans. Ind. Appl.vol. 38, no. 6, pp. 1622—-1626, Nov./Dec. 2002.

[13] D. Cericola, P. Ruch, R. KJtz, P. No\Ak, and A. Wokaun, “Simulation of a supercapacitor/Li-ion
battery hybrid for pulsed applications]” of Power Sourcewvol. 195, no. 9, pp. 2731-2736, May 2010.

[14] W. Hassenzahl, “Superconducting magnetic energyagttin Proc. of IEEE vol. 71, no. 9, pp. 1089—-
1098, Sept. 1983.

[15] W. Buckles and W. Hassenzahl, “Superconducting magmeeiergy storage JEEE Power Engineering
Reviewvol. 20, no. 5, pp. 16—-20, May 2000.

[16] H. Louie and K. Strunz, “Superconducting magnetic ggestorage (SMES) for energy cache control
in modular distributed hydrogen-electric energy systémisE Trans. Appl. Supercondiol. 17, no. 2,
pp. 2361-2364, 2007.

TH-1265_KANNANT

177


http://www.eigbattery.com/
http://en.wikipedia.org/wiki/Electricity_sector_in_India and http: //www.powermin.nic.in/indian_electricity_scenario/introduction.htm
http://http://en.wikipedia.org/wiki/Electricity_sector_in_India
http://www.indexmundi.com/g/r.aspx?v=81000
http://www.teriin.org/events/docs/Cop14/mitigation.pdf
http://articles.economictimes.indiatimes.com/2012-12-27/news/36022094_1_power-projects-power-allocation-free-power
http://aerc.nic.in/
http://www.aegclsldc.org/1024.html, 2010
http://en.wikipedia.org/wiki/Battery_28electricity29
http://batteryuniversity.com/learn/article/charging_lithium_ion_batteries

BIBLIOGRAPHY

[17] D. Wang, Z. hui Wu, G. Xu, D. da Wang, M. Song, and X. tao g2eliReal-time power control of
superconducting magnetic energy storadfeEE Int. Conf. on Power Syst. Technol. (POWERCON'’12)
Oct./Nov. 2012.

[18] M. Komori and Y. Uchimura, “Improving the dynamics ofivtypes of flywheel energy storage systems
with SMBs,” IEEE Trans. Appl. Supercondol. 15, no. 2, pp. 2261-2264, June 2005.

[19] A. Buchroithner, I. Andrasec, and M. Bader, “Optimak®m design and ideal application of flywheel
energy storage systems for vehiclelSEE Int. Energy Conf. and Exhibition (ENERGYCON’1@p.
991-996, Sept. 2012.

[20] “Flywheel,” http://advantage-environment.comfird/energy-storage-with-flywheel-technology/.

[21] R. Hein, P. R. Kleindorfer, and S. Spinler, “Valuatiohadectric vehicle batteries in vehicle-to-grid and
battery-to-grid systems;Technological Forecasting and Social Changel. 79, no. 9, pp. 1654-1671,
Nov. 2012.

[22] J. Tomic and W. Kempton, “Using fleets of electric-drivehicles for grid support,). of Power Sources
vol. 168, no. 2, pp. 459-468, June 2007.

[23] W. Kempton and J. Tomi€, “Vehicle-to-grid power impientation: From stabilizing the grid to support-
ing large-scale renewable energy,’of Power Sourcesol. 144, no. 1, pp. 280-294, June 2005.

[24] S. Deilami, A. Masoum, P. Moses, and M. A. S. Masoum, ‘IReae coordination of plug-in electric
vehicle charging in smart grids to minimize power losses amgrove voltage profile,2JEEE Trans.
Smart Grid vol. 2, no. 3, pp. 456467, Sept. 2011.

[25] C. Quinn, D. Zimmerle, and T. Bradley, “An evaluation sthte-of-charge limitations and actuation
signal energy content on plug-in hybrid electric vehiclehiele-to-grid reliability, and economicdEEE
Trans. Smart Gridvol. 3, no. 1, pp. 483-491, Mar. 2012.

[26] C.K.Ekman, “Onthe synergy between large electric eehileet and high wind penetration - an analysis
of the danish caseRenewable Energyol. 36, no. 2, pp. 546-553, Feb. 2011.

[27] J. M. L. Camila Fernandes, Pabloids, “Impact of vehicle-to-grid on power system operatiasts:
The spanish case studypplied Energyvol. 96, no. 0, pp. 194-202, Aug. 2012.

[28] J. Barton and D. Infield, “Energy storage and its use witermittent renewable energyEEE Trans.
Energy Conversyvol. 19, no. 2, pp. 441-448, June 2004.

[29] C.-S. Wang, O. Stielau, and G. Covic, “Design consitiens for a contactless electric vehicle battery
charger,"IEEE Trans. Ind. Electronyvol. 52, no. 5, pp. 1308-1314, Oct. 2005.

[30] Y. Ma, T. Houghton, A. Cruden, and D. Infield, “Modelinge benefits of vehicle-to-grid technology to
a power system |EEE Trans. Power Systvol. 27, no. 2, pp. 1012-1020, May 2012.

[31] Y. Ota, H. Taniguchi, T. Nakajima, K. Liyanage, J. Babad A. Yokoyama, “Autonomous distributed
V2G (vehicle-to-grid) satisfying scheduled chargintEEE Trans. Smart Grigdvol. 3, no. 1, pp. 559—
564, Mar. 2012.

[32] L. Pieltain Fernandez, T. Roman, R. Cossent, C. Domiagad P. Frias, “Assessment of the impact of
plug-in electric vehicles on distribution network$£EE Trans. Power Systwvol. 26, no. 1, pp. 206-213,
Feb. 2011.

TH-1265_KANNANT

178


http://advantage-environment.com/framtid/energy-storage-with-flywheel-technology/

BIBLIOGRAPHY

[33] Z.Darabi and M. Ferdowsi, “Aggregated impact of plughybrid electric vehicles on electricity demand
profile,” IEEE Trans. Sustain. Energyol. 2, no. 4, pp. 501-508, Oct. 2011.

[34] M. Singh, P. Kumar, and I. Kar, “A multi charging statifor electric vehicles and its utilization for load
management and the grid support,” pp. 1026-1037, June 2013.

[35] Y. Ma, T. Houghton, A. Cruden, and D. Infield, “Modelinket benefits of vehicle-to-grid technology to
a power systemJEEE Trans. Power Systvol. 27, no. 2, pp. 1012-1020, May 2012.

[36] K. Qian, C. Zhou, M. Allan, and Y. Yuan, “Modeling of loademand due to EV battery charging in
distribution systemsEEE Trans. Power Systvol. 26, no. 2, pp. 802-810, May 2011.

[37] G. Joos, M. De Freige, and M. Dubois, “Design and simailabdf a fast charging station for PHEV/EV
batteries,"|EEE Electric Power and Energy Conf. (EPEC’'1@p. 1-5, Aug. 2010.

[38] C. Alaoui, “Solid-state thermal management for litmition EV batteries, TEEE Trans. Veh. Technol.
vol. 62, no. 1, pp. 98-107, Jan. 2013.

[39] M. Chen and G. Rincon-Mora, “Accurate electrical battenodel capable of predicting runtime and I-V
performance, 1EEE Trans. Energy Converstol. 21, no. 2, pp. 504-511, June 2006.

[40] T.-K. Lee, B. Adornato, and Z. Filipi, “Synthesis of te&orld driving cycles and their use for estimating
PHEYV energy consumption and charging opportunities: Casly $or Midwest/U.S.”IEEE Trans. Veh.
Technol, vol. 60, no. 9, pp. 4153-4163, Nov. 2011.

[41] RicardoFariaandPedroMouraandJoaquimDelgadoaib@dfindeAlmeida, “A sustainability assessment
of electric vehicles as a personal mobility systeiriergy Conversion and Managemewtl. 61, pp.
19-30, Sept. 2012.

[42] “Electric vehicle battery,” hitp://en.wikipedia@wiki/Electric_vehicle battery.

[43] P.H.Andersen, J. A. Mathews, and M. Rask, “Integrapnigate transport into renewable energy policy:
The strategy of creating intelligent recharging grids fieceic vehicles,”"Energy Policy vol. 37, no. 7,
pp. 2481-2486, July 2009.

[44] J. Mullan, D. Harries, T. Braunl, and S. Whitely, “Thechnical, economic and commercial viability of
the vehicle-to-grid conceptEnergy Policy vol. 48, no. 0, pp. 394—-406, Sept. 2012.

[45] Y. A.R.I. Mohamed and E. El-Saadany, “Hybrid varialskedcture control with evolutionary optimum-
tuning algorithm for fast grid-voltage regulation usingénter-based distributed generationZEE
Trans. Power Electronvol. 23, no. 3, pp. 1334-1341, May 2008.

[46] H. Sepahvand, J. Liao, and M. Ferdowsi, “Investigationcapacitor voltage regulation in cascaded h-
bridge multilevel converters with fundamental frequenajtshing,” IEEE Trans. Ind. Elect.vol. 58,
no. 11, pp. 5102-5111, Nov. 2011.

[47] H. Fujita and H. Akagi, “Voltage-regulation perforn@mof a shunt active filter intended for installation
on a power distribution systemEEE Trans. Power Electronvol. 22, no. 3, pp. 1046-1053, May 2007.

[48] E. Demirok, P. Casado Gonzaalez, K. Frederiksen, Pa,3& Rodriguez, and R. Teodorescu, “Local
reactive power control methods for overvoltage preventibdistributed solar inverters in low-voltage
grids,” IEEE Journal of Photovoltaigs/ol. 1, no. 2, pp. 174-182, Oct. 2011.

TH-1265_KANNANT

179


http://en.wikipedia.org/wiki/Electric_vehicle_battery

BIBLIOGRAPHY

[49] F. Wang, J. Duarte, and M. A. M. Hendrix, “Pliant activedareactive power control for grid-interactive
converters under unbalanced voltage difEEE Trans. Power Electronvol. 26, no. 5, pp. 1511-1521,
May 2011.

[50] J. Escudero-Garzas, A. Garcia-Armada, and G. Secadds, “Fair design of plug-in electric vehicles
aggregator for V2G regulation|EEE Trans. Veh. Technolol. 61, no. 8, pp. 3406-3419, Oct. 2012.

[51] G. Liuand K. Tomsovic, “Quantifying spinning reservesystems with significant wind power penetra-
tion,” IEEE Trans. Power Systvol. 27, no. 4, pp. 2385-2393, Nov. 2012.

[52] N. Chowdhury and R. Billinton, “Export/import of spiimg reserve in interconnected generation sys-
tems,”IEEE Trans. Power Syswol. 6, no. 1, pp. 43-50, Feb. 1991.

[53] A. Abiri-Jahromi, M. Fotuhi-Firuzabad, and E. Abba%pptimal scheduling of spinning reserve based
on well-being model,IEEE Trans. Power Systvol. 22, no. 4, pp. 2048-2057, Nov. 2007.

[54] M. Q. Wang and H. Gooi, “Spinning reserve estimation ienogrids,”|[EEE Trans. Power Systol. 26,
no. 3, pp. 1164-1174, Aug. 2011.

[55] N. Chowdhury and R. Billinton, “Assessment of spinniggerve in interconnected generation systems
with export/import constraintsJEEE Trans. Power Systvol. 4, no. 3, pp. 1102-1109, Aug. 1989.

[56] ——, “Export/import of spinning reserve in interconted generation systemslEEE Trans. Power
Syst, vol. 6, no. 1, pp. 43-50, Feb. 1991.

[57] E.Sortomme and M. El-Sharkawi, “Optimal schedulingehicle-to-grid energy and ancillary services,”
IEEE Trans. Smart Grigvol. 3, no. 1, pp. 351-359, March 2012.

[58] H.Khayyam, H. Ranjbarzadeh, and V. Marano, “Intelfigeontrol of vehicle to grid power,J. of Power
Sourcesvol. 201, no. 0, pp. 1-9, Mar. 2012.

[59] S. Han, S. Han, and K. Sezaki, “Effects of electric vé&dscon power systems in northern europe,”
Energy vol. 48, no. 1, pp. 356368, Dec. 2012.

[60] Bessa, R. J., and M. A. Matos, “The role of an aggregagemnafor ev in the electricity market,”7
Mediterranean Conf. and Exhibition on Power Gener. Trangnstrib. and Energy Convers. (Med-
Power’'10) Nov. 2010.

[61] S.Han, S. Han, and K. Sezaki, “Estimation of achievadadeer capacity from plug-in electric vehicles
for V2G frequency regulation: Case studies for market pigdtion,” IEEE Trans. Smart Gridvol. 2,
no. 4, pp. 632641, Dec. 2011.

[62] S.-K.Kim, J.-H. Jeon, C.-H. Cho, J.-B. Ahn, and S.-H. étwy“Dynamic modeling and control of a grid-
connected hybrid generation system with versatile poveaster,”|EEE Trans. Ind. Electronvol. 55,
no. 4, pp. 1677-1688, Apr. 2008.

[63] M. De Freige, G. Joos, and M. Dubois, “Energy managemssttheduling in a fast charging station for
PHEYV batteries,IEEE Power and Energy Society General Meeting (PES’ft) 1-5, July 2011.

[64] Y. He, B. Venkatesh, and L. Guan, “Optimal scheduling dbarging and discharging of electric vehi-
cles,”IEEE Trans. Smart Grigvol. 3, no. 3, pp. 1095-1105, Sept. 2012.

[65] E.Sortomme and M. EI-Sharkawi, “Optimal charging stgges for unidirectional vehicle-to-gridiEEE
Trans. Smart Gridvol. 2, no. 1, pp. 131-138, March 2011.

TH-1265_KANNANT

180



BIBLIOGRAPHY

[66] K. Clement-Nyns, E. Haesen, and J. Driesen, “The impéacharging plug-in hybrid electric vehicles
on a residential distribution gridlEEE Trans. Power Systvol. 25, no. 1, pp. 371-380, Feb. 2010.

[67] G. Li and X.-P. Zhang, “Modeling of plug-in hybrid eleit vehicle charging demand in probabilistic
power flow calculations,JEEE Trans. Smart Gridvol. 3, no. 1, pp. 492—-499, March 2012.

[68] J. Lopes, F. Soares, and P. Almeida, “Integration oftele vehicles in the electric power systeniy’
Proc. of IEEE vol. 99, no. 1, pp. 168-183, Jan. 2011.

[69] S. S. Raghavan and A. Khaligh, “Impact of plug-in hybeictric vehicle charging on a distribution
network in a smart grid environmentEEE PES Innovative Smart Grid Technol. (ISGT’12p. 1-7,
Jan. 2012.

[70] E. Sortomme, E. Doheny, and M. El-Sharkawi, “The effgfotlectric vehicle drive efficiency on bidding
vehicle-to-grid services|EEE Int. Electric Machines Drives Conf. (IEMDC’11pp. 1288-1293, May
2011.

[71] M. Khan, I. Husain, and Y. Sozer, “Integrated electriotor drive and power electronics for bidirec-
tional power flow between electric vehicle and DC or AC gridEEE Energy Convers. Congress and
Exposition (ECCE’12)pp. 3403-3410, Sept. 2012.

[72] L. Hui-ling, B. Xiao-min, and T. Wen, “Impacts of plugtihybrid electric vehicles charging on distribu-
tion grid and smart charginglEEE Int. Conf. on Power Syst. Technol. (POWERCON'pR) 1-5, Oct.
2012.

[73] S. Han, S. Han, and K. Sezaki, “Development of an optiveddicle-to-grid aggregator for frequency
regulation,”|EEE Trans. Smart Grigvol. 1, no. 1, pp. 65-72, June 2010.

[74] M. Singh, P. Kumar, and I. Kar, “Implementation of veleido grid infrastructure using fuzzy logic
controller,”IEEE Trans. Smart Grigvol. 3, no. 1, pp. 565-577, Mar. 2012.

[75] D. Steen, L. Tuan, O. Carlson, and L. Bertling, “Asseestrof electric vehicle charging scenarios based
on demographical datalEEE Trans. Smart Grigvol. 3, no. 3, pp. 1457-1468, Sept. 2012.

[76] J. Xu and V. Wong, “An approximate dynamic programmimgm@ach for coordinated charging control
at vehicle-to-grid aggregatorfEEE Int. Conf. on Smart Grid Communications (SmartGrid@of),
pp. 279-284, Oct. 2011.

[77] D. Wu, D. Aliprantis, and L. Ying, “Load scheduling andsgdatch for aggregators of plug-in electric
vehicles,”IEEE Trans. Smart Gridvol. 3, no. 1, pp. 368-376, March 2012.

[78] C.Wu, H. Mohsenian-Rad, and J. Huang, “Vehicle-toraggtor interaction gamelEEE Trans. Smart
Grid, vol. 3, no. 1, pp. 434-442, Mar. 2012.

[79] L. Gao, S. Liu, and R. Dougal, “Dynamic lithium-ion baty model for system simulationfEEE Trans.
Comp. Packag. Technokol. 25, no. 3, pp. 495-505, Sept. 2002.

[80] J. Dogger, B. Roossien, and F. Nieuwenhout, “Charaaton of li-ion batteries for intelligent manage-
ment of distributed grid-connected storag&EE Trans. Energy Conversvol. 26, no. 1, pp. 256-263,
Mar. 2011.

[81] S. Beer, T. Gomez, D. Dallinger, I. Momber, C. Marnay, 8adler, and J. Lai, "An economic analysis
of used electric vehicle batteries integrated into comimktwilding microgrids,”IEEE Trans. Smart
Grid, vol. 3, no. 1, pp. 517-525, Mar. 2012.

TH-1265_KANNANT

181



BIBLIOGRAPHY

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

U. Madawala and D. Thrimawithana, “A bidirectional inttive power interface for electric vehicles in
V2G systems,|IEEE Trans. Ind. Electronvol. 58, no. 10, pp. 4789-4796, Oct. 2011.

——, “A single controller for inductive power transfeystems,”|EEE 35" Annual Conf. of Ind. Elec-
tron. (IECON '09) pp. 109-113, Nov. 2009.

D. Thrimawithana and U. Madawala, “A three-phase béediional IPT system for contactless charging
of electric vehicles,IEEE Int. Symp. on Ind. Electron. (ISIE’11)p. 1957-1962, June 2011.

M. Budhia, G. Covic, and J. Boys, “A new IPT magnetic claugor electric vehicle charging systems,”
36™M Annual Conf. on IEEE Ind. Electron. Society (IECON’10). 24872492, Nov. 2010.

M. Pinuela, D. Yates, S. Lucyszyn, and P. Mitcheson, Xiazing DC-to-load efficiency for inductive
power transfer,/IEEE Trans. Power Electroni¢csol. 28, no. 5, pp. 2437-2447, May 2013.

C.-S. Wang, G. Covic, and O. Stielau, “Power transfgratality and bifurcation phenomena of loosely
coupled inductive power transfer system&EE Trans. Ind. Electronyvol. 51, no. 1, pp. 148-157, Feb.
2004.

S. Mohagheghi, B. Parkhideh, and S. Bhattacharya,utitide power transfer for electric vehicles: Po-
tential benefits for the distribution gridiEEE Int. Electric Veh. Conf. (IEVC’12pp. 1-8, March 2012.

H. L. Li, A. Hu, and G. Covic, “A direct AC - AC converter fanductive power-transfer system$EZEE
Trans. Power Electronvol. 27, no. 2, pp. 661-668, Feb. 2012.

T. Bieler, M. Perrottet, V. Nguyen, and Y. Perriard, ‘“‘@actless power and information transmission,”
IEEE Trans. Ind. Appl.vol. 38, no. 5, pp. 1266—1272, Sept./Oct. 2002.

J. Zhao, J. Jiang, and X. Yang, “AC-DC-DC isolated cateewith bidirectional power flow capability,”
IET Trans. Power Electronvol. 3, no. 4, pp. 472-479, July 2010.

G. Covic, J. Boys, M. Kissin, and H. Lu, “A three-phaseliictive power transfer system for roadway-
powered vehicles,[EEE Trans. Ind. Electronvol. 54, no. 6, pp. 3370-3378, Dec. 2007.

U. Madawala, M. Neath, and D. Thrimawithana, “A powereduency controller for bidirectional in-
ductive power transfer system$EZEE Trans. Ind. Electronvol. 60, no. 1, pp. 310-317, Jan. 2013.

J. Hayes, M. Egan, J. M. D. Murphy, S. Schulz, and J. Hsllide-load-range resonant converter sup-
plying the SAE J-1773 electric vehicle inductive charginggiface,”|IEEE Trans. Ind. App].vol. 35,
no. 4, pp. 884—-895, Jul./Aug. 1999.

J. Villa, J. Sallan, J. Sanz Osorio, and A. Liombart,dRimisalignment tolerant compensation topology
for ICPT systems,IEEE Trans. Ind. Electronvol. 59, no. 2, pp. 945-951, Feb. 2012.

D. Thrimawithana, U. Madawala, and M. Neath, “A synahimation technique for bidirectional IPT
systems,1IEEE Trans. Ind. Electronvol. 60, no. 1, pp. 301-309, Jan. 2013.

D. Yazdani, A. Bakhshai, G. Joos, and M. Mojiri, “A nomiar adaptive synchronization technique for
grid-connected distributed energy sourcéSEE Trans. Power Electronvol. 23, no. 4, pp. 2181-2186,
July 2008.

Y. F. Wang and Y. W. Li, “Grid synchronization PLL based oascaded delayed signal cancellation,”
IEEE Trans. Power Electronvol. 26, no. 7, pp. 1987-1997, July 2011.

TH-1265_KANNANT

182



BIBLIOGRAPHY

[99] L.Zhang, L. Harnefors, and H.-P. Nee, “Power-synclmation control of grid-connected voltage-source
converters,1EEE Trans. Power Systvol. 25, no. 2, pp. 809-820, May 2010.

[100] S.Z.Chen, N. Cheung, Y. Zhang, M. Zhang, and X.-M. Tahgproved grid synchronization control of
doubly fed induction generator under unbalanced grid geltdEEE Trans. Energy Conversvol. 26,
no. 3, pp. 799-810, Sept. 2011.

[101] F. Blaabjerg, R. Teodorescu, M. Liserre, and A. Timl@yverview of control and grid synchronization
for distributed power generation systemiFEE Trans. Ind. Electron.vol. 53, no. 5, pp. 1398-1409,
Oct. 2006.

[102] T. Sharma, B. Sen, and B. C. Babu, “Improved grid syoaolmation algorithm for DG system using
DSRF PLL under grid disturbancesEEE Students Conf. on Engg. and Syst. (SCES {2)1-6, Mar.
2012.

[103] P. Rodriguez, A. Luna, R. Muoz-Aguilar, |. Etxeberfdadui, R. Teodorescu, and F. Blaabjerg, “A
stationary reference frame grid synchronization systanthi@e-phase grid-connected power converters
under adverse grid conditiondEEE Trans. Power Electronvol. 27, no. 1, pp. 99-112, Jan. 2012.

[104] S. Golestan, M. Monfared, F. Freijedo, and J. Guerrédesign and tuning of a modified power-based
pll for single-phase grid-connected power conditioningtegns,”IEEE Trans. Power Electronvol. 27,
no. 8, pp. 3639-3650, Aug. 2012.

[105] M. P. D. Yazdani and A. Bakhshai, “Three-phase gridcsyanization techniques for grid connected
converters in distributed generation systemBEE Int. Symp. on Ind. Electron. (ISIE'Q®p. 1105—
1110, July 2009.

[106] —, “Single-phase grid-synchronization algorithfosconverter interfaced distributed generation sys-
tems,”|IEEE Canadian Conf. on Electrical and Computer Enginee((GEECE’'09) pp. 127-131, May
2009.

[107] E. Wood, M. Alexander, and T. H. Bradley, “Investigatiof battery end-of-life conditions for plug-in
hybrid electric vehicles,J Power Sourcessol. 196, no. 11, pp. 5147-5154, Feb. 2011.

[108] H.-K. Tseng, J. S. Wu, and X. Liu, “Affordability of edéric vehicles for a sustainable transport system:
An economic and environmental analysi§fiergy Policy vol. 61, no. 0, pp. 441-447, June 2013.

[109] V. Marano and G. Rizzoni, “Energy and economic evatuabf PHEVs and their interaction with re-
newable energy sources and the power giidProc. IEEE Int. Conf. on Vehicular Electron. and Safety
(ICVES'08) pp. 84-89, Sept. 2008.

[110] B. M. Al-Alawiand T. H. Bradley, “Total cost of ownergh payback, and consumer preference modeling
of plug-in hybrid electric vehicles Applied Energyvol. 103, no. 0, pp. 488-506, Nov. 2013.

[111] B. Dietz, K. Ahlert, A. Schuller, and C. Weinhardt, “@wmic benchmark of charging strategies for
battery electric vehicles[EEE Trondheim Power Tech. 201dp. 1-8, June 2011.

[112] M. Fasugba and P. Krein, “Cost benefits and vehiclgridregulation services of unidirectional charg-
ing of electric vehicles,ln Proc. IEEE Energy Conversion Congress and Expo. (ECCE'ff. 827—
834, Sept. 2011.

[113] A. De Los Rios, J. Goentzel, K. E. Nordstrom, and C. 8iedg'Economic analysis of vehicle-to-grid
(V2G)-enabled fleets participating in the regulation servnarket,in Proc. IEEE PES Innovative Smart
Grid Technol. (ISGT'12)pp. 1-8, Jan. 2012.

TH-1265_KANNANT

183



BIBLIOGRAPHY

[114] M. Granovskii, I. Dincer, and M. A. Rosen, “Economicda@nvironmental comparison of conventional,
hybrid, electric and hydrogen fuel cell vehicled,Power Sourcesvol. 159, no. 2, pp. 1186-1193, Jan.
2006.

[115] M. Peng, L. Liu, and C. Jiang, “A review on the economispatch and risk management of the large-
scale plug-in electric vehicles (phevs)-penetrated paystems,"Renewable and Sustainable Energy
Reviewsvol. 16, no. 3, pp. 1508-1515, Jan. 2012.

[116] M. Yilmaz and P. Krein, “Review of the impact of vehidie-grid technologies on distribution systems
and utility interfaces, 1IEEE Trans. Power Electronvol. 28, no. 12, pp. 5673-5689, Dec. 2013.

[117] E. Sortomme and M. El-Sharkawi, “Optimal combineddiidy of Vehicle-to-Grid ancillary services,”
IEEE Trans. on Smart Gridvol. 3, no. 1, pp. 70-79, Mar. 2012.

[118] V. Agarwal, K. Uthaichana, R. DeCarlo, and L. TsoukalgDevelopment and validation of a battery
model useful for discharging and charging power control lifietime estimation,”IEEE Trans. Energy
Convers, vol. 25, no. 3, pp. 821-835, Sept. 2010.

[119] C. Alaoui, “Solid-state thermal management for ltm-ion EV batteries,1EEE Trans. on Vehicular
Tech, vol. 62, no. 1, pp. 98-107, Jan. 2013.

[120] M. Singh, P. Kumar, and I. Kar, “Implementation of velei to grid infrastructure using fuzzy logic
controller,” IEEE Trans. on Smart Gridsol. 3, no. 1, pp. 565-577, Mar. 2012.

[121] J. Dogger, B. Roossien, and F. Nieuwenhout, “Chargetion of li-ion batteries for intelligent manage-
ment of distributed grid-connected storag&EE Trans. Energy Conversiol. 26, no. 1, pp. 256-263,
Mar. 2011.

[122] P. Ramadass, B. Haran, R. White, and B. N. Popov, “MatigEal modeling of the capacity fade of
li-ion cells,” J Power Sources/ol. 123, pp. 230-240, Mar. 2003.

[123] R. Spotnitz, “Simulation of capacity fade in lithiuion batteries,'J Power Sourcesrol. 113, pp. 72-80,
Jan. 2003.

[124] C. M. Shepherd, “Design of primary and secondary cepart 2. an equation describing battery dis-
charge,”J Electroche. Sogcvol. 112, pp. 657664, Jul. 1965.

[125] O. Tremblay, L.-A. Dessaint, and A.-I. Dekkiche, “"Arggric battery model for the dynamic simulation
of hybrid electric vehicles,IEEE Int. Vehicle Power and Propulsion Conf. (VPPC'0Opp. 284-289,
Sept. 2007.

[126] L. Gao, S. Liu, and R. Dougal, “Dynamic lithium-ion ety model for system simulationfEEE Trans.
on Comp. Packag. Technglol. 25, no. 3, pp. 495-505, Sept. 2002.

[127] G. Ning, B. Haran, and B. N. Popov, “Capacity fade stodjithium-ion batteries cycled at high dis-
charge rates,J Power Sourcesvol. 117, pp. 160-169, Dec. 2003.

[128] R.Rao, S. Vrudhula, and D. Rakhmatov, “Battery maugfor energy aware system desig88mputer
vol. 36, no. 12, pp. 77-87, Dec. 2003.

[129] S. Tian, M. Hong, and M. Ouyang, “An experimental stuadd nonlinear modeling of discharge 1-V
behavior of valve-regulated lead-acid batteri¢EEE Trans. Energy Conversvol. 24, no. 2, pp. 452—
458, Jun. 2009.

TH-1265_KANNANT

184



BIBLIOGRAPHY

[130] G. Capizzi, F. Bonanno, and G. Tina, “Recurrent neativork-based modeling and simulation of
lead-acid batteries charge-discharg&EE Trans. Energy Conversvol. 26, no. 2, pp. 435443, Jun.
2011.

[131] Y.-H. Liu, C.-H. Hsieh, and Y.-F. Luo, “Search for antopal five-step charging pattern for li-ion bat-
teries using consecutive orthogonal arraygEE Trans. Energy Conversiol. 26, no. 2, pp. 654661,
Jun. 2011.

[132] T. Kim and W. Qiao, “A hybrid battery model capable opuaring dynamic circuit characteristics and
nonlinear capacity effectslEEE Trans. Energy Conversol. 26, no. 4, pp. 1172-1180, Dec. 2011.

[133] M. Jongerden and B. Haverkort, “Which battery model$e?”IET Softwarevol. 3, no. 6, pp. 445457,
Dec. 2009.

[134] H. Duval, “Computer model of the lead/acid startertéagt in automobiles,’J Power Sourcesvol. 53,
no. 2, pp. 351-357, Feb. 1995.

[135] P. M. Gomadam, J. W. Weidner, R. A. Dougal, and R. E. B/liMlathematical modeling of lithium-ion
and nickel battery systems]’Power Sources/ol. 110, no. 2, pp. 267—-284, Aug. 2002.

[136] Z. Salameh, M. Casacca, and W. A. Lynch, “A mathemativadel for lead-acid batterieslEEE Trans.
Energy Conversyvol. 7, no. 1, pp. 93-98, Mar. 1992.

[137] M. Chen and G. Rincon-Mora, “Accurate electrical battmodel capable of predicting runtime and I-V
performance,1EEE Trans. on Energy Conwol. 21, no. 2, pp. 504-511, Jun. 2006.

[138] M. Durr, A. Cruden, S. Gair, and J. McDonald, “Dynamiodel of a lead acid battery for use in a
domestic fuel cell systemJ Power Sourcessol. 161, no. 2, pp. 1400-1411, Oct. 2006.

[139] H. Blanke, O. Bohlen, S. Buller, R. W. D. Doncker, B.dk&, A. Hammouche, D. Linzen, M. Thele, and
D. U. Sauer, “Impedance measurements on lead-acid battenestate-of-charge, state-of-health and
cranking capability prognosis in electric and hybrid afiectehicles,”J Power Sourcessol. 144, no. 2,
pp. 418 — 425, Jun. 2005.

[140] F. Huet, “Areview of impedance measurements for aeiteation of the state-of-charge or state-of-health
of secondary batteries) Power Sourcessol. 70, no. 1, pp. 59 — 69, Jan. 1998.

[141] E. Kuhn, C. Forgez, P. Lagonotte, and G. Friedrich, tditing Ni-mH battery using cauer and foster
structures,’J Power Sources/ol. 158, no. 2, pp. 1490-1497, Aug. 2006.

[142] T. F. F. M. Doyle and J. Newman, “Modeling of galvandstacharge and discharge of the
lithium/polymer/insertion cell,J. Electrochem. Sogcvol. 140, no. 6, pp. 1526-1533, Jun. 1993.

[143] P. Mauracher and E. Karden, “Dynamic modelling of leail batteries using impedance spectroscopy
for parameter identification,Journal of Power Sourcesol. 67, no. 1-2, pp. 69-84, Jul.-Aug. 1997.

[144] Y.-S. Lee, W.-Y. Wang, and T.-Y. Kuo, “Soft computingrfbattery state-of-charge (BSOC) estimation
in battery string systemslEEE Trans. on Ind. Electvol. 55, no. 1, pp. 229-239, Jan. 2008.

[145] 1.-H. Li, W.-Y. Wang, S.-F. Su, and Y.-S. Lee, “A merg&tzzy neural network and its applications in
battery state-of-charge estimationEZEE Trans. Energy Conversvol. 22, no. 3, pp. 697-708, Sept.
2007.

[146] M. Einhorn, F. Conte, C. Kral, and J. Fleig, “Comparisselection, and parameterization of electrical
battery models for automotive applicationEFEE Trans. Power ElectronMar. 2013.

TH-1265_KANNANT

185



BIBLIOGRAPHY

[147] K. Deb, “Optimization for engineering design: Algitmms and examplesPrentice Hall, Indig 1998.

[148] R. Escarela-Perez, T. Niewierowicz, and E. Campetitelvood, “Synchronous machine parameters
from frequency-response finite-element simulations amettie algorithms,"IEEE Trans. Energy Con-
vers, Jun. 2001.

[149] P. Ramadass, B. Haran, R. White, and B. N. Popov, “dgpfacle of sony 18650 cells cycled at elevated
temperatures Part |. cycling performancéPower Sourcesrol. 112, pp. 606—613, Aug. 2002.

[150] B.Y. Liaw, R. G. Jungst, G. Nagasubramanian, H. L. Casd D. H. Doughty, “Modeling capacity fade
in lithiumion cells,” J Power Sourcesvol. 140, pp. 157-161, Aug. 2005.

[151] P. Ramadass, B. Haran, R. White, and B. N. Popov, “dgpfacle of sony 18650 cells cycled at elevated
temperatures Part Il. capacity fade analysisower Sources/ol. 112, pp. 614-620, Aug. 2002.

[152] SONY-US18650, “Lithium  lon  Rechargeable  Batteries -Technical = Handbook,”
http://www.sony.com.cn/products/ed/battery/downlpdil

[153] PANASONIC, “Lithium lon Batteries - Individual Data heet,”
http://www.batteryspace.com/prod-specs/4666.pdf.

[154] SANYO, “Battery specification,” http://www.manualscom/manual/148360/Sanyo-Ur18500f.html
and http://www.sanyoindia.com/index.aspx.

[155] M. Chen and G. Rincon-Mora, “Dynamic lithium-ion bexy model for system simulationfEEE Trans.
on Energy Convervol. 21, no. 2, p. 504511, Jun. 2006.

[156] P. Kumar, “A framework for multi-objective optimizan and multi-criteria decision making for design
of electrical drives,Ph.D Thesispp. 47-99, Oct. 2008.

[157] L.Zhang, H. Chang, and R. Xu, “Equal-width partitingiroulette wheel selection in genetic algorithm,”
in Proc. Conf. on Tech. and Appl. of Artificial IntelligencBAAI'12), pp. 62—67, Nov. 2012.

[158] D.J. Thrimawithana, U. K. Madawala, M. Neath, and Ty&e"“A sense winding based synchronization
technique for bi-directional IPT pick-upsih Proc. IEEE Energy Convers. Congress and Exposition
(ECCE’11) pp. 1405-1410, Sept. 2011.

[159] R. M. Miskiewicz, A. J. Moradewicz, and M. P. Kazmievkski, “Contactless battery charger with bi-
directional energy transfer for plug-in vehicles with v@hito-grid capability,in Proc. IEEE Int. Symp.
on Ind. Electron. (ISIE'11)pp. 1969-1973, Jun. 2011.

[160] A. Masoum, S. Deilami, P. Moses, M. Masoum, and A. Akadg, “Smart load management of plug-
in electric vehicles in distribution and residential netikgowith charging stations for peak shaving and
loss minimisation considering voltage regulatiolET Gener. Transm. and Distribvol. 5, no. 8, pp.
877-888, Aug. 2011.

[161] P. Stroehle, S. Becher, S. Lamparter, A. Schuller,@nd/einhardt, “The impact of charging strategies
for electric vehicles on power distribution networkisyProc. 8" Int. Conf. on European Energy Market
(EEM’11), pp. 51-56, May 2011.

[162] C. Camus and T. Farias, “Impacts of electric vehicldsrging strategies in the electricity prices”
Proc. 8™ Int. Conf. on Energy Market (EEM’'11pp. 833-838, May 2011.

TH-1265_KANNANT

186


http://www.sony.com.cn/products/ed/battery/download.pdf
http://www.batteryspace.com/prod-specs/4666.pdf
http://www.manualslib.com/manual/148360/Sanyo-Ur18500f.html
http://www.sanyoindia.com/index.aspx

BIBLIOGRAPHY

[163] P.Rodriguez, A. Luna, I. Candela, R. Mujal, R. Teodore and F. Blaabjerg, “Multiresonant frequency-
locked loop for grid synchronization of power converterglemndistorted grid conditionsJEEE Trans.
Ind. Electron, vol. 58, no. 1, pp. 127-138, Jan. 2011.

[164] K. Ahmed, S. Finney, and B. Williams, “Passive filtersgg for three-phase inverter interfacing in
distributed generationjh Proc. Compatibility in Power Electronics (CPE 'Qfp. 1-9, June 2007.

[165] B. K. Bose, “Modern power electronics and AC driva3réntice Hall PTR2002.

[166] C.-S. Wang, G. Covic, and O. Stielau, “General stgbitiriterions for zero phase angle controlled
loosely coupled inductive power transfer systemEEE 27" Annual Conf. on Ind. Electron. Society
(IECON’01), vol. 2, pp. 1049-1054, Dec. 2001.

[167] H. L. Li, A. Hu, and G. A. Covic, “Development of a disteeenergy injection inverter for contactless
power transfer,in Proc. 3@ IEEE Conf. on Ind. Electron. and Appl. (ICIEA'Q®)p. 1757-1761, Jun.
2008.

[168] B.Bouneb, D. M. Grant, A. Cruden, and J. R. McDonaldriti&onnected inverter suitable for economic
residential fuel cell operationEuropean Conf. on Power Electron. and Appl. (ECPEA @pt. 2005.

[169] S. C. Rho, S. H. kim, Y. H. Ahn, and B. Kim, “A study on pomteansmission system using resonant
frequency tracking method and contactless transformer miltiple primary winding,”in Proc. Int.
Conf. on Electrical Machines and Syst. (ICEMS'03p. 1635-1639, Oct. 2007.

[170] T. M. Blooming and D. J. Carnovale, “Application of IEESTD 519-1992 harmonic limitsPulp and
Paper Ind. Tech. Confpp. 1-9, June 2006.

[171] Rony Argueta, “The Electric Vehicle,” http://www.iting.ucsb.edu/faculty/holms/WritingE- EV_
TechnicalResearciReport.pdf.

[172] N. Bhat, “Advantages and Disadvantages,” httpydrg.thinkquest.org/C008050/ecars4.html.

[173] G. Stoeckl, R. Witzmann, and J. Eckstein, “Analyzimg tcapacity of low voltage grids for electric
vehicles,”IEEE Electrical Power and Energy Conf. (EPEC’1%l. 3, no. 1, pp. 415-420, Oct. 2011.

[174] U. Reiner, C. Elsinger, and T. Leibfried, “Distribdteelf organising electric vehicle charge controller
system: Peak power demand and grid load reduction with agapv charging stations,JEEE Int.
Electric Vehicle Conf. (IEVC’12)ol. 3, no. 1, pp. 1-6, March 2012.

[175] J. A. P. Lopes, “Demystifying the smart grid bostoBl&ctric vehicle grid integrationNov. 2009.

[176] S. I. Inage, “Modelling load shifting using electricelicles in a smart grid environment,”
https://www.iea.org/publications/freepublicationggpcation/loadshifting.pdf,.

[177] G. Ning, B. Haran, and B. N. Popov, “Capacity fade stodyithium-ion batteries cycled at high dis-
charge rates,J. Power Sourcesrol. 117, pp. 160-169, Dec. 2003.

[178] P. Ramadass, B. Haran, R. White, and B. N. Popov, “Matt&al modeling of the capacity fade of
li-ion cells,” J. Power Sourcesvol. 123, pp. 230-240, March 2003.

[179] T. Ali, A. Awami, and E. Sortomme, “Coordinating vehdeto-grid services with energy tradindEEE
Trans. Smart Gridvol. 3, no. 1, pp. 453-462, Mar. 2012.

[180] P. Ramadass, B. Haran, R. White, and B. N. Popov, “dgpfacle of sony 18650 cells cycled at elevated
temperatures Part |. cycling performancé,’Power Sources/ol. 112, pp. 606613, Aug. 2002.

TH-1265_KANNANT

187


http://www.writing.ucsb.edu/faculty/holms/Writing_2E-_EV_Technical_Research_Report.pdf
http://library.thinkquest.org/C008050/ecars4.html
https://www.iea.org/publications/freepublications/publication/load_shifting.pdf

BIBLIOGRAPHY

[181] A.T. Stamps, C. E. Holland, R. E. White, and E. P. GatZRealysis of capacity fade in a lithium ion
battery,”J. of Power Sourcesol. 150, pp. 229-239, Oct. 2005.

[182] S. Shao, M. Pipattanasomporn, and S. Rahman, “Gréagjiation of electric vehicles and demand re-
sponse with customer choicéEEE Trans. Smart Grigvol. 3, no. 1, pp. 543-550, Mar. 2012.

[183] T. Morgan, “Smart Grids and Electric Vehicles: Made r foEach Other,”
http://www.internationaltransportforum.org/jtrc/BisssionPapers/DP201202.pdf.

[184] S. Han and S. Han, “Economics of V2G frequency regoifaiih consideration of the battery wear™3
IEEE PES Int. Conf. and Exhibition on Innovative Smart Gratfinologies (ISGT'12)pp. 1-8, Oct.
2012.

[185] D. Trowler and B. Whitaker, “Bi-directional invertemd energy storage systenigxas Instruments
Analog Design ContesiMay 2008.

[186] Indian Express, “Different power rates  for peak and f-pafak hours,”
http://www.indianexpress.com/news/soon-differenivpc rates-for-peak-offpeak-hours/917100.

[187] M. Singh, P. Kumar, and I. Kar, “Designing a multi chiawgystation for electric vehicles and its utilization
for the grid support,IEEE Power and Energy Society General Meeting (PESGM1j2)1-8, Jul. 2012.

[188] Nlukin, “Battery losses.” hitp://www.teslamotarem/forum/forums/battery-charging-and-dischargiogses.

[189] W. Luo, C. Lv, L. Wang, and C. Liu, “Study on impedancedabof Li-ion battery,”in Proc. 6" IEEE
Conf. on Ind. Electron. and Applications (ICIEA'1p. 1943-1947, June 2011.

[190] U. Department  Of  Energy, “Electric  Vehicles: Compare Side-by-Side,”
http://lwww.fueleconomy.gov/feg/evsbs.shtml.

[191] Battery University, “Electric Vehicle|” http://wwiwatteryuniversity.com/learn/article/electnenhicle.

[192] B. Berman, “The Hybrid Car Battery: A Definitive Guitle,
http://www.hybridcars.com/hybrid-car-battery.

[193] Center for Transportation Research Argonne Natidwdloratory, “Costs of Lithium-lon Batteries for
Vehicles,” http://lwww.transportation.anl.gov/pdfs/A49.pdf/.

[194] Simanaitis, “EV Glossary,” http://simanaitissay@n/2012/12/04/ev-glossary!/.

[195] H.-H. Chung, W. C. Chow, S. Hui, and S. Lee, “Developingra switched-capacitor DC-DC converter
with bidirectional power flow,1EEE Trans. Circuits and Systems |: Fundamental Theory gopliga-
tions vol. 47, no. 9, pp. 1383-1389, Sept. 2000.

[196] Y. Du, S. Lukic, B. Jacobson, and A. Huang, “Review afthpower isolated bi-directional DC-DC con-
verters for phev/ev dc charging infrastructurlEEE Energy Conver. Congress and Expo. (ECCE'11)
pp. 553-560, Sept. 2011.

[197] N. Wong and M. Kazerani, “A review of bidirectional doeard charger topologies for plugin vehicles,”
25" IEEE Canadian Conf. on Electrical Computer Engg. (CCECE'pd. 1-6, 2012.

[198] D. Gunasekaran and L. Umanand, “Integrated magnéased multi-port bidirectional DC-DC con-
verter topology for discontinuous-mode operatiol5T Power Electron.vol. 5, no. 7, pp. 935-944,
Aug. 2012.

TH-1265_KANNANT

188


http://www.internationaltransportforum.org/jtrc/DiscussionPapers/DP201202.pdf
http://www.indianexpress.com/news/soon-different-power-rates-for-peak-offpeak-hours/917100
http://www.teslamotors.com/forum/forums/battery-charging-and-discharging-losses
http://www.fueleconomy.gov/feg/evsbs.shtml
http://www.batteryuniversity.com/learn/article/electric_vehicle
http://www.hybridcars.com/hybrid-car-battery
http://www.transportation.anl.gov/pdfs/TA/149.pdf/
http://simanaitissays.com/2012/12/04/ev-glossary/

BIBLIOGRAPHY

[199] D. Xu, C. Zhao, and H. Fan, “A pwm plus phase-shift cohtridirectional DC-DC converter,JEEE
Trans. Power Electronvol. 19, no. 3, pp. 666—675, may 2004.

[200] M. H. Rashied, “Power electronics: Circuit, deviceslapplications,Third Edition, Dorling Kindersley
(India) pvt. Ltd., 2009.

[201] I. S. 519-1992, “Recommended practices and requingsrfer harmonic control in electric power sys-
tems,” 1992.

TH-1265_KANNANT

189



BIBLIOGRAPHY

TH-1265_KANNANT

190



List of Publications

List of Publications

Journal Publications

1. Kannan Thirugnanam, Ezhil Reena Joy T.P, Mukesh Singhviathematical Modeling of

Li-lon Battery using Genetic Algorithm Approach for V2G App lications,” IEEE Trans. on
Energy Conversyvol. 29, Issue. 2, pp. 332 - 343, June 2014.

. Kannan Thirugnanam, Ezhil Reena Joy .T. P, Mukesh Singh and Praveen Kurivéodeling
and Control of Contactless based Smart Charging Station in 2G Scenariq” IEEE Trans.

on Smart Grigdvol. 5, No. 1, pp. 377-348, Jan. 2014.

. Rajib Das,Kannan Thirugnanam, Praveen Kumar, Rajender Lavudiya and Mukesh Singh,
“Mathematical Modeling For Economic Evaluation Of Electric Vehicle To Smart Grid

Interaction,” IEEE Trans. on Smart Gridvol. 5, Issue. 2, pp. 712-721, Feb. 2014.

. Mukesh SinghkKannan Thirugnanam, Praveen Kumar, and Indrani KaRé&al Time coordi-
nation of Electric Vehicles to Support the Grid at the Distribution Substation Level” IEEE

Systems Journabol. PP, No. 99, pp. 1-12, Sept. 2013.

Submitted:

1. Ezhil Reena Joy T.lKKannan Thirugnanam, Mukesh Singh and Praveen Kumampact of

Electric Vehicle Charging Station on Industrial Load Area Network,” Manuscript has been

submitted in IEEE Transaction on Energy Conversion.

Conference Publications

National:

1. Kannan Thirugnanam, Mohammed Nasir Ansari and Praveen Kum&election and Re-

quirements of Hybrid Electric Drivetrain Based on Energy Storage Devices National
Round Table Meet on Hybrid Renewable Energy Sources foli@trahsportation systems, IIT

Guwahati, Oct. 2010.

TH-1265_KANNANT

191



List of Publications

| nternational:

1. Kannan Thirugnanam, Himanshu Saini and Praveen Kumakjd&thematical Modeling of
Li-lon Battery for Charge/Discharge rate and Capacity fading Characteristics using Ge-
netic Algorithm Approach,” IEEE Transportation Electrification Conf. and Expo (ITEQ)L
pp. 1-6, Jun., 2012.

2. Kannan Thirugnanam, Ezhil Reena Joy T.P, and Praveen Kumdk, Novel Fuzzy based
Phase Angle Estimation Scheme for Grid Connected Bidireatinal Contactless Power
Transfer System suitable for EVs and PHEVS' IEEE Int. Conf. on Adv. Research in Engg.
and Tech. (ICARET'13)an., 2013.

3. Kannan Thirugnanam, Ezhil Reena Joy T.P, and Praveen KumArFuzzy Based Frequency
Control Technology for Bidirectional Contactless Charging Systeny’ IEEE Int. Conf. on
Adv. Research in Engg. and Tech. (ICARET,11@)n., 2013.

4. Kannan Thirugnanam, Swati Shukla, Mukesh Singh and Breiemar, ‘Synchronization of
Grid Connected Vehicle-to-Grid System with Bidirectional Contactless Charging’ IEEE
PES Innovative Smart Grid Technologies Conference (IS8 Tib. 1-6, Nov. 2013.

5. Ezhil Reena Joy T.lKannan Thirugnanam and Praveen KumarA'New Concept for Bidi-
rectional Inductively Coupled Battery Charging System bagd on Direct AC-AC Con-
verter for HEV’s and EV's using Fuzzy Logic Approach,” IEEE Transportation Electrifica-

tion Conf. and Expo (ITEC'12pp. 1-6, Jun., 2012.

6. Ezhil Reena Joy T.RRannan Thirugnanam and Praveen KumarBidirectional Contactless
Charging System using Li-lon Battery Model,” 7" Int. Conf. on Ind. and Information Sys.

(ICIIS'12), Aug., 2012.

7. Ezhil Reena Joy .T .Kannan Thirugnanam and Praveen KumarA' Multi-Point Bidirec-
tional Contactless Charging System in a Charging Station Stable for EVs and PHEVs
Applications,” Presented in INDICON 2013, Dec. 2013.

TH-1265_KANNANT

192



List of Publications

8. Ezhil Reena Joy T.KKannan Thirugnanam and Praveen KumarNovel Reduced Switch
Count Bidirectional Contactless Charging System for EVs ad PHEVs Applications,”

IEEE Students Conf. on Engg. and Syst. (SCES{ER)1-6, Apr., 2013.

9. Himanshu SainiKannan Thirugnanam and Praveen KumarMathematical Modeling for
Economic Evaluation of Electric Vehicle to Smart Grid Interaction,” IEEE Int. Conf. on

Adv. Research in Engg. and Tech. (ICARET, 112)n., 2013.

10. Mohammed Nasir Ansafannan Thirugnanam, Ezhil Reena Joy .T .P and Praveen Kumar,
“Power-train Selection for Electric City Bus Based on the Muti-criteria Decision Mak-
ing,” IEEE 14" Int. Power Elect. and Motion Control Conf. (EPE/PEMC’1@p. T6-140 -
T6-148, Sept., 2010.

11. Mukesh SinghlKannan Thirugnanam, S. Swami, Praveen Kumar and Indrani KaZgordination
of Electric Vehicles in Charging Stations Connected at Diférent Nodes of a Distribution

Substation” Annual IEEE India Conf. (INDICON’12)pp.1260-1265, Dec., 2012.

12. Venkata Ramana Ka${annan Thirugnanam, Praveen Kumar and Somanath Majhiidde
Identification for Placing EVs and PAs in a Distribution Network,” Manuscript has been

accepted in IEEE Power & Energy Society General Meeting Z(HEE PES GM’14)

TH-1265_KANNANT

193



List of Publications

TH-1265_KANNANT

194



Bio-Data

1 Name:

2 Date of Birth:

3 Educational Qualifications:

4 Permanent Address:

5 Contact Address:

6 Contact Number

TH-1265_KANNANT

Bio-Data

=
anasssss 7
= re 7
ssass) A
/

TH .o
sl

T
=
e e

Kannan T.
1 June 1983
April - 2005 (B.E.),
June - 2009 (M.E.),
June - 2014 (Ph.D.),
S/O A. Thirugnanam,
63, Thottakkadu, Kamaraj Nagar,
Ramapuram - Post,
Thanjavur (District),
Tamil Nadu, India,
Pin code - 613 003.
Room No B-121,
Barak Hostel,
Indian Institute of Technology Guwahati,
Guwahati - 781 039,
Assam, India.

0(+91)-4362-250456

195



Bio-Data

TH-1265_KANNANT

196



Bio-Data

TH-1265_KANNANT

197



	Title
	Title
	Title
	Certificate
	Acknowledgement
	Abstract
	Index
	Contents
	List of Figures

	List of Figures
	List of Tables

	List of Tables
	List of Acronyms

	List of Acronyms
	List of Symbols

	List of Symbols
	Glossary

	Glossary
	1 Introduction
	1.1 Introduction
	1.2 Electric Vehicles in Smart Grid
	1.2.1 Vehicle to Grid
	1.2.2 Major Issues in V2G Interactions
	1.2.3 Literature Survey
	1.2.3.1 Aggregator
	1.2.3.2 Energy Storage System or EVs Batteries
	1.2.3.3 Inductive Power Transfer
	1.2.3.4 Synchronization
	1.2.3.5 Economic Impacts of EVs and Grid

	1.2.4 Possible Solution Related to V2G Interactions

	1.3 Motivation and Reason to Adopt the Method
	1.4 Aim of the Thesis
	1.5 Bidirectional Contactless Charging System for V2G Power Transfer
	1.6 Main Contributions
	1.7 Thesis Organization

	2 Mathematical Modeling of Li-Ion Battery Using Genetic Algorithm Approach for V2G Applications
	2.1 Introduction
	2.2 Battery Model
	2.2.1 Charge/Discharge Rate and SOC Calculations
	2.2.2 Battery Power and Processed Energy

	2.3 Parameter Extraction Using Genetic Algorithm Approach
	2.3.1 Genetic Algorithm
	2.3.2 Parameter Extraction Process Using GA
	2.3.2.1 Parameter Specifications
	2.3.2.2 Generation of Initial Solution Set
	2.3.2.3 Coding
	2.3.2.4 Fitness Function
	2.3.2.5 Selection
	2.3.2.6 Reproduction
	2.3.2.7 Crossover
	2.3.2.8 Mutation


	2.4 Capacity Fade Model
	2.5 Model Validation
	2.5.1 Performance Characteristics of BM
	2.5.2 Capacity Fade Analysis

	2.6 Summary

	3 Modeling and Control of Contactless based Smart Charging Station in V2G Scenario
	3.1 Introduction
	3.2 Modeling of Multi-Point Smart Charging Stations
	3.2.1 Distribution Network Model
	3.2.2 Multi-Point Smart Charging Station(SCS)
	3.2.3 EV Battery Model

	3.3 Modeling of Smart Charging Station
	3.3.1 Central Control Unit (CCU) and CS Aggregator
	3.3.2 Synchronization Mechanism
	3.3.3 Multi-Point BCCS Unit
	3.3.3.1 G2V Operation
	3.3.3.2 V2G Operation

	3.3.4 Crate and SOC Calculation

	3.4 Application Scenario of Multi-Point SCS
	3.5 Results and Discussion
	3.6 Summary

	4 Mathematical Modeling For Economic Evaluation Of Electric Vehicle To Smart Grid Interaction
	4.1 Introduction
	4.2 Capacity Fade/Loss Model
	4.3 Mathematical Model for Economic Evaluation
	4.3.1 Notations
	4.3.2 Assumptions
	4.3.3 Energy Required by EV Battery
	4.3.4 Peak Hour Energy Supplied to Grid
	4.3.5 Capacity Loss Compensation
	4.3.6 Determination of Tariff for Grid Operators
	4.3.7 Determination of Tariff for Consumers

	4.4 Electric Vehicle Without Supporting the Grid
	4.5 Analysis of Energy Trading Scenario Under Different Charging/Discharging Rates
	4.6 Summary

	5 Conclusion and Future Works
	5.1 Summary of the Present Work
	5.2 Complete V2G System and Control Architecture
	5.3 Contributions of the Present Work
	5.4 Scope for Future Research

	A Battery Sample Calculation, Initial Population and Solution Set
	A.1 Sample Calculation for Battery Model
	A.1.1 Current SOC (SOCcr) and Charge rate (Cr) Calculation
	A.1.2 Battery Power and Processed Energy

	A.2 Capacity Fade Model
	A.3 Genetic Algorithm
	A.3.1 Initial Population

	A.4 Polynomial Coefficients (a1 - a31)
	A.5 Battery Parameters

	B Fuzzy Logic Controller
	B.1 Introduction
	B.1.1 Fuzzification
	B.1.2 Defuzzification


	C Filter Design
	C.1 dc-dc Converter Design
	C.1.1 Modes of Operation

	C.2 Contactless Power Transfer System
	C.2.1 Self and Mutual Inductance Calculation
	C.2.2 Electrical Circuit Parameter Calculation
	C.2.3 Operating Frequency
	C.2.4 Compensation Level

	C.3 Filter Design for Bidirectional Converters
	C.4 LCL Filter Design

	D Synchronization
	D.1 Sample Calculation
	D.2 Synchronization Operation
	D.2.1 Control Process


	E Economic Beneficiary Calculation for EVs Owners, Grid Operators and Consumers
	E.1 Sample Calculation

	References
	Publications
	List of Publications
	Bio-Data
	Bio-Data

