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Abstract

As the energy demand and environmental issues are becoming increasingly prominent, the future
of transportation is believed to be based on electric vehicles (EV). Apparently, the research on EV
charging systems are very important for the development and popularization of EVs. This thesis
describes the design, control and analysis of both contact based and contactless power transfer system
suitable for EV charging system applications. The first chapter describes the classification of EV
charging systems and has given the overview of contactless charging system including the principle of
bidirectional charging system. The chapter has summarized the major challenges and goals identified
in this research. The second chapter of this thesis has investigated the deployment of EVs aggregation
through contact based charging system for the provision of voltage regulation at the distribution node.
This chapter has modeled a contact based charging station and its control to coordinate multiple EVs
arrived in the charging station. For this purpose, a charging station is modeled with multiple charging
systems using ac-dc converter and a series connected dc-dc converter with suitable controllers to
facilitate EVs of different ratings to charge and discharge. The developed charging system has been
operated bidirectional to transfer power on both forward and reverse direction. This bidirectional
power flow functionality of the charging system has been referred as grid-to-vehicle and vehicle-to-
grid technology. The validation of the study is carried out for a 300kW charging station having 35
charging systems connected with EVs of different battery ratings. This charging system has been
modeled to handle high power (up to a hundred kW) and high energy capacity (up to tens of kWh)
batteries. However, charging and discharging such high capacity batteries using contact based charging
systems in real time may cause the dangerous possibility of high voltage contact. If EVs are charged
using contact-less technique, there are clear advantages to be gained in terms of safety, reliability
and endurance. The third chapter of this thesis has focused on modeling, design and control aspects

of parallel connected multiple contactless charging system connected to a common ac bus network.
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Two types of charging station architectures are discussed. An electric equivalent circuit model has
been used to describe the steady state electrical characteristics of contactless coil. The model has
been validated with 500kVA charging station connected with ten 50kW charging systems. While,
the contactless coil in the charging systems are designed using a fixed coupling factor assuming a
perfect alignment between the coils. However, the usage of contactless system in EV battery charging
applications are usually misaligned due to uneven road surface, tyre pressure, passenger weight etc.
Therefore, the design of complete charging system becomes more complex due to this variations in
the magnetic coupling between the coils. The variations in magnetic coupling affects the mutual
inductance (MI) value and thereby causes fluctuations in the output voltage and affects the stability
of the system. Therefore, an analytical approach is presented in the fourth chapter of the thesis
to compute MI value with all its lateral and angular misalignments. The primary coil geometry is
modelled as a straight line conductors and the MI value is calculated using flux linked to the secondary
coil due to the primary coil. The method works by approximating the area of secondary coil and the
flux distribution is calculated using Biot-Savart law. The results of computed MI value by analytical
method are validated by finite element analysis and an experimental set-up. The values computed by
three methods in all cases are in good agreement. Further, it has been observed, due to large leakage
inductance and reduced magnetizing inductance, the value of MI gradually decreases when the distance
increases. Therefore, compensation capacitors are required at the primary and secondary side of the
contactless coil to reduce VA rating of the power supply and to increase the power transfer capability.
The fifth chapter of this thesis presents an experimental study of four compensation topologies. Electric
equivalent circuit model along with compensation topologies are developed to explain the mechanism
of power transfer. The study investigates the behavior of contactless system and its characteristics
plots are generated for wide range of frequency, load and distance such that the real time situations of
contactless systems can be analyzed. The final analysis compares the efficiency of four compensation
topology and its results are reported. The sixth chapter of the thesis has summarized the conclusion

of the complete research work with some future direction of work.
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1.1 Overview

1.1 Overview

An electric vehicle (EV) charging system serves as a platform to interconnect EVs batteries to
the utility grid. Therefore, the research on charging systems are very important for the development
and commercialization of EVs. An EV battery can be charged using contact based and contactless
charging system. Due to inherent advantages of contactless power transfer (CPT) system , contactless
charging of EVs has presently become an economically feasible solution. CPT systems are designed to
deliver power efficiently from a stationary primary source to one or more secondary loads over large air
gap. Recent developments in CPT systems have largely attracted the interest of automobile industry
to develop contactless charging system for EVs. However, the success story behind the adaptation
of CPT systems for EVs has been shadowed by many technical problems; as the coupling between
the coils depends on the dimension and positioning of the air gap distance of EVs. The magnetic
coupling between the primary and secondary side of an EV lowers the mutual inductance (MI) of the
coil. Moreover, the characteristics of CPT system changes due to misalignments and has large leakage
inductance and reduced magnetizing inductance. Hence, the value of mutual inductance (MI) is one
of the crucial factor in the design of CPT system and plays an important role in the determination
of efficiency, power transfer and other components. This fact motivates to develop a method for MI
computation, which should also consider the misalignments in the coil. Moreover, to compensate large
leakage inductance problem effectively, compensation circuits can be added by connecting series or
parallel capacitors at the primary and secondary winding of the coil. This makes the CPT system
to operate at resonance and achieves maximum output power with minimum VA rating of the power
supply.

This thesis has addressed the above mentioned problems in different chapters. This chapter intro-
duces the reader the background of the research work. It summarizes the main problems, challenges,
objectives of the work and the contributions of the thesis. Literatures most relevant to the work
are mainly referred inside the chapters; only a brief description of the outward status of the works
are mentioned here in this chapter. Throughout the chapters, various components of EV charging
interface has been explained including its modeling, design and control concepts. The other chapters
in this thesis are formed with introduction as the start along with its theoretical descriptions, which

is then followed by simulation studies or experimental evaluations.
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1.2 Electric vehicles and charging systems

Electric vehicles (EV) are the most viable way to achieve clean and efficient transportation that is
important for the sustainable development of the whole world. In the near future, EVs will dominate
the clean vehicle market and it is expected that more than half of new vehicle sales will likely be EVs
by 2020 [13]. In the early years of 1900s, EVs are almost double that of gasoline power cars. However
by 1920, EVs almost disappeared and gave the whole market to internal combustion engine (ICE) cars;
due to the limitations of heavy battery weight, short trip range and poor durability of batteries at that
time [10-12]. This battery weight problem and short trip range could be significantly reduced, if these
batteries are charged at the bus stops or along the route [14]. Therefore, the crucial issue involved
in the development of EVs is the efficient design of charging system. In addition, the success of EVs
will be highly dependent on whether chargers can be built for easy access. This is also important for
the potential grid support that EVs can provide. EVs’ battery chargers are quite different from those
used in consumer electronic devices such as laptops and cell phones. They are required to handle high
power (up to a hundred kW) and high energy capacity (up to tens of kWh) within a limited space and
weight and at an affordable price. Extensive research efforts and investments have been given to the
charging methods and chargers that are suitable for EVs all over the world [2,13,15-18]. There have
been various standards regarding the energy transfer, connection interface and communication for EV
charging [1,2,10-12]. The first place considered for charging is homes and workplaces. Other potential
locations with high populations includes shopping complex, restaurants, entertaining places, highway
rest areas, municipal facilities and schools. The basic classification of commonly available chargers
for EVs batteries [3-9] are shown in Figure [Tl and Table [[.1] and In this section, the theoretical

background of EV charging systems, existing charging methods and technologies are discussed.
1.2.1 Classification based on the location

Based on the location of chargers, EVs are classified into onboard chargers, offboard chargers and
integrated chargers. On board chargers are located on the vehicle itself. The electronic components
that comprise the charger are incorporated into and are part of the vehicle design. i.e., charging circuit
required to charge the vehicle will be incorporated inside the vehicle design. In the earlier EVs of the
year 1900s used this method of charging [19]. The charger, because it is a part of the vehicle, always

goes where the vehicle goes and it increases the overall weight of the vehicle. Since this option requires
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Classification of EV chargers

|
| | |

localt)iacl)sne((j? 1‘9 (r:lhtahre ers based on the based on the based on the
& level of charging charging schemes charging methods

{

l ‘{ . l constant voltage constant current constant voltage
gﬁ::ggrd g}flar(gjgd lggzgrggfd charging charging  and constant current
1e\l/el 1 level 2 le\l/el 3 conductive inductive capacitance
(1.5kW—3kW)(10kW—20kW) (40kW and more)  coupling coupling coupling
system system system

Figure 1.1: Classification of EV chargers [1-9].

Table 1.1: Classifications of chargers [1,2,10-12]

charger charger voltage power charger typical
level types level level location use
Level 1 on-board 120V, 1.5kW to vehicle at home or
(slow) (1-phase) 230V, 3kW itself office outlets
Level 2 on-board 230V, 10kW to vehicle at private outlets or
(semi-fast) (1 or 3 phase) 400V, 20kW itself office outlets
Level 2+ integrated 120Vee  1.5kW to  both vehicle home /office
(slow) (1 phase) 230V, 30kW and charging public charging
station outlet
Level 3 off-board 240V, 50kW to charging private /public
(fast) (3 phase) 600V,. 100kW and stations charging stations or
Ve more only filling stations

an extra charging circuit, it increases the total cost of the vehicle due to the presence of charger in
the vehicle. The power rating is limited due to space and weight restrictions on the vehicle; also
it takes more time to fully charge a vehicle battery compared to off-board chargers, discussed later.
With an on-board charger, a vehicle can be charged at any outlet that is available at home garages or

workplaces with ground protection. Off board chargers is a separate piece of equipment and is not
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the part of the vehicle i.e., this type of chargers remains outside the vehicle. It requires a dedicated
charging station (CS) for charging the EVs battery and the vehicle needs to go where the charger is
located in order to recharge the battery. The chargers can be placed at the bus stops along the road
so that the EVs’ batteries could be charged at the bus stops. Availability of such charging places will
increase the acceptance of EVs technology. On the other hand, off-board chargers make use of fast
charging and can charge a vehicle in a considerably shorter amount of time. It is possible to charge a
battery in 10 minutes to increase its state of charge (SOC) by 50% with an off-board charger rated at
240 kW. Integrated chargers, can charge the battery at high power level that reduce the charging
time. These types of chargers are classified as Level 2+ chargers, it takes about one hour to put 80%
SOC to a battery rated at 30 kWh, which has been discussed later. The integrated chargers not only
connect the vehicle’s battery to most available standard 120V and 240V home garages outlets but also

it couples the EV to an off-board charger, if faster charging is needed.
1.2.2 Classification based on the charging level

According to the Society of Automotive Engineers (SAE) standard J1772, there are three charging
levels [4,5,8,9]. Level I and Level II are the most suitable for home. If for example, one considers
2 kW as the average power demand of a typical home, then the charging load of Level I is about
70-100% of the average home power consumption. The charging power of Level IT can be over 5 times
higher than that of Level I. Therefore, it may be necessary to limit the charge rate to accommodate
the rating of the on-board devices. Level III is for fast charging, which can give an EV 300 km range
in one hour charging. This type of charger has to be off-board since the charging power can exceed
100 kW, which is significantly higher than Level I and Level II. It is obvious that Level III is not
suitable for home use. It may be a better scheme for a company with a fleet of EVs. The total power
and time that it takes to charge a group of EVs charged together at a low level can be the same as
the fast charging of each vehicle in sequence. However, it is much more advantageous for an EV in

the fleet can be charged quickly in less than 10 minutes.
1.2.3 Classification based on the charging scheme

The commonly used charging methods for EVs batteries [20] are constant voltage charging, con-
stant current charging and combination of constant voltage and current charging. In Constant

voltage charging method, EV battery is charged at a constant voltage. This method is suitable for
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Table 1.2: Comparison of chargers’ merits and demerits [1-9]

charger merits demerits
level
Level 1 Vehicle can be charged 1. Power rating is limited.
(slow) at any outlet available 2. Extra charging circuit increases
at home or office the overall weight of the vehicle.
with ground protection 3. Takes more time to charge
Level 2 Vehicle can be charged Extra charging circuit inside the vehicle
(semi-fast) at any private increases the overall weight and
or public outlet cost of the vehicle
Level 2+ It possess the advantage Extra charging circuit increases
(slow) of level 1 and level 2 charger the overall weight of the vehicle

Level 3 1. Fast charging is possible 1. Charger requires dedicated charging station
(fast) 2. Charger can be placed at 2. Vehicle needs to go to the
the bus stops charger location to charge
3. Not suitable for home outlets

all kinds of batteries and probably the simplest charging scheme. The charging current of the battery
varies along the charging process. The charging current can be large at the initial stage and gradually
decreases to zero when the battery is fully charged. The drawback in this method is the requirement
of very high power in the early stage of charge (SOC) level, which is not available for most residential
and parking structures. In Constant current charging scheme, the charging voltage applied to the
battery is controlled to maintain a constant current to the battery. The SOC will increase linearly
versus time for a constant current method. In case of Combined constant voltage and constant
current charging, during the charging process of a battery both the charging methods are used. At
the initial stage, the battery can be pre-charged at a low, constant current if the cell is not pre-charged
before. Then, it is switched to charge the battery with constant current at a higher value. When the
battery voltage (or SOC) reaches a certain threshold point, the charging is changed to constant volt-
age charge. Constant voltage charge can be used to maintain the battery voltage afterward if the DC

charging supply is still available.
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1.2.4 Classification based on the charging method

The classification of charging methods are of three types: conductive charging system, induction
coupling system and capacitance coupling systems. In conductive charging systems, metal-to-
metal contact is used to transfer the electricity from the charger to the vehicle, similar to the traditional
plug. Thus, in a conductive charging system, the connector is a plug [3-9,19]. While for induction
coupling systems, the power is transferred by induction principle, which is a magnetic coupling
between the windings of separate coils rather than transferring power by a direct wire connection
[21-23]. In capacitance coupling systems, power is transferred by electrostatic principle, which is
a pair of conductors or plates separated by a dielectric between the two systems [24-28]. This types
of charging scheme have not developed much and has been used only for low power levels.

In summary, as EVs have high power battery it comes under Level I1I charging, off-board chargers
are most suitable in this applications. This thesis has mainly dealt with off board chargers employing

an induction coupling system due to their inherent charging accessibility, ease of use and efficiency.

1.3 Contactless system

An EV battery can be charged using contactless charging system based on induction coupling
principle. The term contactless system can be used to describe the power transfer between two
objects that are physically unconnected. The word ’contactless’ infers some sort of remote action, so
that the power transfer could occur over a physical distance i.e., a non-galvanic contact is established
between the source and the load that enables power transfer. CPT systems are becoming increasingly
feasible as flexible and relatively safe mode of energy transfer. Two subclasses of contactless systems
have recently evolved: wireless power transfer (WPT) systems and inductive power transfer (IPT)
systems. The objective of a WPT system is to create maximum flexibility and thus to increase the
WPT distance. High efficiency is the most important in an IPT system and thus the air gap is
minimized as much as in the application of inductively coupled systems. This thesis has discussed the
later and the nomenclature CPT system is used for IPT system throughout the chapters. Based on
the known principle of electromagnetic induction and developing it further to meet modern industrial
needs, CPT systems have achieved a technological breakthrough in the field of electrification. With
the developments in power electronics, CPT system has found much success due to its simplicity, size

and reliability [29]. A large number of terms have been used in literature that describes the same
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phenomenon. Some of the terms are contactless energy transfer (CET), inductively coupled power
transfer (ICPT), inductive power transfer (IPT), loosely coupled inductive power transfer (LCIPT),
witricity etc. The term contactless power transfer (CPT) has been used and followed in this thesis.
CPT is a method to transfer power magnetically rather than by direct physical contact i.e., from a
primary winding to a galvanically isolated secondary winding [30-33]. This technology offers several
advantages such as safety, durability, robustness, no sparking, no short circuits, no contact resistances,
no wear and tear on the electrical contact and they are unaffected by dirt, dust and water and power
compatibility [22, 30, 31,34, 35]. Recent advancements in CPT systems have led to various medium
to high power applications such as biomedical engineering, portable electronic equipments, machine
tools, electric vehicle battery charging systems, personal rapid systems, aerospace, linear actuators,

industrial robots etc [22,30-33,36-38].

1.3.1 Theory of CPT system

1.3.1.1 Mutual flux and mutual inductance

The principle of CPT system is mainly based on the theory described by Maxwell’s equations.
A current through a conductor produces a magnetic field also known as magnetic flux density B,
which causes a flux ¢. This flux is proportional to the current. The proportionality coefficient is the
inductance L.

®=LI (1.1)

If there are two coils (designated as 1 and 2) in some arbitrary relative position to each other, the
current 71 that flows through coil 1 will cause a flux through coil 1 (as per the definition stated in

(CI0).
Oy =11, (1.2)

Some of the flux will also flow through coil 2 as designated by ®9; and if the secondary coil is closed,
then the current is in the secondary coil will cause a mutual flux @15 as shown in Figure [[L21 This
flux will oppose a mutual flux from the first coil. And the mutual inductance between coils 1 and 2 is
given by definition:

My = 2L My = — (1.3)
1 22

The concept of mutual flux and mutual inductance is very important in contactless transformer as

they are the measure of system’s ability to transfer power from one winding to the other. Mutual flux,
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i]

Figure 1.2: Two magnetically coupled coil.

as mentioned is the flux linking on both windings. Here, the magnetic flux ®-; is less or equal to ®11,

then a coupling coefficient (k < 1) can be defined.
Dy1 = kdyy (1.4)

Now by principle of reciprocity, the same holds true for the current flowing through coil 2 and the flux

through coil 1 can be calculated. The coupling coefficient stays the same.
By = koo (1.5)

Now on substituting (I4)) and (I.5]) and by multiplying both mutual inductances given in (L3)),

K1 kO _ o Ou O

Moy Mg =

1.6
11 19 11 19 ( )

Then by definition of inductance (given in (1))
M? = k? (L, Ly) (1.7)

M = k/L1Ls (1.8)

The inductance of a coil is determined by the geometrical shape and the physical arrangement of the
conductor as well as the permeability of the medium. The mutual inductance between two coils is
dependent on the distance and the relative position of the two coils. The ratio between the mutual

inductance and the square root of the product of the self-inductances is the coupling coefficient, k.

M
v ILiLy

k= (1.9)
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where k lies between 0 to 1 (0 < k < 1). This coefficient measures the magnetic coupling between the
coils and is independent of the number of turns in the coils. It only depends on the relative positions
of the two coils and the physical properties of the media surrounding the coils. In an ideal CPT
system, the mutual flux is equal to the total flux created by the primary and secondary windings (the
combination of their fluxes). However, this is not the case in practical systems. The magnetic flux
is not always links with the secondary coil. Some portion of the flux transverses outside the coil and
takes outside the winding. This creates the so-called leakage flux which is explained in the following

section.
1.3.1.2 Leakage flux

The self-flux linkage created by a magneto motive force will tend to follow through air with
some reluctance. This means that the flux will resist flowing through the air that has a very small
permeability. The self-flux linkages are composed of two parts. The main flux linkage (¥7}) that
connects with other coils and the leakage flux linkage (¥/;) that does not connect with any other coil.
The name main flux linkage comes from the fact that in transformers the main flux linkage is the
dominant part of the flux linkage. This is not the case with contactless transformer which has large
leakage flux.

Uy =07 4+ 0, (1.10)

The main flux linkage is the mutual flux linkage linked with the coil that produced it.

U = N1 P9 (1.11)
The main flux linkage is scaled by a factor %,
N
N1®yp = FlNTI’m (1.12)
2

and is expressed as a scaling of the mutual inductance.

Ny
m="—MI 1.1
(T N, (1.13)

Dividing by the current gives the main inductance (L;™).

L ="Inp (1.14)
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L' =L — L™ (1.15)

It is easy to see that in the case of no secondary coil, the mutual inductance is zero and the self
inductance (L) consists only of the leakage inductance (L1"). If the coupling coefficient k goes to one
then the leakage inductance goes to zero but in contactless system the coupling of the coil is always less
than 1. According to Faraday’s law, an alternating flux linkage will cause an induced electromotive
force or voltage [39].

L b =™ (1.16)

The negative sign in (L.I6) has been compensated by changing the direction of the winding of the
secondary coil. From the current i; through the first coil, a voltage Vo will be induced with the second
coil. If a secondary coil is closed, a current will flow in the second coil. Using superposition, the total
flux linkage of the second coil will be described as a combination of the self-flux linkage (1)22) and the

mutual flux linkage (¢12).
Pa(t) = P12(t) — P2a(t) (1.17)

Some flux from the current in the second coil will link with the first coil and the total flux linkage of

the first coil is defined in the same way.

Y1(t) = 11 (t) — Y (t) (1.18)
These equations are now described in terms of inductances.

Y1(t) = L1i1(t) — Mia(t)
a(t) = Miy(t) — Laoia(t)

(1.19)

Using Faraday’s law on the total flux linkages of each coil (assuming the inductances are time variant)

leads to the relationship between input voltage, current and output voltage and current.

Vi(t) = L 280 — pp %0 L20)

Vo(t) = M0 _ 1, %20

1.3.1.3 Contactless coils

The contactless coils can be represented with a series capacitor, a resistor and an inductor as shown
in Figure L3l As it is known, connecting capacitors with inductors can cause phase shifts. The phase

shift is expressed by the equation of the impedance. Since one of the components cause a phase shift

TH-1345_TPERJOY

12



1.3 Contactless system

Figure 1.3: Representation of contactless coil as series RLC circuit.

of +90 degrees and the other can cause a phase shift of -90 degrees. Thus, they can be used to cancel
each other out and the condition of resonance can be achieved in the circuit. The series coil shown in

Figure [[.3] acts as a series resonance circuit with a total impedance given by (L.21))

. . . 1
Zeoit = —jXc+ R+ jXp =R+ j(wL — E) (1.21)

The current flowing through L, C and R is the same. Using (L.21]), a phasor diagram can be made as
shown in Figure I.0i is taken as a real vector, then dividing the voltage phasors by |I..;| to
obtain the impedance diagram as shown in Figure [1.4(b)l The phasors are rotating counterclockwise

with angular speed w. The absolute values of the rms voltage across the inductor and the capacitor

Vi i

+ Xl
Vi +Ve Veoil XL+ Xe S Zeoit

Ve A

(a) (b)

Figure 1.4: Vector diagram of series resonant circuit @ Phasor diagram @ Impedance diagram.

(i.e. |Vz| and |V¢| respectively) can be much higher than the absolute value of the supply voltage
|Veoit], if R is small compared to Xz and X¢. The circuit is said to be in resonance w,, if inductive

reactance X, equals capacitive reactance X, so if

1 1
D W= ——— (1.22)

wol =

(1.23)
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This is the resonance frequency. At this frequency, resonance occurs in the circuit and the current
caused by the collapsing magnetic field in the inductor charges the capacitor, and then the discharging
capacitor provides an electric current through the inductor that builds a magnetic field in the inductor.
The energy in the system shifts between magnetic energy and the electric energy. This process is
repeated continually. The magnitude of inductive reactance and the capacitive reactance gets canceled

each other and the only component left in the circuit is resistance. Therefore, at resonance:
Tyl =R (1.24)
At resonance frequency, the phasor difference between the output voltage and the output current can

Xr—X 0
o = tan~! <%> = tan™! <E> =0 (1.25)

In an ideal case, there are no losses at resonance and the system will continue to resonate. However,

be calculated as:

in reality there are resistance in the inductor and capacitor that will lead to losses and the ringing

will die out. If the coil is not at resonance and if w < w,, then using (T.21])

1
L < — 1.2
wlh < O ( 6)

1
L — 0 1.27
¥ wC < ( )

For this frequency range, the coil acts as a capacitive load and the applied voltage lags behind the

current. In another case, for the coil not in resonance and if w > w,, then using (L21])

1
wl > — 1.2
- wC (1.28)

1
L-—>0 1.29
wL ——= (1.29)

So for this frequency range, the coil acts as an inductive load with the applied voltage leading the

current. In both situations, there will be a nonzero phase shift between the voltage and the current.

I — L
o = tan~! <w7“’c> (1.30)

2 —
o = tan~! <L01> (1.31)
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1.4 Contactless charging and electric vehicles

The term contactless system refers the system where the power transfer occurs between two or more
physically unconnected electric circuits or devices by means of magnetic induction. Contactless system
has been developed within a last few years. If EVs are charged using contact-less technique, there are
clear advantages to be gained in terms of safety, reliability and endurance. Contactless charging is safe,
efficient and easy to use for an EV [21-23,31,36]. EVs depend upon rechargeable batteries as a power
sources and are recharged at the contact terminals [40]. EVs require a large amount of power (380V,
400Ah) to recharge its batteries [15]. Charging and discharging such high power batteries using on
board chargers with traditional plug and socket method may cause the dangerous possibility of high
voltage contact. Therefore, in such applications the implementations of contactless power transfer
technique is very important [41]. Figure explains the connection of electric grid to EV battery
systems through the point of common coupling (PCC). PCC is the mode to transfer power between
EVs. Here, charging circuit is found off the vehicle and EV battery system is present on the vehicle.

This PCC can be replaced by induction coupling system which is explained later.

~

PCC

charging <:> <::> EV battery
circuit System

Grid

Figure 1.5: Block diagram of charging system

As discussed , contactless power transfer (CPT) system is a technique in which electrical energy
is transferred between two or more EVs batteries through inductive coupling as opposed to energy
transfer through conventional ”plug-and socket” connectors [22]. Figure shows the schematics of
contactless coils placed between the electric grid and the power electronic converter. The primary and
secondary of the transformer windings are electrically isolated from each other. The power electronic
system lies outside the vehicle or off the vehicle, which is referred as charging circuit and the EV battery

system lies on the vehicle. This charging system can be implemented for both moving applications and
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in battery charger for idle vehicles. In the first case, the secondary coil moves along a primary coil and
captures the horizontal flux component. In the second case, both primary and secondary windings are
stationary and captures the vertical flux component [36,42]. Thus, CPT systems are used to transmit
several kilowatts of power without any mechanical stress or aging. By this technology, trailing cables
in the EVs can be removed and therefore cable breaks can be avoided. Other advantages are no metal
oxidation of the electric plug, no wear and tear on the electrical contacts, no contact resistance, no

sparking and no non-protected voltage-carrying contacts [41].

Grid \v

PCC

charging <::> EV battery
circuit < ﬁ > system

Figure 1.6: Block diagram of contactless charging system

A common feature of all applications for which CPT systems are used up to now is the relatively
small air gap in a range of several millimeters between the primary and secondary system [31,36,41—
50]. Therefore, such magnetic assemblies can be accurately described by means of commonly known
magnetic equations. However, in applications such as automatic battery charging station require a
large air gap of several centimeters [31,36,42]. In order to achieve efficient power transfer through
this large air gap between the windings of the contactless transformer, principle of resonance is used.
To increase the power transfer capability and to reduce the VA rating of the contactless system,
capacitive compensation is used in both primary and secondary windings of the CPT systems [31,36].
The extension of contactless system to longer distance would open new application field for this

technology.
1.4.1 Bidirectional charging systems

EVs are primarily considered as a method of clean transport but they can also be used as a potential
source of energy by supplying power back to the grid. With bidirectional converters in the charging
system, EVs’ batteries will be able to transfer power between the grid and the EVs [51]. This process

is coined as Vehicle-to-grid (V2G) and Grid-to-vehicle (G2V) technology, where G2V implies charging
TH-1345 TPERJOY
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1.4 Contactless charging and electric vehicles

the EVs batteries from the grid and V2G means delivering the stored energy back to the grid [52]. The
V2G and G2V services are provided through bidirectional charging systems with bidirectional power
flow functionality [51,53,54]. This re-electrification process can be achieved through bidirectional
converters i.e., the power converters are made of bidirectional switches to facilitate power transfer on
both the directions. This makes EVs an ideal candidate to assist the power system operation. Figure

[’ shows the basic schematics of bidirectional charging system connected to an EV battery.

contactlesscoils
® 1 — — =X
.g-e‘ g Al [ac—ch dc—ac} - | [ac—ch dc—ac] %

Driver board Driver board

Main controller

Figure 1.7: Bidirectional contactless charging system

1.4.2 Vehicle-to-grid (V2G) and Grid-to-vehicle (G2V) technology

As explained earlier, EVs provide economic and environmental benefits; they can also be used as
a potential source of energy storage which is valuable to the electric power grid [52,55,56]. With the
additional bidirectional arrangement of converters in the charging system; EVs can charge its battery
from the grid and discharge the stored energy back to the grid. Thus, EVs can become an ideal
candidate to assist the power system operation such as voltage regulation, frequency regulation, power
quality improvement, peak load shaving and other grid ancillary services by increasing the security and
reliability of the power system [52]. By incorporating bidirectional switches in the converters of the
contactless system this process can be achieved. Hence, EV’s batteries are able communicate the grid
through coil coupling induction principle with high safety and low repair rate features [51,53,54]. The
term G2V implies charging the EVs battery from the grid [52]. V2G describes a system in which EVs
communicate with the power grid to sell demand response services by either delivering electricity into

the grid or by throttling their charging rate [57,58]. Since most vehicles are typically driven only a few
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hours per day and are parked the rest of the time (during the night or work) their batteries could be
used to let electricity flow from the vehicle to the power lines and back. This ability to exchange energy
with the grid gives the opportunity to furnish several services to the grid while optimizing the charging
and discharging operations [57-60]. The service from G2V and V2G is done through EV charging
system. However, charging or discharging of individual EV battery cannot provide any meaningful
service to the grid, as it is usually in tens of kWh level. This is far below the base requirement for
making transaction in electricity market, which is usually in MWh level. Therefore, the EVs should
be synchronized with many vehicle. These problems could be addressed by introducing the concept
of aggregator in the architecture of V2G system [55, 60, 61]. Rather than individual EVs batteries,
effective impact on grid service provision can be obtained by grouping together a large number of
vehicles through this aggregator. A sufficiently large number of aggregated parked EVs could provide
several important services to the grid such as regulation, peak power, spinning reserves and other
ancillary services [55,60,61].

While, two chapter of this thesis has dealt with the modeling and simulation details of power
electronic converters and control requirements for bidirectional charging systems; the rest of the two
chapters focus on mutual inductance computation and compensations requirements of contactless coils.
Experimental set-ups are built in the laboratory to validate the MI computation and compensation

circuits. While the hardware prototype for bidirectional charging systems have not been done.

1.5 Major challenges and identified goals

In comparison to conventional vehicles, EVs suffer from heavy battery weight, limited driving
range and long charging time. Recent studies suggest that the existence of EV charging systems
at the bus stops or along the route will address this issue to some extent [2,62—64]. The present
research is focussed on modeling and analysis of EV charging interface. This thesis have modeled
a contact based EV CS with multiple charging systems, which facilitates bidirectional power flow
between EVs and the power grid. However, such CS will have numerous challenges to overcome. The
bulk charging and discharging of EVs can cause adverse impacts both on charging system and the
distribution network [65,66]. Therefore, the CS should be coordinated for the effective utilization of
EVs in the distribution network. As a further benefit of this application, the CS with large fleet of

EVs should be designed in such a way that the CS should be capable of handling the sudden arrival
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and departure of EVs and will have significant impact on the DN voltage profile. Proper active and
reactive power control would provide better coordination and control and regulates the voltage at the
distribution node. A fuzzy controller and an aggregator is designed in this thesis to externally control
the CS to handle the sudden arrival of multiple EVs in the CS. For this purpose, an idea of active and
reactive power approach have been demonstrated to control and coordinate multiple EVs arrived in
the CS for achieving voltage regulation in the distribution network. On the other hand, contactless
charging system offers many advantages such as safety, power compatibility, connector robustness and
durability to the users of EVs [23,38,67]. Additionally, the development of bidirectional contactless
charging system would allow EVs batteries to both charge their batteries and to support power back
to the grid [51,53]. Although, the amount of literature in this area grows very fast; there are many
technical issues which still hinders the fast development of contactless charging systems.

One important focus in contactless charging system is to interface multiple charging system in
a CS connected to the utility grid. Several studies have been carried out in this area but most of
the works are aimed to study the impact of charging systems in the power distribution network and
many other studies in the literature have focussed on the design and analysis of contactless system.
Nevertheless, no studies in the literature have reported the contactless based multiple charging system
connected to a common ac bus network to demonstrate the charging and discharging operation of
EVs. Therefore, in order to prepare for the large proliferation of EVs in the market, this thesis has
modeled a multiple contactless based charging system to examine the charging/discharging operation
of EVs, which is essential for the future implementation of EV charging systems.

Another important design challenge for contactless system is the theoretical estimation of MI [68].
The design of contactless coils are very complex as the coils are usually misaligned due to variations
in the system and worsen the coupling between the coils [69,70]. A simple theoretical computation
of MI with all its lateral and angular misalignments must be fully addressed, which is the first step
and an important step for studying the characteristics of such systems. Although, there are various
methods available to estimate the mutual inductance of contactless coils, it has been observed these
methods are well suited for fixed coil systems and they are not tolerant for misalignments in the coils.
Therefore, this thesis has suggested an analytical approach for computing the mutual inductance of
the coil with lateral and angular misalignments.

The principle of CPT system is similar to a conventional transformer, where the magnetic field is
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confined to a particular core. In contrast to conventional transformer, contactless transformer has a
large air-gap and are used without high permeability common magnetic core. Due to this air-gap, the
characteristics of contactless system has large leakage inductance and reduced magnetizing inductance.
To compensate large leakage inductance problem effectively, in addition to contactless coil, suitable
compensation circuit can be added by connecting a series or parallel capacitor at the primary and
secondary winding of the coil [31,71]. This makes the contactless circuit to operate at resonance and
achieves maximum output power with minimum input VA rating of the power supply. A large number
of studies have been found in the literature, where CPT system has been analyzed using a particular
compensation focussing a specific application. While, there are no studies found in the literature,
where all compensations has been examined to analyze its variations for frequency, load and distance.
In order to fill the research gap, this thesis has analyzed the four basic compensation topologies and
studied its variations with respect to frequency, load and distance.

The thesis has addressed the above mentioned issues, there are still many open areas in contactless
and bidirectional contactless system which is unaddressed in this thesis. Some future research work
has been suggested at the end of the thesis. The problems dealt in this thesis have been detailed in

the foregoing section, which can give a better understanding of the work done.

1.6 Contributions of this thesis

The main goal of this thesis is to design and analyze the long term work on bidirectional contactless
charging system that would connect the grid and the EVs batteries. Such a system should facilitate
charging the EV batteries from the grid (forward flow of power) and discharging its energy back to
the grid during times of power shortage (reverse power flow). However, the thesis has narrowed its
study to certain specific areas on the design and modeling of contact based and contactless charging
system. Simulation studies have analyzed the bidirectional power flow functionality of EVs for both
contact based and contactless charging systems. While, the hardware prototypes are made only for

contactless system. In particular, the thesis has investigated the following areas:

I. Modeling of Contact based Charging Station for Voltage Regulation
A contact based multi-point charging station model is described to regulate the distribution node

(DN) voltage. An idea of active and reactive power exchange through EV CS for voltage regulation at

TH-1345_TPERJOY

20



1.6 Contributions of this thesis

the DN is presented based on the node voltage variations and energy availabilities of EVs batteries. A
CS is modeled has multiple charging systems which enables EVs of different battery ratings to charge
and discharge. The individual charging system is composed of grid connected bidirectional three phase
ac-dc converter and a series connected dc-dc converter with suitable controllers. Voltage profile eval-
uation have been done with different power transfer approaches such as active power, reactive power
and combined active and reactive power to foresee the CS behavior. Finally, validation of the study is
carried out using a realistic distribution system of a typical city considering 35 EVs of different battery
ratings connected at the DN via CS. The analysis shows that the combined active and reactive power

transfer has a significant impact on flattening the DN voltage profile as compared to other approaches.

II. Theoretical Modeling of Contactless Charging Station

The demand for more Electric Vehicles (EVs) will increase the power distribution requirements of
future EV CS. Similar to petrol stations, multiple charging systems will be co-located to form a CS.
To increase safety and reduce the CS maintenance time, these charging systems have to be developed
with contactless systems. The work presented in this chapter describes a parallel connected multiple
bidirectional contactless charging system. An operating framework of CS is described to manage the
interactions of EVs, between parallel connections of multiple charging systems that share a common ac
bus network. The individual charging systems are controlled to control the charging and discharging
process of each EVs and avoids distribution grid congestion, while satisfying the requirements of EV
owners. To coordinate the complete CS, a control strategy is developed; which estimates the line
voltage and frequency at the common coupling point of the distribution system and state of charge of
EVs and manages the parallel ac lines by scheduling the charging and discharging operations of EVs.
The complete CS having ten EVs is validated using detailed simulations. Theoretical analysis and
the simulation results demonstrates the feasibility of the proposed CS as an ideal power interface for

efficient contactless integration of multiple EVs into a typical distribution network.

ITI. Computation of Mutual Inductance for Contactless System
An analytical approach for computing the mutual inductance between two air core square coils of
contactless system placed in a flat planar surface is described. The mutual inductance of the coils are

calculated for all possible variations including lateral and angular misalignments in space. In contrast
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to conventional approximated formulae, the straightforward approach based on Biot-Savart principle
is used and their integrals are computed numerically. The results of computed mutual inductance by
analytical method are validated by finite element analysis and an experimental setup. Finally, the
analysis compares the three mutual inductance calculations: an analytical method, the finite-element
model and an experimental results. The values computed by three methods in all cases are in good

agreement.

IV. Compensation Topologies for Contactless System

Due to large leakage inductance, compensations are necessary in contactless system to achieve the
required power transfer. Analysis of four compensation topologies suitable for use in CPT applications
has been presented. Primary compensation is designed to make the primary phase angle equal to the
secondary resonant frequency with minimum VA rating of the power supply. Secondary compensation
is designed to increase the power transfer capability. The modeling of CPT system, design criteria and
its controller details are discussed. The study investigates the behavior of CPT system under vari-
able frequency, load and distance and its characteristics plots are generated. The analysis compares
the efficiency of four compensation topologies, such that the real time performance of CPT systems
can be examined. With the results obtained from the experiments, the theory of CPT systems can

be well understood and it provides a foundation for future design and implementation of CPT systems.

1.7 Thesis organization

This thesis has organized into five chapters. Chapter I has given an overview of charging system,
theory of contactless systems and the role of bidirectional charging systems. Chapter II describes
the modeling and control of contact based CS with multiple charging systems to regulate the DN
voltage. Chapter III describes the theoretical modeling, design, control and simulation of multiple
parallel connected contactless charging system connected with EVs batteries. Chapter IV describes
an analytical approach suitable for computing mutual inductance between two air core square coils
for contactless system. Chapter V has presented four compensation topologies suitable for contactless

system. Finally conclusion of this thesis is given in Chapter VI with some future directions of work.
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2.1 Introduction

Abstract

In this chapter, a contact based multi-point charging station model is described to regulate the dis-
tribution node (DN) voltage. The increased penetration of electric vehicles (EVs) in real time may
result in voltage rise or drop at the DN. An idea of active and reactive power exchange through con-
tact based EV charging station (CS) for voltage regulation at the DN is presented based on the node
voltage variations and energy availabilities of EVs batteries. A CS is modeled has multiple charg-
ing systems which enables EVs of different battery ratings to charge and discharge. The individual
charging system is composed of grid connected bidirectional three phase ac-dc converter and a series
connected de-dc converter with suitable controllers. An enhanced phase locked loop (PLL) technique
with pulse width modulation (PWM) control is used for three phase ac-dc converter, which makes it
possible to exchange the active and reactive power transfer between the DN and the CS. The designed
de-de converter adopts constant-current and constant-voltage (CC-CV) charging strategy to charge
or discharge the EVs batteries of different ratings. In order to handle multiple EVs arrived at the CS
and to regulate the DN voltage, the complete CS is externally controlled by a fuzzy controller and an
aggregator. Voltage profile evaluation have been done with different power transfer approaches such
as active power, reactive power and combined active and reactive power to foresee the CS behavior.
Finally, validation of the study is carried out using a realistic distribution system of a typical city
considering 35 EVs of different battery ratings connected at the DN via CS. The analysis shows that
the combined active and reactive power transfer has a significant impact on flattening the DN voltage

profile as compared to other approaches.

The work presented in this chapter is submitted in a Journal, titled, “Coordination of

Electric Vehicles with Charging Systems in Distribution Network for Voltage Regulation”

2.1 Introduction

With the worldwide interest in EV, the design and control of EV CS has gained much research
interest. Charging station is the vital supporting infrastructure that plays an important role in the
grid integration of EVs batteries and helps in realizing the vehicles batteries as a load and an efficient
power source [1,2,72]. Thus, a cluster of EVs can be utilized as a load and a well-defined source of
energy comparable in reliability to fossil-fuel based power plants [73-75]. To achieve this concept, the
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CS should have multiple charging systems with bidirectional power flow functionality that facilitates
EVs of different battery ratings to charge or discharge. This bidirectional power flow functionality
of CS are referred as G2V and V2G technology [1,40]. The G2V and V2G process can be achieved
when the CS is situated near the DN in a parking lot with a charging bay [66]. The parking lot can
be a residential complex or office complex or shopping complex, where EVs tends to stay for longer
duration and thereby this concept can be easily achieved [74]. Thus it is possible to exchange active
as well as reactive power between the grid and the EVs batteries using bidirectional converters in the
charging systems [76]. Therefore, it is required to develop a CS which can handle multiple EVs of
different ratings mainly in terms for voltage regulation at the distribution node (DN).

Many studies on EVs and battery models have been published in recent years [28,77-79] and many
other studies have focussed on battery charging systems [2,62-64]. Concerning the power converters
involved in charging systems, a two stage structure composed of three-phase rectifier followed with dc-
dc converter is the simplest and most economical form of circuit [1,2]. Few traditional charging systems
have used two-stage structure with an isolated transformer [62,64]. Non-isolation type battery charging
systems are more preferable when considering the efficiency, volume and cost [1,2,63]. Very few studies
have reported non-isolation type battery charging systems because of the difficulty in handling batteries
of different ratings during its two way power transfer [1,2]. Another set of studies have focussed on
optimization models to represent EV charging systems [57,58,80-82]. Among those, few of which have
paid more attention to prove the validity of EVs in terms of frequency regulation [80-83]. In [57, 58],
a control algorithm is developed for scheduling the charging and discharging of EVs’ batteries for
autonomous distributed V2G systems. All of these studies have pointed the need to coordinate the
charging or discharging in some way to accommodate a large number of EVs. However, a very few
works have addressed on voltage regulation issue using EV charging system. In [73], authors have
studied the V2G existence using load flow techniques for voltage regulation at the DN. They have
considered the aggregated EVs’ energy in a particular area and analyzed the impact on the distribution
network. In [65,66], a real-time coordination of plug-in EVs charging have been explained to minimize
the power losses and to improve the voltage profile. These system level control approaches aims at the
effective utilization of EVs for grid support. However, it has been observed from the literature; so far
these studies have dealt only with active power transfer to realize the CS for DN voltage regulation.

Nevertheless, there has not been much technical analysis done in both active and reactive power
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transfer with component level contact based EV charging system model to regulate the DN voltage.
While, the benefits of active and reactive power transfer have been widely studied in wind, photovoltaic
and other grid integrated converter applications [84-86]. In similar manner, if EVs’ batteries exchange
active as well as reactive power to the distribution network, a better coordination and control can
be achieved. Moreover, the multiple charging systems of the CS also needs an additional control
mechanism to coordinate the sudden arrival and departure of EVs, yet to be reported. Based on the

above discussions, the following are the main objectives of the present chapter.

Design and simulation of EV charging systems with its associated controllers to enable successful

integration of EVs during its bidirectional power transfer.

e Design of grid connected three-phase ac-dc and dc-dc converter with enhanced PLL based PWM
control and CC-CV charging strategy; to improve the quality of grid waveform and to increase

the performance of the battery during charge/discharge operation.

e Design of master controller and an aggregator to control and coordinate multiple EVs arrived

at the CS.

e Investigating the behavior of CS with different power transfer approaches such as active, reactive

and combined active and reactive power.

The CS designed in this chapter has multiple charging systems which facilitates EVs of different
ratings to charge or discharge their batteries. To control and coordinate the sudden arrival and depar-
ture of EVs and to regulate the specified voltage limit (1 #+ 0.13), the CS is externally controlled using
a fuzzy logic controller (FLC) and an aggregator. Here, the usage of other traditional control meth-
ods; often results in computational burdens due to large number of operations such as trigonometric
functions, parametric identifications, filtering and so forth. An FLC indeed, does not require neither
detailed knowledge of the system under control nor its precise description in terms of mathematical
model. FLC here acts as a master control, which decides the total power to be injected or drawn
from the DN. Aggregator distributes the power among multiple EVs arrived in the CS. EVs in the
CS exchange active power or reactive power or both through charging systems from/to the DN. A
CS has been modeled in simulation environment and has been tested with 35 EVs of different ratings

connected to a realistic radial distribution system of Guwahati city (shown in Appendix [A.T]) [87].
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2. Modeling of Contact based Charging Station for Voltage Regulation

This chapter is organized as follows: Section explains the voltage regulation concept at the
distribution node. Section 2.3 describes the framework of the simulation model. Problem definition is
detailed in Section 2.4l Simulation results are discussed in Section and the conclusions are given

in Section

2.2 Voltage regulation at distribution node

2.2.1 Regulatory requirements

Integrating EV charging systems with the DN will have direct impact on the utility grid which
might cause voltage rise or drop at the DN. Since the voltage of the distribution network is based on
radial power flow; this would affect various nodes of the distribution system. This can be regulated
when the CS is operated in a controlled and coordinated manner based on the grid conditions. The
distribution network operator is obliged to maintain the voltage profile within its limits (140.13).
Therefore, before interconnecting the CS with the DN, the distribution network operators should

ensure that the DN voltage will not be affected by the charging or discharging operations of EVs.
2.2.2 Distribution node voltage control

Figure 2.1] illustrates the single line diagram of the simplified distribution network connected to
the CS together with the local load by an overhead line cable with an impedance (Z). Here, V5 is the
voltage at bus A, V7 and [ are the total injected or drawn voltage and current from/to the CS. R and

X are the resistance and reactance of the line. The power exchange at the CS can cause large voltage

V, 14
AC ;
Z=R+X i e
B CS
A B
—— Subfeeder node (4.3)

Figure 2.1: Illustration of CS connected at the DN.

rise or drop due to bulk charging or discharging of EVs, this can be estimated by (ZT]).

AV =V, -V + R(PQ — (PL + Pl)) + X(QQ — (QL + Ql) (2.1)
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2.3 Frame work of simulation model

where P, Py, and P; represents the active power of the DN, load and CS. Q3, Q1, Q1 represents the
reactive power of the DN, load and CS. It can be seen (2.]) is governed by DN voltage (V7), impedance
of the line (R+jX) and active and reactive power flow of the line. Theoretically, the voltage regulation
can be achieved by adjusting either Vi, R, X, active power, reactive power and or both. Among these
factors, adjusting the injected or drawn voltage at the substation may cause adverse impacts on any
of its customer. This may also affect EVs with varying state-of-charge (SOC) and charge or discharge
rate (C,) conditions. While, upgrading the conductor size is an effective approach, but it is very
expensive. At the same time, active power exchange alone seems very attractive because it requires
only minor modifications in the inverter control logic. However, minimizing the amount of active
power during voltage rise would result in increased output power losses. As an alternate solution,
the DN voltage can be more effectively controlled, if the CS can exchange relatively large reactive
power. This may result in higher currents and losses in the subfeeder. In this case, CS do not work
anymore at unity power factor (pf). Managing the voltage profile in DN by reactive power exchange
alone can be justified in some cases [88,89], nevertheless its application is limited because distribution
network operator may stipulate the CS to operate at or close to unity pf. Generally for the distribution
network, X /R ratio tends to be low (typically < 1), so neither active nor reactive power is negligible.
Therefore, both active and reactive power exchange would play a vital role to regulate the voltage
at the DN. Hence, the charging system should ensure to draw or inject maximum active power at
minimum reactive power. Both P and ) should be regulated and controlled by injecting or drawing
the power, either by controlling V5 and phase angle (0) between V; and V3 or current (I) and power

factor angle (0) between V5 and I.

2.3 Frame work of simulation model

2.3.1 Distribution system

The system under study comprises of 33kV, 5SMVA main feeder and 11kV/440V, 500kVA dis-
tributed subfeeder, typically operated in a radial fashion. There are 12 numbers of nodes (1.1 to 4.3)
in the subfeeder. The CS considered for this study has been connected to the subfeeder 4 of the DN
4.3 to regulate the DN voltage in the system (Figure [A]l shown in Appendix [AT]). The daily load
profile of the DN 4.3 of the Guwahati distribution network has been used for the study (load data

is shown in Figure in Appendix [AT]). The simulation is carried out in real time on the modeled
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2. Modeling of Contact based Charging Station for Voltage Regulation

network of the Guwahati distribution system.
2.3.2 Layout of charging station (CS)

A real time simulation model of CS has been built to analyze the charging or discharging operation
of EVs’ batteries. The CS designed in this work has thirty five charging systems connected with EVs
of 35 different ratings, which represents multiple EVs connected at the CS. The layout of CS is shown
in Figure 2.2 The individual charging system is comprises of bidirectional ac-dc and dc-ac converter
with suitable controllers as shown in Figure 2.3l The developed charging system has the ability to
control the power flow of each EVs present in the CS. The control algorithm present in the EVs’
battery considers terminal voltage (V,,), ampere hour rating (Q;), user-defined SOC limits (SOCy)
and charge/discharge rate limits (C,') based on user’s preference. The complete CS is externally
controlled using a fuzzy controller and an aggregator to coordinate multiple EVs arrived at the CS.

The fuzzy controller decides the magnitude and direction of power to be flown from or to the CS.

\/ ' Distribution Node
- master control pf
3 FLC | pCC I 4 i

: | \ P PO PaOn
| i . o L.
E W : Y S - 3 charging charging ;
g | '5 } system System 3
= | = = ———p! |
E| g g | | A A |
IR D b7 : |
- o o ‘ A v ‘
> E en Q | y
&5 t < o 1 |
E, P S, =¥ : EV battery EV Battery !
Sl - A A A A i 1 1A
\ A I T
\E) | E, 0, IGO0 SOCy v C. O SOCy vsi

Figure 2.2: Layout of charging station.

The FLC receives DN voltage (V7) as input from the DN and total energy availabilities of EVs (Ey)
from the CS. The output of FLC is the power (S”) which decides the total power to be supplied /drawn
from or to the CS. The power decided by the FLC is divided by the aggregator. The aggregator takes
S’, E; and energy available (Ey, Fs...E,) from individual EVs’ batteries and distributes the power
(51, S2...S,) among EVs present at the CS. The power output S’ can be positive or negative. Positive

power represents that the charging system will perform charge (G2V) operation and the negative
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Figure 2.3: Circuit topology of charging system.

power implies that the corresponding charging system will perform discharge (V2G) operation. Based
on the distributed power from the aggregator, the EVs’ batteries present in the charging systems

injects or draws P and @ to or from the DN.
2.3.3 Battery system

An electric circuit based battery model have been used to represent the aggregated model of EV

battery packs. The electric equivalent circuit of EV battery model is shown in Figure 2.4l

EEVAVAVAVANES
Ip A\ /\ N\ Ry
+ &

j

Vo —

Figure 2.4: Battery equivalent circuit.

The model is based on a controlled voltage source, which can be positive or negative depending
on the power flow. The parameters of the electric equivalent circuits are calculated by polynomial
equations explained in [79]. Unlike other distributed energy storage systems, the usage of EV battery

to support the grid has lot of constraints. The performance of the EV battery get affected due to

TH-1345_TPERJOY

31



2. Modeling of Contact based Charging Station for Voltage Regulation

continuous charge/discharge operations. Therefore, to use the vehicles battery effectively, the SOC
and C, limits of the battery has been taken into account. A control algorithm is developed inside
the battery system design to achieve better control and coordination of EVs’ arrived in the CS. The
power of the CS is controlled by controlling the C,. of EVs battery. The control algorithm present in
the EVs battery considers V,,, Q;, user defined SOC limits (SOC};) and C, limits (C,.) based on user’s

preference. The current C, of the battery (C,*) is calculated from (2.2).

V@

where S; is the power decided by the aggregator either to charge or discharge i EV battery. The

C,*

(2.2)

algorithm present inside an EVs’ battery chooses the minimum of C* and C/. to charge/discharge the
battery. The required energy to charge and the available energy to discharge the i EV battery for a
specified time is calculated using (2.3)) and (2:4]). The total energy (F;) of the CS can be calculated

using (2.5).

E° = V,,Q; (SOC" — SOC™) /100) (2.3)
E=V,,Q,; (S0C* — 50C") /100) (2.4)
By =) E{+Ef (2.5)

=1

where, Q; and V,, are the ampere hour rating (Ahr) and terminal voltage of the it" battery, SOC’
and SOC" represents the minimum and maximum SOC limit of an EV, SOC* is the current SOC of
the EV battery and ¢ varies from 1 to n. Thus, depending on the SOC constraints of the user, the
discharge or charge energy of the EVs’ batteries are controlled such that SOC limits at the end of the

time period remains between the range SOC’ and SOC”.
2.4 Problem definition

Electric vehicles are emerging as one of the most promising alternatives; as it can be used as a
potential source of energy and a sound transportation system. However, integrating multiple EVs
to the distribution network may cause adverse impacts due to uncontrolled and random charging
or discharging process. On the other hand, if EVs batteries are controlled via charging systems, it
coordinates and controls the charge or discharge operation and thereby these adverse impacts can
be avoided. Therefore, the study of controlled charging systems in a CS combined with distribution

network is very essential to analyze the potential benefits and impacts for the public acceptance of EVs.
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Various elements involved in the CS model and its control strategies are explained in the succeeding

parts.
2.4.1 Fuzzy logic control (FLC)

Fuzzy logic controller has been used as a master control to externally control the power flow
between the CS and the DN. FLC receives information such as V; and E; and it decides the power S’
which should flow between the DN and the CS. Fuzzy controller is particularly used in this work to
handle uncertainty caused by the sudden arrival and departure of EVs; as it considers all inputs and
outputs within a bound by using sufficient number of rules. The fuzzy model developed incorporates
the experience or human knowledge based on offline information of the CS to express the uncertainties.
In FLC, Vi, E; and S’ are mapped by a set of membership functions known as “fuzzy sets”, which
are represented by linguistic variables as shown in Figure The maximum and minimum voltage
inputs of DN is taken between 0.83p.u to 1.13p.u. This has been considered because the distribution
network operator is obliged to maintain the voltage profile within its limits (1 £+ 0.13). The energy
and power limits of the CS is considered based on the capacity of the CS. The fuzzy controller output
is intended to perform both charging or discharging operation. The input and output membership
functions are related using rules which provides description of the membership functions. The control
rules are defined as IF-THEN structure, which relates V; and E; in the IF part to S” in the THEN part.
The rules of FLC are formed based on the DN voltage variation and the energy status of the battery.
The derivation of fuzzy control rules are heuristic in nature and the rules are derived using linguistic
variables. The rules are formed considering the variations of V7 and E} based on the following four

basic criteria:

If V1 and E; lies in the range of (0.83 < V; < 0.987) and (0.55 < E; < 0.999), then S’ lies

between -1 to -0.1, denotes V2G operation.

If Vi and Ej lies in the range of (0.987 < V5 < 1.13) and (0 < E; < 0.5), then S’ lies between

0.1 to 1, denotes G2V operation.

If V1 and FE; lies in the range of (0.83 < V7 < 0.987) and (0 < E; < 0.5), then S’ will be zero,

indicates there cannot be any power transfer in the CS.’

If V1 and FE; lies in the range of (0.987 < V4 < 1.13) and (0.55 < E; < 0.999), then S’ will be

zero indicates, there cannot be any power transfer in the CS.
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Figure 2.5: Membership functions for FLC (a) node voltage (V1) (b) total energy availabilities of EVs (Ey)
and (c) output power (S’).

Seven fuzzy subset such as S (Small), VL (Very Low), L (Low), M (Medium), H (High), VH (Very
High) and B (Big) have been chosen for the input variable V; and E;. Thirteen membership function
such as NB (Negative Big), NVH (Negative Very High), NH (Negative High), NM (Negative Medium),
NL (Negative Low), NVL (Negative Very Low), Z (Zero), PVL (Positive Very Low), PL (Positive Low),
PM (Positive Medium), PH (Positive High), PVH (Positive Very High) and PB (Positive Big) have
been chosen for the output variable (S’). Triangular membership functions are used as it is more
simple, realizable and easy to implement. A total of forty nine rules are defined to relate the input
and output membership functions. Table 2.1l has the rules used for the FLC controller. An example
of the control rule is given as, “If V4 is VL and E; is S then S’ is Z”.

Defuzzification is performed using the center of gravity method by finding the center of the area

encompassed by all the rules and is mathematically described by (2.6]).

n
Z U [y (ul)

i=1

g== (2.6)
Z Ho (uz)
i=1

Simplifying (2.6]) gives the defuzzified overall control output, where u; refers to the output variable
and ., represents the aggregated membership function. The positive and negative power output values
from FLC decides the power flow direction between the DN and the CS. The process of fuzzification

and defuzzification for a practical example has been explained in Appendix[A.2]
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Table 2.1: Rule base

Vi E; S’ Vi E; S’ Vi E; S’ i B S’ i E: S’
S S Z VL L NL L H NH M B Z VH VL PVH
S VL NVL VL M NM L VH NVL H S PB VH L PH
S L NL VL H NH L B NL H VL pPVH VH M PM
S M NM VL VH NVH M NVL H L PH VH H PL
S H NH VL B NB M VL NVL H M PM VH VH PVL
S VH NVH L S Z M L NVL H H PL VH B Z
S B NB L VL NVL M M Z H VH PVL B S PB

VL S Z L L NL M H PVL H B Z B VL PVH

VL VL NVL L M NM M VH Z VH S PB B L PH
B M PM B H PL B VH PVL B B Z - - -

2.4.2 Aggregator

Since the individual capacity of an EVs’ battery is too small (usually in kWh), an aggregator is
used in the CS model to coordinate multiple EVs to meet the base power requirement of the grid.
Aggregator plays an important role in charging or discharging more than hundreds or thousands of
EVs. This is an intermediate system deals with multiple small-scale power of EVs and makes efficient
use of distributed power of EVs in the CS to produce the desired grid-scale power. The aggregator
designed in this work obtains input both from FLC and EVs’ batteries. The individual energy of EVs
(E1, Es...E;), total energy (E;) of EVs and FLC output (S’) are given as input to the aggregator.
Based on the three inputs, it divides and distributes the reference power (S) among multiple EVs’

present in the CS as given by (2.7).
s Y

ad n
> Ei
i=1

Thus, EVs pertaining to the aggregator would charge or discharge alternatively based on the

S’ (2.7)

command from the grid operator and EV owner to meet the requested demand of both the grid and
EVs. The aggregator also controls the sequence, rate of charging or discharging and distributes power

among multiple EVs present in the CS.
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2.4.3 Charging system

To realize the CS operation discussed in Section I1IB and to integrate the EVs batteries into utility
grid, thirty five component level charging system model is built with advanced real time simulation
system. The detailed circuit topology of an individual charging system is shown in Figure 2.3 The
main components of the charging systems are bidirectional three-phase ac-dc and dc-dc converter (g;-
gs). The three phase ac-dc (g1-gs) converter realizes the line side sinusoidal voltage waveform using
enhanced PLL with PWM control strategy. The elements Lg. and Cy. provides a bypass for the
current and voltage waveform and reduces the spikes in the output, when the switches are turned on
or off. The dc-dc converter (g7-gs) is connected to an inductor (L) with capacitor (Cye; and Cyeo) on
both sides. It regulates the power to be flown between the grid and the EVs batteries. It performs
three different operating modes: buck, boost and cascade operating mode. The buck-operating mode
is operated when the EV battery rating is less than the peak input dc voltage. The duty cycle lies
in the range 0.1 < D < 0.5. The boost operation is performed when EV battery voltage rating is
higher than the input voltage (D > 0.5). Cascade mode is operated when the input voltage is equal
to the EVs voltage rating (D = 0.5). The dc-dec converter perform this operating modes using CC-CV
charging strategy. Besides, an LCL filter is used at the terminals of the charging system at the grid
side to suppress the transferring switching harmonics. The charging system is able to work in G2V and
V2G operating modes. The operating modes follow the criterion explained in Section 241l When the
node voltage is high and the EVs battery energy is low, the EVs will absorb the power from the grid;
while when the battery energy is high it supports the grid. Once if the grids condition is unsuitable to
support or draw the power, the circuit breaker will open and the charging system will get disconnected
from the coupling point of the DN. In this manner, the power flow of the charging system is controlled
based on the grids condition and the energy availabilities of EVs. The control circuits of the charging
systems are composed of two groups: Constant current - constant voltage (CC-CV) charging strategy

and enhanced PLL with PWM control, which has been explained below.
2.4.3.1 CC-CV control

Usually, the initial SOCs of each EVs arrived at the CS are considerably different. A vehicle with
low SOC battery may need a large charging current but requires a fast charging and an EV with

highest initial SOC can discharge fast but may require longest discharging time. In order to meet such

TH-1345_TPERJOY

36



2.4 Problem definition

simultaneous requirements of multiple users, CC-CV charging strategy is used for dc-dc converters by

considering C, and SOC' limits as its inputs from the user.
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Figure 2.6: Constant-current and constant-voltage charging strategy.

The control scheme of CC-CV charging strategy is shown in Figure 2.6, where i/ is the reference
battery current command (obtained from C, control shown in Figure [23)), i, is the measured battery
current, v}, is the reference battery voltage command, v, is the measured battery voltage, u}, u;, ul,
and u, are the per unit values of current and voltage, e¢; and e, are the voltage and current error, e
is the error and ¢’ is the first derivative of the error. The controller has two input variable: e and €’
and u as the output variable of the CC-CV fuzzy controller (CC-CV FLC), which is then given to the
limiter. The limiter output u’ is then compared with a carrier signal of 25kHz to generate a required
pulse for de-dc converter. To control the C, of the battery, initially a constant current command i/,
is applied and 14, tracks i, until the battery terminal voltage has risen to a predetermined value. At
that point, CC mode is switched to CV mode and the charging voltage v, is held constant according
to v, and the charging current is reduced. The current direction in the de-dc converter is changed

conveniently depending on the aggregator output based on which the power flow direction is reversed

to charge or discharge the EVs batteries.
2.4.3.2 Enhanced PLL based PWM control

Enhanced PLL with PWM control is used to control six fully controlled bidirectional switches

(91 — g6) including LCL filter on the ac side and Lg. and Cy. on the dc side. The block diagram of
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the enhanced PLL is shown in Figure 2.7
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Figure 2.7: Enhanced PLL based PWM control.

During G2V operation, the converter switches are switched to draw a sinusoidal current with a
defined power angle ¢’ to provide a stable dc link voltage across Cy.;, which in turn regulates the
current using Lg.. For V2G operation, the switches are switched to return a current in a similar
sinusoidal form with less power line disturbance on the utility grid. While for parallel connected
charging systems, a very precise synchronization is required prior to each charging panel connection
to the grid in order to avoid catastrophic transients. To estimate the power angle, open-loop and
closed-loop methods can be used. The closed loop methods are commonly known as phase locked
loop (PLL) methods, which has been used in this work. The controller contains three loops. The first
loop takes grid signal (V7) as its input to three-phase PLL and extracts the grid components (wt, f,
sin — cos). This provides the phase information for dqo-abc and abc-dqo coordinate transformation.
The second loop takes signal from the terminals of the converter (v/, ., /,.) and estimates the active
and reactive power (p & ¢). The power estimation block process the instantaneous v/, and i,,. using
multipliers, coordinate transformations, rms converters and filters to process p and q. The third loop
takes the signal from aggregator (S) and provides reference active and reactive power (p’ and ¢’) to
be regulated. The power given by aggregator is in the form as given by (2.8]), where S is the apparent

power from which the reference power p’ and ¢’ are obtained by correcting its power factor (PFC).
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S=p+d = voio (2.8)

The power factor of the system is initially set to 0.91 to obtain a voltage of 1.01p.u. The pf is
allowed to vary within its operating limits to control the power based on S. The phase angle control
(PA-FLC) take p and p’ as its input and gives power angle (0) as the output. ¢ and ¢ are the inputs
for magnitude controller (M-FLC) and v is obtained as its output. The schematics of the PA-FLC

and M-FLC is shown in Figure 28 and 2.9
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Figure 2.9: Magnitude control (M-FLC).

The outputs ¢ and v are then passed through a limiter, which then produces required phase shift
and amplitude variation (¢, v’) to control the power flow. Thus to control the power flow from or
to the converters, the charging system must be able to vary its output in amplitude and phase with
respect to grid variations. Hence, the obtained ¢’ provides the required delay information for dgo — abc
and abc — dgo coordinate transformations and gives the reference voltage (v},.). The obtained v}, is
then multiplied by a factor v/ to obtain the required magnitude of reference voltage. This reference
is then compared with the triangular carrier wave at a switching frequency of 4kHz to control the

converter switches.
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The input given to the controllers are converted to p.u value and then e and ¢’ has been used as
inputs for all three controllers, which lies in the range of -1 to 1. However, the range of output for
CC-CV FLC and M-FLC is 0 to 1 and PA-FLC is 0° to 90°. Twenty five rules are used to describe
the membership functions. The principle of rules and membership functions are not different from

that explained in Section 2.4}, which has been given Appendix [A.3]
2.4.4 Control methodology

The control process involved in single EV battery is explained in [79] and shown in Figure 210
The EVs’ batteries take the reference power S; from the aggregator as its controller input. This input
along with V,, and Q; of the battery estimates the calculated charge/discharge rate (C,*). The C,*

goes to the next stage operation to check with user-defined charge/discharge rate (C,).
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Figure 2.10: Control process involved in EVs batteries.

The minimum of charge/discharge rate value (C)) is chosen for charging/discharging operation of
an EV. The controller also accounts the SOC” and SOC’ to ensure that the battery would not cross its
operational limits. This process has been carried out for each batteries in the CS. These signal helps
in regulating the battery current in every individual EVs in the CS. Based on these control signals,
the charge/discharge current (ip,) and time for charging/discharging operation (t./ts) are decided
and fed to the charge/discharge model i.e., battery model to calculate the E;/ E;% to accomplish the

charge/discharge operation.

TH-1345_TPERJOY

40



2.4 Problem definition

Distribution Node

I
|
: Et V1
\ £ v
s
Master E Oorl
controller § p Circuit Breaker
T Q
1S ) Y
E g s
Aggregator f------
P ! 4 , [0t Transformer
7 Y | sin, cos ‘
Loy
! V;fg > Enhanced
| il b PLL Filter Circuit
ey
I L ,V
: v v
|
! 3dactodc
; SPWM [ -~ B>
: g1 -86 Converter
I
; '
: cc—cv | &1/: d de to de
: controller Converter
|
-/
LS ‘ o ! E
b - - B e
Voi==~-m> G F---P EVs E;
0i----p control Battery Lo
A A
| |
| |
SOCy, C.

Figure 2.11: Control operation of single unit of charging system.

Figure 2.17] shows the flow chart describing the complete power flow between EV battery and the

DN. The FLC decides the reference power S’ to be flown from the CS to the DN based on voltage

sensitivity (V1) in the lines and energy availabilities of EVs’ batteries (E;). The decision of FLC is very

important as it has a direct influence to control the aggregator and thereby the CS. Aggregator is used

to divide and distribute the power among i** EV battery. Enhanced PLL with PWM control is used

to control the switches of ac-dc converter and CC-CV charging strategy is used for dc-dc converter.

This controllers takes S and system outputs as its control input and produces required gate pulse (g1

to gg) to the converter during charge/discharge operations based on the input command. C, control

considers V,,,, Q;, SOCy; and C,’ limits of EVs to control the battery current to discharge within its

SOCy; that extends the life cycle of the battery. C,* is calculated and the minimum of C,’ and C,* is

chosen to prevent the battery charging/discharging at high current.
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2. Modeling of Contact based Charging Station for Voltage Regulation

2.5 Result analysis

The CS described in the previous sections have been evaluated by simulation. The CS is considered
to have 35 charging systems and thirty five EVs of different ratings are connected with charging systems
for representing multiple EVs arrived at the CS. The total size of CS studied in this work is 300kW.
For simplification of analysis, EVs’ batteries are grouped into five types and are assumed to have same
voltage ratings (250V) and different SOC*. The specifications of EVs’ batteries and SOC ratings are

given in Table

Table 2.2: Specifications of EVs’ batteries.

SOC, | SOC" |
EVs Energy (kWh) SOC” SOC'" G2V V2G both C,/
EVI-EV; 24 100 15 24 70 32 3.0
EVs-EVyiy 35 98 20 22 95 95 2.5
EVi5-EVyy 32 95 23 25 85 24 35
EVas-EVag o6 97 T9 18 65 80 2.5
EV59-EVas 42 90 25 20 75 29 4.0

The CS connected with EVs batteries are examined with active power (P), reactive power ()
and both active and reactive power (PQ) exchange to observe the variation of distribution network
voltage profile. The real time situations of EVs are examined by the following three cases of EVs

present at the CS.

e EVs’ batteries with low SOC connected during off-peak hours for G2V operation (0000hrs to

1000hrs), the node voltage is usually high between 1.043p.u to 1.13 p.u.

e EVs’ batteries with high SOC connected during peak hours for V2G operation (1500hrs to

2230hrs), the node voltage is generally below 0.91 p.u.

e EVs’ batteries with both high and low SOC connected during normal hours for both G2V and

V2G operation (between 1000hrs to 1500hrs and 2230hrs to 2400hrs).

These three cases of EVs are tested with P, @ and P(Q exchange to study the node voltage rise or
drop as shown in Fig. - Fig. 214 Due to page limitation, other characteristic plots are shown
only for combined G2V and V2G operation tested during normal hours with EVs of high and low
SOC batteries. To avoid repetition of graphs only 5 EVs’ batteries results are shown throughout the

section.

TH-1345_TPERJOY

42



2.5 Result analysis

Figure shows the comparison of node voltage before and after performing G2V operation
during off-peak hour period using P, @) and PQ power support from the grid. In this case, all the
EVs in the CS are considered to have low value of SOCs and have arrived to charge their batteries for
G2V operation. The node voltage is initially high above 1.043p.u before G2V operation. It has been
observed from Figure 212} the node voltage is high around 1.1p.u before supporting the CS. When
the CS has drawn the power from the grid, the voltage rise in the DN has been reduced and regulated

to the nominal voltage level of the distribution network.
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Figure 2.12: Comparison of node voltage using P, Q and PQ control (G2V).

It has also been observed P and @) support has almost similar performance with small difference
in voltage drop. The combined P(@Q power support is found to have better voltage regulation than
individual P and ) power transfer.

Figure shows the comparison of node voltage before and after performing V2G operation
using P, @ and combined P(Q support during peak hour. In this case, all the EVs arrived at the CS
is considered to have high value of SOCs. In Figure 213] during peak-hours, initially their is a drop
in the node voltage of around 0.86p.u. After injecting power from EVs, the node voltage got raised
to 0.99p.u. It has been observed among P, Q and P(Q support, the voltage regulation achieved using
combined P(@ support is better than individual P and @) support. The voltage is regulated within the
specified nominal voltage of the distribution network.

Figure 2.14] shows the comparison of node voltage before and after performing both G2V and V2G
operation during normal hour period. In this case, the EVs arrived at the CS is considered to have

high and low value of SOCs. In Figure[2.14] during normal hours, the node voltage is around 1.0045p.u
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Figure 2.13: Comparison of node voltage using P, Q and PQ control (V2G).

during peak hour. After performing charge/discharge operation with the CS, the node voltage has
reduced to 0.96p.u. While comparing to individual P and @ control the voltage regulation provided

by combined P(Q seems to be better.
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Figure 2.14: Comparison of node voltage using P, Q and PQ control (both G2V and V2G).

Figure shows the dc link voltage across Cy.q at the terminals of the three-phase converter. The
dc link capacitor helps to maintain the voltage level during its power transfer in both the direction.
The dc link voltage is rectified from three-phase ac input and is about 1.35 times the ac input voltage
for G2V operation. During V2G operation, the voltage across the coupling capacitor is regulated and

maintained by the dc-dc converter. The transients in the dc link voltage is smoothed with this large
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Figure 2.16: Power factor of the charging system.

Figure 2.16] shows the power factor of the charging system at five different charging points (C'P) of

the CS. It has been noticed the power factor of the charging system is maintained near to unity. This

shows the most efficient loading of the charging systems at the distribution network. High power factor

achieved in

the system is the result of minimum phase difference between the voltage and the current.

The controllers used in the charging systems has controlled the voltage and current to maintain the

power factor of the system close to unity.

The state of charge (SOC) characteristics of the EV batteries are shown in Figure 2171 For EV),
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Figure 2.17: State of charge of EVs batteries.

EVi5 and EVag, the SOC of the battery has increasing characteristics during G2V operation. For E'V3
and EVag, the SOC of the battery has decreased while supporting the grid.

In Figure 218 the total battery power drawn and the total power injected by 5 EVs at the charging
points (CP) of the CS is shown to demonstrate the response of the regulation signal. As explained
above, positive power indicates that the EVs in the CS have low SOC value and have come for charge

operation. While other two group EVs have drawn power from the grid.
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Figure 2.18: Battery power.

Figure shows the estimated frequency, sine component, amplitude (v'), wt, cosine component,

power angle (0') using enhanced PLL control. Fast and accurate extraction of the frequency (f) is
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Table 2.3: Summary of injected and drawn power from/to the CS during several hours in a day.

Time Mode of s’ S Ey Pyat Active Reactive pf
(hrs) operation (kV A) (kVA) (kWh) (kW) power (kW) power (kVar)
S1 = 4.901 Py, = 4.881 Py = 4.692 Q1 = 1.385 pf1 = 0.9589
at G2V Sy = 6.576 101.781 Py, = 6.533 P, = 6.384 Qo = 1.434 pfa = 0.9756
0530 off- 240.702 S5 = 5.119 (required) Py, = 5.013 Py = 4.979 Q3 = 1.095 pfs = 0.9758
hrs peak Sy = 11.395 Py, =11.201 ps = 10.971 Qq = 2.771 pfa = 0.9689
hours S5 = 6.395 Py, = 6.305 Ps = 6.311 Qs = 0.911 pfs = 0.9895
5 5 5 5
240,702 > Sy x 7 101.781 X 7 > Py, > Py x7T > Qi Avg. pf
i=1 i=1 i=1 i=1
= 34.386 = 240.702 = 712.467 = 237.531 = 233.359 = 53.172 = 0.974
S1 = -4.476 Py, =-4.402 P; = -4.229 Q1 =-1.248 pf1 = 0.9789
at V2G Sy = -8.778 106.052 Py, =-8.750 P, = -8.546 Qo = -1.921 pfa = 0.9761
1730 peak -250.593 S3 = -6.812 (available) Pyy = -6.613 P3 = -6.556 Q3 = -1.445 pfa = 0.9651
hrs hours Sy = -8.611 Py, =-8.587 ps = -8.331 Q4 = -2.125 pfa = 0.9874
S5 = -7.122 Py = -7.102 Ps = -7.019 Qs = -1.012 pfs = 0.9784
—250.593 5 2 5 >
3 > Sy xT 106.052 x 7 > Py, > Py x7 > Qi Avg. pf
i=1 i=1 i=1 i=1
= —35.799 = —250.593 = T742.364 = —248.178 = —242.767 = —54.257 = 0.977
S1 = 5.287 70.461 Py, =5.176 Py = 5.006 Q1 = 1.639 pf1 = 0.9504
at both 162.141 S = -8.812 (required) Py, = -8.894 Py = -8.379 Qo = -2.481 pfo = 0.9589
0300 normal -141.498 S3 = 7.982 59.851 Py, = 7.857 P3 = 7.621 Q3 = 2.089 pfs = 0.9644
hrs hours Sy = -11.402 (available) Py, =-11.589 Py = -10.923 Q4 = -2.783 pfa = 0.9690
S5 = 9.894 Py, = 9.567 ps = 9.351 Qs = 2.652 pfs = 0.9621
162141 > S x7T 70.461 X 7 Ppar. X7 S Pepi X7 D Qbpmx 7 Avg. pf
i=1,3,5 i=1,3,5 ° i=1,3,5 i=1,3,5
= 23.163 = 162.141 = 493.227 = 158.2 = 153.846 = 44.660 = 0.962
—L S; X7 59.851 X 7 Pyt X T P.,; X7 Q X7 Avg. pf
b 1412 i:ZZA ¢ z‘:zz,zl g i:ZZ,4 op i:z2,4 & €
= —20.214 = —141.498 = 418.95 = —143.381 = —135.114 = —36.848 = 0.962

obtained by three-phase PLL. The result of angular frequency (wt) is given when the natural frequency
is (314rad/sec). It is also shown that the sine and cosine component are tracked faithfully using the
PLL. The modulation index (v) is calculated using M-FLC, which is then passed through a limiter to
obtain v’. The value of MI ranges from 0 to 1. The PLL calculates the phase angle (¢’) using PA-FLC
control. The phase angle calculated PA-FLC is found to be unaffected by oscillations in the system.
The detected phase angle (&) shifted by 4° phase angle.

Figure shows the apparent of 5 group of EVs in the CS which shows the power drawn or
injected at the charging point by EVs arrived in the CS.

Table 2.3 shows the summary of power division at the FLC (5), aggregator (S’), total battery
energy (Ey), battery power (Ppy ), active and reactive power and power factor (pf) at certain hours in

the CS during off-peak, peak and normal hours. Five group of EVs are shown in the Table 2.3, where
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Figure 2.20: Apparent power injected/drawn by the CS.

each group denotes seven sets of EVs in the CS as mentioned in Table (example: S; denotes 7

group of EVs).

2.6 Conclusions

A CS has been modeled with thirty five charging systems with its controller and an aggregator to
maintain the voltage regulation at the DN. Enhanced PLL with PWM control and CC-CV charging
strategy has been used in the converters of the CS to control the power flow between CS and the DN.
Simulation study has been performed considering a practical distribution system of Guwahati city.
The CS has been evaluated to check its power flow functionality for both G2V and V2G operations.
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2.6 Conclusions

A comparative study has been done considering different power exchange such as active, reactive and
combined active and reactive power to study the node voltage variations. The analysis shows that the
combined active and reactive power exchange has significant impact on flattening the voltage profile.
The results shows that the charging system and its controllers are found to be efficient in performance
since it provides better voltage control, while managing the EV batteries in the CS.

Thus the chapter of this thesis had discussed a contact based CS for the provision of voltage reg-
ulation at the distribution network. However, charging/discharging high power EV batteries through
contact based CS would cause the dangerous possibility of high voltage contact. Recent developments
in modern power electronics have enabled contactless charging of EVs an economically feasible solu-
tion. The advantage of contactless systems are reliability and ease of maintenance. Therefore, the
next chapter of this thesis has modeled a multiple parallel connected contactless CS for EV charging

facility.
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3.1 Introduction

Abstract

The demand for more Electric Vehicles (EVs) will increase the power distribution requirements of
future EV charging stations (CS). Similar to petrol stations, multiple charging systems will be co-
located to form a CS. To increase safety and reduce the CS maintenance time, these charging systems
have to be developed with contactless systems. The work presented in this chapter describes a parallel
connected multiple bidirectional contactless charging system. An operating framework of CS is de-
scribed to manage the interactions of EVs, between parallel connections of multiple charging systems
that share a common ac bus network. The individual charging systems are controlled to control the
charging and discharging process of each EVs and avoids distribution grid congestion. To coordinate
the complete CS, a control strategy is developed; which estimates the line voltage and frequency at
the common coupling point of the distribution system and state of charge of EVs and manages the
parallel ac lines by scheduling the charging and discharging operations of EVs. The complete CS hav-
ing ten EVs is validated using detailed simulations. Theoretical analysis and the simulation results
demonstrates the feasibility of the proposed CS as an ideal power interface for efficient contactless

integration of multiple EVs into a typical distribution network.

The work presented in this chapter will be submitted in a Journal titled, “Bidirec-

tional Contactless Charging Station for Electric Vehicle Charging Facility”

3.1 Introduction

The development of EVs are expected to increase significantly as a newly emerging traffic-tool,
which is both energy conserving and environment protective [90,91]. In addition, EVs’ batteries are
potentially proven to be capable of fulfilling the energy storage needs of the electric grid [92,93]. In
order to meet this needs, an EV battery requires a physical infrastructure so called charging system,
which plays an important role in the grid integration of its batteries [16]. As like petrol stations,
multiple charging systems will be co-located to form an EV charging station (CS) [67]. Besides,
the recent advancements in contactless system enables contactless charging of EVs an economically
feasible solution [23,38]. It is possible to obtain two-way power transfer between EVs batteries and the
grid through bidirectional contactless power transfer (BCPT) systems [53]. Through BCPT systems,
EVs batteries can simply be charged/discharged by parking the vehicles in a predefined position
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either on a parking lot of a corporate or public CS or in an office complex or shopping mall [51,94].
This bidirectional power flow functionality of BCPT systems are referred as Grid-to-vehicle (G2V) and
Vehicle-to-grid (V2G) technology. The term G2V implies charging the EVs batteries from the grid and
V2G describes a system, where EVs communicates with the power grid by delivering electricity into
the grid [51,94]. However, if charging/discharging operations of EVs batteries in a CS is unmanaged;
it causes negative impacts both on EVs and the distribution grid and this in fact poses significant
challenges to the power distribution requirements of future EV CSs [95,96]. Charging an EV battery is
an additional load that can lead to extra large and undesirable peaks in electricity consumption, while
discharging might cause sudden rise in node voltage [87]. The overall load profile of electrical system
changes due to random charging and discharging process. This issues can be further exacerbated due
to sudden interactions of multiple EVs arrived in the parallel connected charging systems that share a
common ac bus. Thus, vehicle electrification has a real challenge to deal with multiple EVs arrived at
the charging system. Therefore, it is important to study the power architecture of contactless based
EV charging system in a CS, which is considered to be one of the most important power electronic
applications in the electrification of transportation.

Recently, many charging system architecture have been reported to charge or discharge the EV
batteries in a wide range of input and output conditions [1,2,16,62,97-102]. The authors of [1,2,102],
have provided the overview of battery charger topologies and bidirectional charging systems , while
the authors of [16, 62,97, 98, 100, 101] have validated the functioning of several new controller and
converter topologies suitable for EV charging systems. However it has been observed; very few works
in the literature have focussed on the applications of contactless coils for EV charging system [23, 36,
38,53,103-108]. Such studies have been conducted either to improve magnetic coupling structure or
to select most appropriate compensation topologies and are limited to unidirectional power transfer
i.e., charging EVs batteries [23, 36, 38,103-105]. Only a few researches have reported bidirectional
systems to demonstrate G2V and V2G operations between EVs and the power grid [53, 106—-108].
These studies have explained the circuit topology and its operating modes of a single charging unit
of BCPT system. Nevertheless, their is lack of research in modeling a complete parallel connected
multiple BCPT model, as there are serious challenges in its adoption. In one of the prior research, a
BCPT system with multiple secondary pick ups is described, which shows both the magnitude and

direction of power flow between EVs can be controlled through either phase or magnitude modulation
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of voltages [51]. However, if the charging/discharging operations of EVs are unmanaged, the electricity
grid and the EV batteries can be affected negatively; it has to be scheduled in the CS.

On the other hand, there are many other studies exist in the literature; which has focussed on
the impacts of EVs on the distribution network, optimal charging strategies of V2G system, economic
benefits of V2G system, coordination of EVs etc [92,93,95,96]. All of these studies have developed
different optimization models to examine the system level real time impacts of EVs on the distribution
network. While the literature review suggests that the analysis of EV charging system and its potential
benefits is quite extensive, still there is room for research to analyze the complete multi-point BCPT
system by managing the charging/discharging operation of EVs batteries based on grids congestion
and customers choice.

This chapter describes an operating framework of parallel connected multi-point BCPT system
in a CS, which has been fed from a common ac bus network. The individual charging systems are
controlled to control the power flow during charging and or discharging operations of EVs. A control
strategy has been used in the CS which schedules all EVs connected to the charging system to avoid
distribution grid congestion; while satisfying the requirements of EV owners. The architecture of CS
is modeled with ten charging systems and are connected with EVs . The theory of BCPT system and
its control logics are explained and the key characteristic of the system is compared with analytical
model. Furthermore, the theoretical analysis and the simulation results indicates that a well-managed
parallel connected multiple BCPT system infrastructure could be certainly used for the future design
and implementation of EV CS.

The experimental setup for this kind of complex and high cost system is not feasible, real-time
simulations were carried out to prove the effectiveness of the developed model. A multi-point con-
tactless charging system is designed and tested by simulation for a 500kVA system with ten EVs
interfaced with a common ac bus network. In detail, Section describes the contactless charging
station architecture. Bidirectional contactless power transfer system and its modeling is detailed in
Section 2.3l Section 2.4] explains the problem description and its functional details. Section and

reports the simulation results and conclusion.
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3.2 Modeling of contactless charging station

As discussed, bidirectional contactless charging station can be used to transfer power between grid
and EVs. A bus arrangement is necessary to enable energy sharing between multiple EVs; based on
the grids condition and energy availabilities of EVs. Two main CS architectures can be used: AC and
DC bus distributed EV CS. The power level of this type of charging systems falls under Level 2 or
Level 3 type charging [2], where the primary and secondary winding of contactless coils are stationary
and stays parallel to capture vertical flux component. The features of the two types of CS is described

in the following section.
3.2.1 Types of charging station

The two types of contactless based EV CS architecture is shown in Figure 3.1 which is detailed
in Figure B2l The architecture based on DC bus distributed CS seems to be more convenient way
to integrate multiple charging systems to a common DC bus bar. Unlike AC distributed CS, DC bus
distributed CS utilizes one main ac to dc converter instead of multiple smaller ones in each parallel
connected ac lines shown in Figure . It requires only a fewer stages of power conversion, which
is beneficial interms of efficiency and cost and thus reduces losses and hardware cost. However, an
occurrence of wear out or catastrophic failure in the main ac-dc converter, affects the complete func-
tioning of parallel connected charging systems. Thus, the reliability of using single power converter for
ac-dc power conversion in DC bus distributed CS becomes questionable. While for AC bus distributed
CS, even in case of failure of one converter in a charging system, the other parallel connected charging
systems can be used as shown in Figure Failure of one converter doesn’t affect the functioning

of the complete CS, which is more convenient and reliable for the proper functioning of CS.
3.2.2 AC bus distributed EV charging station

The work has considered AC bus distributed CS for modeling the CS. In AC bus distributed CS,
the charging systems are connected in parallel as shown in Figure to the common ac bus bar
with the coil distance of the interval around 2.5m - 3m distance. A reclosing control strategy has been
used in the CS to schedule the complete charging systems based on distribution grids congestion and
EV owner’s choice. Figure [B.3] shows the single line diagram of parallel connected charging system
studied in this work. Each charging systems has contactless coil with primary and secondary side.

The primary winding of each contactless coils with its charging circuit are buried underneath the
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Figure 3.1: Types of charging station
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ground and are connected to the common ac bus network. The secondary winding of contactless coil
with EV battery system stays parallel to the primary winding and transfers power between grid and
EVs through mutual coupling. The reclosing control shown in Figure B.3] manages the complete CS
by scheduling the charging and discharging operation of multiple EVs arrived in the CS. Thus, the
AC bus distributed CS architecture with its control strategy shares its energy demand based on grids

congestion and energy availabilities of EVs. The detailed schematics of AC bus distributed CS is

TH-1345_TPERJOY

57



3. Theoretical Modeling of Contactless Charging Station

Utility
Grid

shown in Figure B4l In Figure 3.3 and B4, CB;....C'B,, refers circuit breakers and CP;....C' P, refers

33kV/11kV

o

500kVA

EV

£

AC
busbar CBI
<! charging
? A system
CB2
(@) Py charging
system
A
Reclosing information
<—— fromEVs
Vi f control
|———

A

CBn

CPn o
charging

Figure 3.3: Single line diagram of EV charging station.

charging points of 'n’ parallel connected charging system.

Utility
grid

]

TH-1345_TPERJOY

AC bus
CB1 CP1
bar
circuit Transformer charging
il filter circuit system
CB2 CP2
Biiicuit Transformer charging
L system
breaker filter circuit
CB CP
A B |
| .
Reclosing <*— inputs from
control | q— EVs
I
N—-1
CBn CPn
circuit Transformer charging
system
breaker filter circuit Y

Figure 3.4: AC bus distributed charging station.

58




3.3 Bidirectional contactless charging system

3.3 Bidirectional contactless charging system

The CS architecture described in the previous section facilitates the integration of multiple EVs
through BCPT (charging) systems shown in Figure B4l The following section explains the system

configuration and modeling of BCPT system.

3.3.1 BCPT system configuration

Figure shows the schematic diagram of a single unit of BCPT (charging) system. Each BCPT
system in a CS has two sides. The primary side is the charging circuit buried under the ground,
which is connected to the three phase ac bus bar line and the secondary side of the coil is present
under side of the vehicle connected to EVs’ battery system. The primary and secondary side of the
coil is magnetically coupled to each other. Power is transferred from the primary to the secondary
through weak magnetic coupling. Compensation capacitors C, and C), are used on both sides of
contactless coils. Primary compensation is used to minimize the VAR requirement and the secondary
compensation increases the power transfer capability. The primary coil inductance L. is magnetically
coupled through M to the secondary coil L,. The power electronic converters are employed on both
sides of contactless coils with bidirectional switches to perform bidirectional power transfer between
EVs and the grid. Single phase full-bridge bidirectional inverters are used as high frequency power
supply on both sides of contactless coils, where the primary side is connected through three phase
bidirectional rectifier to the ac line and the secondary side of the converter is connected to the load.
The three phase bidirectional converter and high frequency inverter are controlled using power angle
control and energy injection control to control the switches in the converter, which has been explained
later. The output of the secondary circuit are connected to the EV battery, which are represented
here as DC supply to either absorb or deliver the power to the grid. Electric equivalent circuit based
battery model have been used for modeling the EV battery [79]. The contactless system modeling is

described in the following section.
3.3.2 Contactless system modeling

Consider a CS with 'n’ parallel connected charging systems. The steady state behavior of 1%
contactless transformer of a charging system have been analyzed using mutual inductance coupling
model for G2V and V2G operation as shown in Figure (3.6(a)) and (3.6(b)). The coupling effect

between the charging circuit and the EV battery system can be expressed using the concept of induced
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and reflected voltage.
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c

Figure 3.6: Simplified equivalent circuit of contactless system [@] for G2V [@] for V2G.

Assuming all currents and voltages sinusoidal, the steady state voltage equations at primary and

secondary side voltage at an angular frequency w shown in Figure [3.6(a)| can be written in phasor
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form as given by (B.1)) and (8.2).

Ver = + I Rey + jwLeley — jwMil, 1 (3.1)
ijc 1
) , I
jwMil.q = IRy + jwLeiluy + IRy, , + —2 (3.2)
JWCU 1

In equation B1)- B2), Vi1, Vi1, I and I, ; are the rms voltage and current of the 1t charger
circuit and the vehicle side circuit in the charging system. C.; and C,; are the series resonant
capacitors in the charger and vehicle side circuit. Similarly, R.1, L. 1, Ry1 and L, are the coil
resistance and self inductance of the charger and the vehicle side circuit respectively. M; is the
mutual inductance of the contactless transformer in the charging system and is given by B.3). Rz, ,
denotes the EV battery and additional power electronics of vehicle during G2V operation and Rp,,
denotes the grid impedance and additional power electronics during V2G operation and K; is the

inductive coupling factor between the primary and secondary coil. .

My = ki+/L¢i1Lya (3.3)

Simplifying the above equations, the current of the contactless coil at the vehicle side is given by (B.4)),

where Z, 1 is the approximated secondary side coil impedance.

JwMil.,
v,1 Zv,l ( )
. 1
Zy1=Ry1+ RLv,1 + jwLy 1+ joCo (3.5)

The EV battery is considered as a load during G2V operation and it consumes power from the charger
circuit. The voltage reflected to the charger circuit is described by (B3.6]), where Z,._, is the transformed

impedance or the reflected impedance as seen from the charger circuit.

Vor=Zp, Ica (3.6)
—w?2M,?
Zy = 3.7
c,1 ZU71 ( )

Therefore, the current in the charger circuit is given by (B.8), where Z; ; is the total impedance seen

from the charger circuit.

Ve
I.1 == 3.8
1= T (3.8)
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1 + w2M12
jwcc,l Zv,l

Zy1=Re1+ jwley + (3.9)

To achieve high efficiency at the output of the charging system, the charger circuit and the EV battery
system should be operated at resonance frequency, therefore,

1 1 1 1
B \/Lc,lcc,l B \/Lv,lcv,l ......... \/Lc,lcc,l B \/Lv,ncv,n

(3.10)

Wo

The compensation capacitance at the charger circuit and the vehicle side is given by (B11]) and (3.12).

1 1 1
Cen = = S N, 3.11
@ W02Lc,l wOZLC,Z wo2Lc,n ( )
1; 1 1
Con = = 3.12
o wo2Lv,1 w02L0,2 W02Lv,n ( )

The compensation capacitance (Cc 1) in the charger circuit is chosen such that the impedance seen
from the high frequency inverter (supply side) is purely resistive in nature. That is, it has to cancel the
reactive element and should have minimum VA rating i.e., the input voltage and current are in phase
with each other. The secondary compensation (C, 1) is to increase the power transfer capability.
The choice of resonance capacitor in the charging circuit ensures, the impedance of the secondary
circuit (Zy,1), the reflected impedance (Z;,,) seen from the charger circuit and the net impedance
seen by the power supply (Z; 1) are purely resistive in nature at resonance frequency w = w,. Similar
procedure described from (B) and (BI2) can be used to analyze the steady state behavior during

V2G operation.
3.4 Problem description

The modeling of multiple charging system in a CS and its coordination with grid is a challenging
task. This is because the EVs arrived in the CS may perform charging as well as discharging operation.
Moreover, the grids condition will not always suitable to exchange the power with the CS. Hence, the
study on managing multiple EV in a CS is a major issue, which has to be addressed. Therefore, the

main objectives of the work are:
e To develop component level multi-point charging (BCPT) system.

e To develop the suitable control strategy required to schedule the CS and to control the power

flow between the charging system and the grid.
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3.4.1 Charging station control strategy

A reclosing control have been used in the CS to schedule the charging and discharging operation of
EVs. It connects the charging system lines through parallel connected ac bus to share energy among
EVs in the CS. Reclosing control obtains arrival time (t,), SOC status and departure time (¢;) as
its input parameter and assign the charging systems for EVs arrived in the CS. The reclosing control
has used a scheduling algorithm for charging system assignment. The control process involved in
reclosing control is described in Figure Bl This explains the scheduling process to manage multiple
EVs arrived in the CS. An EV owner can specify his planned departure time or leave it undefined,
if he doesn’t have a departure deadline. Thus, EV owner can request a specific charging/discharging
depending on the actual parking time or departure time. If the grid is identified to be unsuitable to
exchange power between the charging system lines, it disconnects the charging system line by opening

the circuit breaker (CB).
3.4.2 Scheduling algorithm

A scheduling algorithm has been developed in the reclosing control to manage the EVs arrived
in the parallel connected charging systems. It identifies the SOC status of each EVs in the CS and
makes the charging system assignment depending upon the vehicle check-in and thus guarantee a
certain amount of energy that one EV will be provided from the other one. An EV arrived to support
the grid and an EV arrived to charge will be allocated depending on the time of arrival. The reclosing
control keeps every update about the EV arrived in the CS and assigns the charging systems. If
several request are received , the controller gives preference to the earliest request and suitable vehicle
will be allocated fast. Thus, SOC levels and charging/discharging time are specified to each charging
systems and the controller. In a particular case, if all EVs arrived in the CS is found to either charge
or discharge its EVs, then the CS checks the grids condition and allows the EVs to charge or discharge
from the grid. A request from EV owner will be rejected under two cases: if all EVs arrived in the CS
is to charge and the grids condition is already in peak-hour period or if all EVs arrived in the CS is to
discharge and the grids condition is off-peak hour and cannot accept any power support from the CS.
Then the EV owners are unable to share its energy and will have to leave the CS. Figure [3.7 shows
the flow chart of scheduling process in reclosing control to schedule EVs in the CS.

Assuming, four EVs (EV;, EVa, EV3 and EVy) have arrived at the CS with SOC levels 90%, 10%,
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Figure 3.7: Control operation of charging station.

85% and 15% at time 1, to, t3 and t4 to both charge and discharge its EVs. The time interval has been
considered as t4 <tz <ty <ti. The reclosing control finds the EV arrived at the earliest and its SOC
status. It also checks the next arrived EV. Here, in this case it assigns E'V; to discharge its energy to

support EV5. It interconnects the charging points C'P; and C'P» to share the energy demand between

TH-1345_TPERJOY

64



3.4 Problem description

EV) and EV,. Likewise, it interconnects E'V3 to EV, depending on the time of arrival and SOC status.
The maximum and minimum SOC levels the EVs should charge and discharge is defined by the EV
owner’s depending on which the controller assigns the charging systems. An EV owner also defines the
SOC limit to which an EV have to perform the charge/discharge operation. For convenience sake, the
reclosing developed in this work has considered the maximum SOC to be greater than or equal to 70%
and and minimum SOC to be less than or equal to 20% and the charging systems are assigned based
on the time of arrival. The energy sharing takes place between the selected EVs in the CS through
ac bus network. If suppose the initially allocated EV cannot fulfill the energy demand of other EV,
the controller reassign or reallocate another possible EV to fulfill the minimum charging/discharging
requirement as per the CS standard. In a situation, if the controller cannot assign suitable EVs to
share its energy or to exchange power with grid, the EV owners will have to wait till the arrival of

next EV or will have to leave the CS.
3.4.3 Charging (BCPT) system

To analyze multiple EVs arrived in the charging system and to examine its power flow capability,
ten component level charging systems are modeled in the simulation environment. The circuit topology
for single charging system is shown in Figure The charging systems are able to operate in
two modes: G2V operating mode and V2G operating mode. This section has detailed the circuit

arrangement and its bidirectional power transfer during G2V and V2G operation.
3.4.3.1 G2V operation

EVs are scheduled to charge their batteries through any parallel connected charging system con-
nected with high SOC batteries or it can be charged from the utility grid during off-peak hours. EVs
are connected to the power supply through three phase converters (S; - Sg) present in the charging
system. Therefore, the two systems should be properly synchronized and controlled to transfer the
power from one system (sender) to the other (receiver) system. For this reason, the charging system
is controlled using power angle control shown in Figure 3.8 It takes sender systems’ voltage as its
reference and controls the three phase converter switches (S; - Sg) to transfer power from sender to
the receiver system. The power angle control has three phase PLL block and a fuzzy logic controller
(PA-FLC) as shown in Figure B8 It takes the reference voltage, frequency and current from sender

and receiver system. Initially, both the system is synchronized based on the sensed information and
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Figure 3.8: Power angle control.

the system is interconnected. Power angle control senses the grid voltage directly and tracks the

phase and frequency variations of the utility grid. In this system, the three phase utility voltage can

be represented by (B13).

: : 27 : 2\ 1"
Vg = Vaben = [sin(0) sin | 6 — — ) sin 6 + 3 (3.13)
where,
Vabcn = [ch Vbn Vcn]T (3.14)
The voltage equation (3.13) can be transformed to the d-q axis frame as given by (3.15]).
‘/qdo = Tsvabcn (315)

where, T is the transformation matrix and is given by (3.16]).

sinwt  sin(wt — ZF)  sin(wt + &)
2
Ts = 3 | coswt cos(wt — Z)  cos(wt + ZF) (3.16)
1 1 1
2 2 2

The Vg4, given in (B.I6]) is obtained from three phase grid voltage. The frequency of each phase
is extracted from the grid voltage and this will be same for all the three phases. The power (F,,) has

been calculated from the output of the three phase bidirectional converter by sensing its voltage and
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current. Measured (P,,) and reference power (P,) are given as input to PA-FLC. Error (E,) and error
rate (AE,) is estimated based on the measured (P,,) and the reference power (P,). The PA-FLC
calculates the required power angle (¢). Using the power angle, the new symmetrical components are

extracted and the required three phase reference voltage is obtained using equation (B.17).

Vabe = Tm‘/;]do (317)

where, T}, denotes the new transformation matrix and is given by (B.18).

sin(wt + & —0) cos(wt+ g —0) 1
T = g sin(wt = § —0) cos(wt—F —0) 1 (3.18)

sin(wt 4+ 23X — §) cos(wt + 3F —§) 1
The three phase reference voltages are generated and pulses are produced using sinusoidal pulse
width modulation (SPWM) technique. Thus, during G2V operation the bidirectional three phase
converter acts as a rectifier and converts three phase ac voltage to dc. This converter is cascaded with
the next converter (S7 - S1g), which converts dc to high frequency ac current in the primary winding.
Because of the mutual coupling between the primary and secondary coil, the required power transfer
on the secondary side can be regulated by controlling the high frequency ac current in the primary
coil through switches (S7 - S19). The circuit operation is based on the principle of resonance [109].
When the switches (S7 - Sg) is controlled to be on, the source voltage is injected into the primary
coil in positive direction. When the current falls to zero, the switches (Sg - Syg) is on in the reverse
direction. The controller present in the primary side converter maintains a high frequency ac current
in the secondary side. As the coils are magnetically coupled through M, the secondary side converter
switches (S11 - S14) converts high frequency ac current to dc and regulates the amount of power
extracted from the primary coil to meet the vehicle demand. In many cases, a bidirectional dc-dc
converter is also employed at the secondary side to regulate the output voltage to regulate the vehicles

of different voltage and current ratings. The pattern of membership function of PA-FLC is shown in

Figure and its rule base is given in Table B.1]
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Figure 3.9: Membership function of phase angle-fuzzy control (PA-FLC) l@] Input: error and error rate (E,/
AE,)[(b)| Output: Power angle (¢").

Table 3.1: Rule base of power angle control (PA-FLC)

E./AE, NB NS Z PS PB
NB VL L M H VH
NS VL L M H VH

Z VL L M H VH
PS VL L M H VH
PB VL L M H VH

Five fuzzy subsets such as Negative Big (NB), Negative Small (NS), Zero (Z), Positive Small (PS)
and Positive Big (PB) are chosen as input membership function and for the output Very Low (VL),
Low (L), Medium (M), High (H) and Very High (VH) are chosen in order to obtain required control

action. Triangular membership functions are used as it is simpler and easier to implement.
3.4.3.2 V2G operation

During V2G operation, the secondary side converter switches (S11 - S14) converts EVs battery
voltage to high frequency ac current to feed the contactless coils. This works on the principle of
resonance as described above. The required power flow in the charging circuit side is regulated
using the controller present in the vehicle side converter. As the vehicle side coil inductance (L) is
magnetically coupled to the charging circuit side coil inductance (L), the high frequency ac current
will get induced in the charging circuit. Further, the primary side converter acts as an inverter (Sy
- Sg) to convert dc to three phase ac. Thus, the power is transferred in the reverse direction using
bidirectional switches in the converter. The amount of power supplied from the vehicle (sender) is
decided by the power angle control explained above. The maximum power that can be transferred is

at an angle § = 90°
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3.4.4 Design of critical parameters

3.4.4.1 Filter circuit

Figure shows the equivalent circuit of three-phase bidirectional converter connected to the grid
through an isolation transformer. The switching frequency effects in the converters of the charging
station can inject harmonics to the grid. These harmonics requires the connection of low pass filter
between the inverter and the grid. The filter attenuates most low order harmonics in the output.

The inductor (L) determines the ripple in the current and reduces the low frequency harmonic

components. The voltage across the filter component (V) with respect to the switching frequency

(fsw) and ripple current (A7) is given by (B.19).
Vae= LALconyfsw (3.19)
According to the harmonic standards, 15-20% of the rated ripple current is allowable; 20% is assumed

Grid network  transformer LC filter 3 ¢ ac-dc

i

Vgn'd Rg Lg

\
/1

3
ki

N

o

Figure 3.10: Equivalent circuit of grid connected inverter.

in this study. The maximum ripple depends on the inductance, dc voltage (V) and fg,. The dc link

voltage and switching frequency is constant and the inductance can be calculated using (3.20).

ol Ve

- - _ @ 2
8AILfsw (3 0)

The high frequency components have to be eliminated from the inductor current when connected to
the grid. This must be performed by the shunt impedance which is low at high frequencies. Assuming,
Veonw 18 the charging system voltage, I.on, is the charging system current and C, Ly¢, Ly, and L are
the capacitor, inductance of the transformer and grid network and filter inductor respectively, then

the ratio of I.ony t0 Veony is given by (B21)).
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Iconv _ 1 (3 21)
chom} 53LC(Lg + Ltf) + SzLRgC + S(L + Ltf + Lg) + Rg .

Yeen — (L + Lys + Ly) — Ry .
$3L(Lg + Lyy) + s?LRy (3.22)

3.4.4.2 Dc link capacitor

The three phase ac-dc converter in the charging system is made of bidirectional switches, which
converts three phase phase ac-dc conversion in the forward direction and dc-ac conversion during
reverse power flow. During charging operation, the peak-to-peak dc output voltage of the rectifier
contains harmonics in the output voltage and that can be written as given by (3.23) [110]. While in

case of reverse operation, this capacitor acts as a dc link capacitor.

Vin

Vac(pp) = 3 7.Cn (3.23)

where V,,, is the maximum peak value, f is the input side frequency, Z;, is the load impedance and
Cy. is the filter capacitance. The ripple factor (RF) can be determined from the RMS and average

output voltage, which can be expressed as given by (3.24).

1
RE = 3.24
V2(4fZ1C4. — 1) 8:24)

From the above equation Cy. can be solved as given by (3.25]).

Ce = ! (3.25)

117, (1+ﬁ)

3.5 Simulation results

The CS described in the previous section has been tested in simulation environment. In order to
verify its functioning, a 500kVA capacity CS has been modeled with ten parallel connected charging
system fed from 440V,.,s, 50Hz ac bus network. The circuit topology used for charging system is
shown in Fig. The contactless coils are fed by high frequency inverter. The secondary side of the
coil is connected to 300V EV battery. The circuit parameters of the charging systems are given in
Table The primary and secondary side of the coils are magnetically coupled at a coupling factor of
0.2537. For ease of analysis, EVs batteries are divided into five groups based on the terminal voltage

(V), energy (kWh) and SOC levels. To avoid repetition the results are shown only for five sets of EVs
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batteries.
Table 3.2: Simulation parameters of charging system.
Parameter = Description Values Parameter Description Values
C., Cy compensation 1.17uF, 1.17uF L., L, Coil 34.8uH, 34.8uH
capacitance inductance
M mutual 8.83 uH R., R, coil 433 uf2
inductance resistance
k coupling 0.2537 Clc, dc link 100mF
factor capacitor (charger) -
LCL LCL 600uF, 80uF, Cyz, dc link 180uF
filter 800uF capacitor (vehicle)

For convenience of analysis, the following assumptions are made in this work:

e Each charging systems are designed for a maximum power handling capacity of 50kW.

e The EVs batteries are not allowed to discharge below 20% SOC level and the charging level is

limited to 85% SOC.

The parameters of EV battery are given in Table [3.3

Table 3.3: Parameter of EV battery.

EVs Voltage Energy SOC E, E,
(V) (kWh) (%) (kWh) (kWh)

EV) to BV, 300 40.2 15 11.9 -
EV3 to EV, 300 42.6 94 - 13.22
EVs to EVg 300 474 81 - 11.36

EV: to EVy 300 54.6 19 19.14 -
EVy to EVyg 300 64.2 98 - 28.28

In Table[3.3] there are 3 sets of EVs to discharge its energy and two sets of EVs arrived to charge.

The charging systems with high SOC batteries are allowed to discharge its energy to support the

charging system with low SOC EVs. However, EVy cannot be scheduled in the charging system, as

the charging systems are already interconnected. This can be connected to grid and therefore E'Vy is

allowed to discharge its energy to support the grid. Figure B.I1] shows the battery power of five EVs

arrived in the charging system for two hour period. Among this, EV3 and EV5 discharges its energy

to support EV; and EV7. EVy discharges its energy to support the grid.
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Figure 3.11: Power supplied from the EVs batteries.

Figure shows the SOC levels of five EVs, after charging/discharging operations in the CS for

two hours. EV3, EVs and EVy has arrived in the charging system with high SOC batteries and has

discharged its energy. EV; and EV; has arrived in the charging system with low SOC batteries to

charge its batteries.
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Figure 3.12: SOC levels of EVs.

The charging and discharging current of five sets of EVs shown in Figure [3.13]

current curves denotes EVs arrived in the charging system is performing charging
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negative current denotes EVs are discharging its energy to support other EVs or to support the grid.
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Figure 3.13: Charging and discharging current of EVs.

Figure [3.14] show the charging system voltage at the terminals of the bus bar. The positive and

negative power represents the power flow in two directions. The amount power flow is decided by the

user and controlled by the charging system.
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EV3

9.57

Charging point power (kW)

0.4444 0.6667 0.8889

11111

Time (hrs)

Figure 3.14: Power at the charging point.

Figure .15 show the node voltage and node current at the terminals of the CS. Figure B.16] shows

the distribution node power.
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Figure 3.15: Node voltage and node current.
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Figure 3.16: Power at the distribution node.

3.6 Conclusions

In this chapter, a CS has been modeled using multiple parallel connected charging (BCPT) systems.
The theoretical operation of the parallel connected BCPT systems has been analyzed for G2V and
V2G operation. The individual charging system are controlled to control the power flow in both the
direction. A control strategy has been used to schedule the charging/discharging operation of multiple
EVs in the CS. A 500 kVA multiple BCPT system is modeled in the simulation environment and the
validation of the study has been carried out using five EVs batteries of different ratings.

The contactless charging system modeled in this chapter has considered a fixed coupling coefficient;
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3.6 Conclusions

but in realtime the coils can be misaligned and its coupling coefficient may change because of uneven
surface impacts, due to heavy battery weights and roads. This necessitates the need to compute
MI between two coils with its misalignments. The next chapter discusses an analytical approach to

compute MI between two coils including lateral and angular misalignments.
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4.1 Introduction

Abstract

This chapter presents an analytical approach for computing the mutual inductance between two air
core square coils placed in a flat planar surface. The mutual inductance of the coils is calculated for all
possible variations including lateral and angular misalignments in space. In contrast to conventional
approximated formulae, the straightforward approach based on Biot-Savart principle is used and their
integrals are computed numerically. The results of computed mutual inductance by analytical method
are validated by finite element analysis and an experimental setup. Finally, the analysis compares
the three mutual inductance calculations: an analytical method, the finite-element model and an
experimental results. The values computed by three methods in all cases are in good agreement.

The work presented in this chapter is published in [30].

4.1 Introduction

The computation of mutual inductance (MI) between two coils is a classical problem in electrical
engineering and that remains important to this day for a wide variety of physical disciplines [111].
Some important applications such as transcutaneous transformers, coil guns, linear motors, contactless
based electric vehicle charging systems etc., are modeled with inductively coupled circuits such as
transformers and contactless power transfer (CPT) systems [36,48,112-114]. Recent developments in
CPT systems have prompted more the requirement to investigate the MI of the coil [22,23,70]. The
design of contactless coils in BCPT systems are very complex as the coils are usually misaligned due
to variations in the system and worsen the coupling between the coils [69, 70]. These misalignments
could cause fluctuations in the output voltage and affects the stability of the system [113]. Therefore,
the computation of MI with all its lateral and angular misalignments must be fully addressed, which
is the first step for studying the characteristics of such systems.

A survey of past literature shows that, Grover’s tabular data remains the most standard for
calculating the MI for a wide variety of coils and wire forms [115-119]. However, its use has mostly been
restricted to zeroth and first-order calculations and it is proved to be inaccurate for loosely coupled
and short coils [116-119]. Several contributions for MI computation are found in the literatures
[115,117-126]. In some work, MI is calculated by means of approximated formulae [116, 120, 121],
Heuman’s lambda function [111,122-124], Bessel and Struve functions [125,126] and in other works
using Biot-Savart law [127,128]. However, much of the earlier works are devoted for circular and
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coaxial coils [111,116-126]. These coil geometries are well suited for fixed coil systems and they are
not tolerant for misalignments in the coils. Square and rectangular coil geometries are found to be
well suited for mid-distance CPT systems; as they show better tolerance for misalignments [36, 129].
Although, there are numerous works carried out in this area, only very few work have studied these
coil geometries with its misalignment effects [22,23,36,69,70,114,129-132]. In [69,70], an analysis is
presented based on rectangular coil geometry. However, these works mainly focused on the design of
charger based on resonant magnetic coupling to transfer power wirelessly over a long distance. It has
been observed from the literature, the effects of misalignments of the coils have not been investigated
in detail from both geometrical stand point and circuit design stand point.

This chapter describes an analytical approach to compute the MI between two coils. A detailed
investigation of all possible lateral and angular misalignments with horizontal and vertical variations
are presented. Square coil geometry has been chosen here to analyze the misalignments of the coils.
The proposed analytical approach is capable of calculating MI for all positions of the coil, thus reducing
complex mathematical equations. The results of the analytical model are compared with 3-D finite
element analysis (FEA) and an experimental setup. Figure [4.1] shows the main building blocks used
for MI computation. The coil which is excited is referred as excitation coil (EC) and the coil where
the output variations are observed is referred as observation coil (OC). The finite element results and

experimental evaluation justifies the accuracy of the analytical model in all cases.

Bxcitatioh Contactless Path Observation

Coil (EC) | T—= = | Coil (OC)

Figure 4.1: Block diagram of contactless system.

For clear interpretation, the possible variations of square coils is presented in Section E.Il The
analytical modeling of square coil is given in Section L2l Finite element modeling is addressed in
Section 4.3l Experimental verification is done in Section [£.4]l Results are described in Section [4.5] this

section is followed by conclusions in Section
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Possible variations of square coils

Perfect Lateral Angular Both lateral and
alignment (PA) misalignment (LM) misalignment angular misalignment
Vertical Pl ; Angle 10°  Angle 20°  Angle 30°
variation  varition Honzortal  Blanar e nee st AneE

Figure 4.2: Possible variations of contactless coils.

(d)

Figure 4.3: Schematics of square coils for analyzed variations [@] PA - vertical variation [@] PA - planar
variation LM - horizontal variation [@] LM - planar variation [@] angular misalignment both lateral and
angular misalignment.

4.2 Possible variations of square coils

The analysis presented in this chapter computes MI between two air core square coils, placed in
a flat planar surface coinciding in space. As the MI of the coil varies with the change in position
of the coils, different variations of the coils i.e., misalignments are analyzed throughout this chapter.
Different cases of variations of OC with respect to EC are taken into account, which are shown in
Figure 4.2 and its corresponding schematics are shown in Figure[4.3] The coil parameters used in this

work are described in Table {11
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Table 4.1: Coil parameters

EC, OC Excitation coil, observation coil
h deviated vertically from the center of the coil
d deviated horizontally from the center of the coil
[% Angle of OC with respect to EC

If the EC and OC are placed in a flat planar surface with coinciding axes, such arrangement of coils
is referred as perfect alignment (PA). Two types of variations like vertical and planar variation are
analyzed in this case as shown in Figure and Figure The flux linkage will be maximum
when OC and EC are perfectly aligned and the coils are close to each other. When OC is moved
vertically away from EC, the coupling between the coil changes and MI decreases. In planar variation,
EC and OC are placed near to each other and OC is rotated along its axis at various angle as shown
in Figure . As the distance between the coils is kept constant, the coil overlapping area doesn’t
vary much and due to this the variation of flux linkage in this case would be nominal.

There can be another misaligned case in real time systems, where the coils are situated in parallel
plane and displaced horizontally, such arrangement of coils is referred as lateral misalignment (LM).
This type of misalignment is observed for different horizontal distances between the axes of the coils.
For LM, horizontal and lateral variations are studied which are shown in Figure and Figure
The flux linkage and MI of the coils depends on the distance of OC from EC and it would
drop when it moves away from the EC. Apart from this, there can be a situation where OC can be
titled up or down with certain angle (0° to 90°) due to unequal surface impacts; such arrangement of
coils is referred as angular misalignment which is shown in Figure In similar way, there can
be a general case where OC can be both tilted and varied horizontally, such arrangement of coils is
referred as both lateral and angular misalignments, as shown in Figure In this misaligned case,
MI depends on both the tilted angle and horizontal distance. The misalignments described above are
calculated using an analytical approach and are validated by both FEA models and an experimental

setup. The details of evaluation methods, its results and comparison are explained in later sections.
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4.3 Analytical modeling of square coil

4.3.1 Modeling of mutual inductance

The circuit topology of the two coupled coils EC and OC resembles an inductively coupled trans-

former, which is represented by an equivalent circuit as shown in Figure [4.4]

AR

Source

Figure 4.4: Equivalent circuit model of an inductive coil.

Consider EC and OC placed near to each other as shown in figure. When EC is connected to the
power supply, current (I) flows in it, which produces a magnetic flux (A1) and a part of the flux (\2)
links with the secondary side coil OC. Then, the MI of the coil is represented as M and is given by
@10).

A1
M=—= 4.1
! (a.1)

The flux linked with the OC due to current in the EC can be calculated analytically by considering
the flux distribution of each individual coil turns of the OC. The method works by approximating the
area of OC with small regions, encompassing the entire square and thereby considering the complete
spiral square coil. The flux through each small region of the OC is taken into account to calculate
the flux linked to OC due to EC. To carry out this process, a sequence of program routine have been
used. The total flux linked in the OC is obtained by the sum of the flux linked in each small grid for
all the turns of the OC. Assuming ¢, is the flux linked with the n'* region of the area enclosed by

single turn of the OC, then Aj5 can be estimated by (£2). The limit of the summation depends on
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the number of small regions formed in a single turn of OC.

A2 = Z ©n (4.2)

The flux linked to each of these small regions of OC due to EC is calculated with the following

assumptions.

e The insulated coil conductors are placed such that there is no space between conductors of any

two loops and they are touching each other.

e The magnetic field in the small region of OC caused due to EC (Figure 4.5(b)]) is assumed to be

constant and its value is calculated at the center of that small region.

Having made the above assumptions, ¢, for each small region is calculated using (£3) and (£4),
which depends on the magnetic field at the center (E) of the small region, n'* area (A,) and normal

vector of the n area (;l;)
N
=B.- (A, - Ap) (4.3)
A, = Az, - Ay, (4.4)

Here, Az, and Ay, are the length and width of the small divided region as shown in Figure[4.5(b)|
The magnetic field Ec) at the center of the small region is caused due to EC. E; is calculated for P
turns of EC and is given by (£5]). The individual coil turns of EC is modeled by four straight current

—
carrying conductors. Let B is the magnetic field due to one current carrying loop of EC as shown in

Figure and is given by (4.6]).

s

i

4
Z (4.6)

n=1

(4.5)

In the above equation, n represents the four sides of the single current carrying loop and E{ ) Eg) )
Fg and E; are the magnetic fields of the sides of the square coil AB, BC, CD and DA. E,: can be

calculated from the Bio-Savart law for magnetic field. The basic magnetic field equation (B—>n) at any

point in space due to a straight current carrying conductor is given by (4.7).

5 /,uOIdSXR

R (4.7)
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4.3 Analytical modeling of square coil

The vector E, in the above equation is the unit vector in the direction of position vector of the
observation point, originating from the differential element of current carrying conductor (@) The
direction of ds is in the direction of current in the conductor. The integration in (4.7) is performed
over the length of the conductor. Similarly, the magnetic field at a point in space and flux linkage
calculations can be done for spiral square coils with multiple turns as shown in Figure [4.5(c), where

L and W are the length and width of the coil.

-
D Bs C D flux linkage (¢x) ¢
¥
AX, A,
AY,
By \ B, : L
A 3 B A
B b w

—
o
Naig

(b) ()

Figure 4.5: Square current carrying coil [@] single turn @ single turn segmented multiple turn.

4.3.2 Numerical evaluation

The MI for the mutually coupled coils is calculated numerically using the equations discussed in

the previous section. The procedure for numerical calculation is explained in the following steps.
e The total number of turns for EC (P) and OC (Q) are determined.
e 3D co-ordinates of a single turn of EC and OC are determined.

e Diameter of conductor and distance between EC and OC (depending on the type of variation)

is determined.

e The selected turn of the coil is divided into multiple small areas from Aj.....A, as shown in

Figure [4.5(b)]

e Calculate the total flux linked to each small region of OC using (48] by calculating the magnetic

field at the center .

Z Ids X Rl ' <A1 121\1) (4.8)
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e The flux linked in a single turn (¢,,) of OC is obtained by summing all the fluxes using (4.9).

P
Pm = Z Z(‘:Dl + P2 + Spn) (49)
k=1
e This procedure is repeated for all turns of EC and OC and \i2 is calculated using (d.10).
Q
/\12 = Z Pm (4.10)
m=1

e Therefore from these equations MI is calculated using (4.1]).

The detailed description of this evaluation is given in the flowchart shown in Figure 4.6l This
procedure has been used for all variations of EC and OC with their corresponding new coordinates
and vertices. Thus, the method adapted in this work has used only Biot-Savart law for a straight
current carrying conductor; which is the basic equation for calculating the magnetic field. It does
not require any double or triple integration functions for its computation. This gives an interesting
compactness for the calculation of MI by avoiding complicated mathematical equations. An example

for particular case of variations is given in Appendix (see Appendix [A.5]).
4.4 Finite element modeling of square coil

The commercial 3-D finite element tool ANSYS Maxwell 14.0.0 has been used for validating the
analytical model. The EC and OC considered in this work have 11 and 9 turns respectively. The EC
is excited with a current of 10A. The EC and OC are modeled for different variations and are analyzed
by changing their co-ordinates in simulation environment. To simplify the analytical calculations and
to reduce the computation time, following assumptions are made in this investigation for flux linkage

calculations.

e As the 3-D FEA model for spiral square coil takes very long time and sophisticated computation
environment, the models are analyzed with all the dimensions reduced to one fifth of the original.
This adjustment is justified as the variation of the flux linkage is linear with the dimension of

the whole system, which can be proved analytically.

e To reduce the computational time, OC is put as a surface whose area is equal to that of EC and

flux linked to the surface has been calculated.
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Determine coordinate, vertices and distance

:

| Select one turn (m) from Q turns of OC

Y

Divide the selected turn of OC into
small equal region

\i

- Select one turn (k) from P turns of EC

\
Calculate l?c at the center of each small

k=k+1

region due to selected turn of EC using (4.5)

\
Calculate ¢, linked in a single
pn =m +1 turn of OC using (4.8) and (4.9)

no

no

Determine the total flux (A1) linked to
all Q and P turns of OC and EC

Y
Compute M using (4.1)

!

Figure 4.6: Flowchart describing the numerical evaluation.

e The multiple turns of EC and OC are assumed to be placed near with no space between the

turns of the coils.

The models are created using the co-ordinates taken from the experimental setup. The FEA
models are formed for all the configurations of the coils and various positions of OC by changing its

coordinates. Figure .7 shows the FEA models of the coils for different variations such as vertical,
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angular and planar.

(a) (b)
Figure 4.7: FEA models of square coils for different variations @ vertical angular planar.

The flux linked in the OC due to EC is found by integrating the magnetic field over the area of
OC using Maxwells field calculator. To ease the calculations script files are recorded and used for all
the models. This type of coil arrangement and usage of script files is more convenient and simple to
evaluate the flux linked in the OC. This avoids creating the model every time for various angles or
distance. Figure shows the side view of the vertical variation of the square coil at a particular
distance. The fan shaped arrangement shown in Figure 4.7(b)|is the side view of the angular variation
of the coil. Here the OC is placed for a range of angles from 0° to 90° at an interval of 10° at certain
vertical height. Figure depicts the top view of OC placement of planar variation rotated along
its axis at various angles. The angle between two adjacent positions of OC is 15°. Figure[4.8 shows the
2D plot of magnetic field lines of EC and OC having four conductors each. Figure shows two
positions of vertical variation of OC at small and large distances. Figure shows two positions
of angular variation of OC at 0° and 45° angles. As it can be seen from the plots, the magnetic field

lines crossing the OC are less when the coils are away as compared to the coils placed near to EC.

4.5 Experimental verification

In order to verify the analytical and FEA results an experimental setup is built in the laboratory.
The circuit topology and its control blocks are shown in Figure and Figure [4.10l Table shows

the specifications of the components used for evaluation.
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/0C at 45°ngle

0OC at 0° angle : =

Figure 4.8: Magnetic field lines for cut section of coils @ Vertical angular

Table 4.2: Specifications of the components

symbol Description Values

Ve DC supply 0-30V

Ly Inductance of EC 54pH

Lg Inductance of OC 37uH

f Frequency 18kHz

Cy Filter capacitor 1.44uF

Width of the coil 18cm

L Length of the coil 18cm
Np Number of turns in EC 11
N Number of turns in OC 9

4.5.1 Description of power circuit and control circuit

The coils are accommodated in the flat planar surface without overlapping each other. The exci-
tation circuit is made of a simple MOSFET based converter to convert dc voltage to high frequency
ac voltage. The LC tank circuit shapes the voltage waveform and obtains an alternating voltage of
resonant frequency across the coil to produce a variable magnetic field. The harmonics in the circuit

are filtered by parallel L.C resonance circuit. The filter capacitor has been calculated using the formula

given by (@II)).

1

A PWM based gate control circuit is used for controlling the power circuit. For achieving the
fast turn on and off, a carrier signal of 18 kHz frequency is used, as the coil requires high frequency

source to energize it. The control blocks used for triggering the power circuit is shown in Figure .10
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The control circuit is fed with 15V supply, the carrier signal (Vgrier) of 18kHz is compared with the

reference voltage (V,.s) and pulses are generated to trigger the MOSFET.

111

1

+ Gate C
Vic ——— |control J‘ /
0-30V) ——— EC oC Vo

Figure 4.9: Schematic representation of power circuit.

0to15V |_p Reference voltage Vier
0to 10V L, _mﬂ
Comparator ——»
.
Carrier signal

(18kHz) Vearrier

Figure 4.10: Controller blocks.

4.5.2 Experimental details

For the complete experiment, EC is fixed on the flat planar surface. The various positions of OC
are observed with the help of wooden staffs. The details of experimental setup for different variations

are briefly explained below:

e For vertical variation, the arrangement in wooden staff is made to vary the distance between

OC and EC.

e For planar variation, the whole supporting system of wooden staff is rotated in a circle around
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EC.

e For lateral variation, the wooden staff arrangement is made such that OC can be moved over

the wooden staffs horizontally.

e For angular misalignment, OC is fixed in a supporting rod above EC at a vertical height and

tilted.

In similar way, the other variations are observed. Figure [£.11] shows the complete hardware arrange-
ment made for the experimental evaluation of MI. The geometry developed in the laboratory has taken
multiple turns of EC and OC into account. Both the coils are wounded in a same manner and there
is an insulation layer to separate the two conductors. Both the coils are made of copper conductors

with a diameter of 1.83mm.

Control circuit Power supply
Power circuit
Contactless coils

Figure 4.11: Experimental setup for mutual inductance computation.

The conductors of the coils are placed such that there is no space between the conductors of any
two loop and they are not touching each other. The conductors are spread in a distance of 1.98cm
and 1.65cm for EC and OC. The inner area which is not occupied by the conductor is 197.12cm? and
216.27cm? for EC and OC respectively. The experimental setup built is made to analyze all possible
position of the coil including lateral and angular misalignments. The schematics of different variations

are shown in Figure[d.12] The details of numerical results obtained for various positions of OC and the
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comparison of results are described in Section The formula used for experimental computation of

MI is given by ([ZI12]).

MI=—""L 4.12
VEC p ( )

Where, Vgo and Voo are the voltages obtained across EC and OC.

Figure 4.12: Experimental setup showing variations of coils.

4.6 Numerical results and discussion

The numerical results obtained from three analysis such as analytical method, finite element model
and an experimental setup has been analyzed and compared throughout the sections. The numerical
results of the three analyzes are given in Table -4 and the graphical representation are given in
Figure - In order to compare the results, this study has considered the following general

points:

e Maximum and minimum variations in vertical distance between EC and OC have been taken as

10cm and 2 cm.
e Maximum and minimum variation in horizontal direction have been taken as 11.4cm and Ocm.

e The maximum rotational variation considered is 90°. This is because the MI value would be

repetitive for square geometry for angle beyond 90°.
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e The vertical and horizontal distances are increased by lcm for subsequent observations.

e The planar variation is recorded for a sequence of angles at an interval of 10° while, due to

practical constraints the experimental readings are recorded for a step of 15° change.
4.6.1 Perfect alignment - vertical and planar variation

In this part, the numerical results for perfectly aligned vertical and planar variation for all three
analysis are summarized and compared. Table 4.3 shows the numerical results of both vertical and

planar variations. Figure 13 and Figure £.14] shows the corresponding graphical plots.

20—

Analytical

161 == Experimeantal
R o FEA

12—

Mutual inductancepH)

0 | | | | ]
2 4 6 8 10
Vertical distance (cm)

Figure 4.13: Perfect alignment - vertical variation.

In case of PA - vertical variation, numerical results are obtained for every lcm distance between
OC and EC vertically. The MI values are high for initial distance and rapidly decreases with increase

in vertical distance between the coils.
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Table 4.3: Perfect alignment - vertical and planar variation

vertical variation planar variation
distance ~ FEA analytical practical angle FEA analytical practical

(cm) (uH) (uH) (uH) 0)  (uH) (uH) degree  (pH)
2 17.36 18.05 17.31 0 174 17.56 0 17.69
3 13.40 13.97 13.66 10 16.9 17.05 15 16.87
4 10.90 11.16 10.61 20 15.9 16.11 30 15.66
5 8.80 9.11 8.83 30 15.3 15.36 45 15.32
6 7.37 7.54 7.23 40 14.9 14.96 60 15.88
7 6.19 6.32 5.81 50 14.9 14.96 75 17.09
8 5.24 5.34 4.84 60 15.3 15.36 90 18.38

9 4.46 4.54 3.91 70 15.9 16.11

10 3.83 3.89 3.26 80 16.9 17.05

90 17.4 17.56

20—

Mutual Inductancep(H)

Analytical
= = Experimental
0 FEA

Angle ©)

Figure 4.14: Perfect alignment - planar variation.

In case of PA - planar variation, the OC is placed at a height of 2.1cm and the observations are
done by rotating OC along its axis. For FEA and analytical calculations, the observations are recorded
for a sequence of angles at an interval of 10° variation, while due to practical limitation a step of 15°
is chosen for experimental analysis. It has been observed from both numerical results and graphical
plots, there is only marginal variation of MI with rotation of OC. This is because the overlapping area

of the coil does not vary much with rotation of OC and the distance between the coils is kept constant.
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4.6.2 Lateral misalignment - horizontal and planar variation

In this part, the numerical results for laterally misaligned case of horizontal and planar variation

for all three analysis are summarized and compared. Table [£.4] shows the numerical results of both

horizontal and planar variations. Figure .15l and Figure [£.16] shows the corresponding graphical plots.

20—

16—

Mutual inductanceyH)

=— Analytical
= = Experimental
o FEA

6

Horizontal distance (cm)

Figure 4.15: Lateral misalignment - horizontal variation.

10

In case of LM - horizontal variation, numerical results are obtained for every lcm distance between

OC and EC horizontally. The MI values are high for initial distance and rapidly decreases when OC

is moved away horizontally from EC.

Table 4.4: Lateral misalignment - horizontal and planar variation

horizontal variation

planar variation

distance ~ FEA analytical practical  angle FEA analytical practical

(cm) (pwH) (pH) (pH) ) (nH) (pH) degree  (uH)
0 17.39 17.56 18.00 0 11.34 11.35 0 11.43
1 16.94 17.04 16.91 10 11.27 11.29 15 11.57
2 15.65 15.76 15.72 20 11.12 11.14 30 11.22
3 14.30 14.24 14.24 30 11.02 11.02 45 11.09
4 12.70 12.75 12.76 40 10.95 10.96 60 11.19
5 11.31 11.35 11.49 50 10.95 10.96 75 11.53
6 9.98 10.04 10.10 60 11.02 11.02 90 11.50
7 8.74 8.88 8.95 70 11.12 11.14
8 7.54 7.61 7.85 80 11.27 11.29
9 6.48 6.79 6.78 90 11.34 11.35
10 5.47 5.27 5.46
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15—
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== Experimental
0 FEA
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Figure 4.16: Lateral misalignment - planar variation.

In case of LM - planar variation, the OC is placed at a height of 2.1cm and fixed at a horizontal
distance of becm. The observations are done from the displaced point by rotating OC along its axis.
It has been observed from the results, there is only marginal variation of MI with rotation of OC.
However, the magnitude of MI values got decreased from the PA - planar case. This is because the
overlapping area in the former case is more than the later. Additionally, it can also be inferred from

the results for larger horizontal distance, MI values would have further decreased.

4.6.3 Angular misalignment

In this part, the numerical results for angular misalignment for all three analysis are summarized
and compared. Table shows the numerical result of angular misalignment. Figure 17 shows the

corresponding graphical plot.
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Analytical
= = Experimental
. FEA

Mutual Inductancep(H)

Angle ()

Figure 4.17: Angular misalignment - angular variation.

In case of angular misalignment, OC is placed in a rod of 0.60cm diameter and 12.8cm vertical
height. Numerical values are noted by varying OC along with the rod for angles between 0° to 90°.
The variation in MI is found to be marginal due to less change in overlapping area from 0° to 60°. As
OC goes beyond 60°, it comes almost perpendicular to EC and due to this overlapping area decreases

and MI value falls down drastically.

Table 4.5: Angular misalignment

distance (cm) FEA  analytical practical

(9) (uH) (pH) degree  (uH)
0 2.59 2.59 0 2.30
10 2.62 2.62 10 2.35
20 2.69 2.69 30 2.49
30 2.80 2.80 45 2.73
40 2.93 2.94 50 2.73
50 3.05 3.05 70 2.53
60 3.00 3.00 90 1.06
70 2.59 2.59

80 1.79 1.79

90 0.70 0.72

4.6.4 Both lateral and angular misalignment

In this part, the numerical results for a general case of both lateral and angular misalignment for

all three analysis are summarized and compared. The variation in this case is observed by keeping
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constant angle and moved horizontally. Thus, three different angles (10°, 20° and 30°) are chosen and
its variations are observed. Table and Table [4.7] shows the numerical results of both lateral and

angular misalignment. Figure [£.18 shows the corresponding graphical plots.

15—

Analytical
________ + = Experimental
10° v FEA

[
o

&

Mutual Inductancep(H)

0 \ \ \ \ \
() 2 4 6 8 10
Horizontal distance (cm)

Figure 4.18: Both lateral and angular misalignment (angle = 10°, 20°, 30°).

The magnitude of MI value is more for 10° angle and with increase in angle, MI value decreases.

However, MI value falls sharply when OC is horizontally moved away from EC.

Table 4.6: Both lateral and angular misalignment (angle = 10° and 20°

angle 10° angle 20°

distance FEA  analytical practical distance @FEA  analytical practical

(em)  (uH)  (uH) (W) (em)  (uH) (B (uH)
0 11.56 11.47 11.02 0 8.13 8.27 8.25
1.2 11.40 11.27 10.69 1.6 7.98 7.98 8.17
2.2 10.73 10.62 10.29 2.6 7.51 7.50 7.85
3.2 9.81 9.81 9.66 3.6 6.94 6.94 7.36
4.2 9.07 8.94 8.96 4.6 6.35 6.36 6.87
5.2 8.20 8.09 8.17 5.6 5.76 5.76 6.25
6.2 7.34 7.24 7.35 6.6 5.17 5.17 5.63
7.2 6.44 6.41 6.50 7.6 4.56 4.56 5.01
8.2 5.63 5.57 5.72 8.6 3.94 3.92 4.40
9.2 4.75 4.72 4.87 9.6 3.29 3.28 3.68

10.2 3.91 3.85 3.99 10.6 2.62 2.60 3.01
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Table 4.7: Both lateral and angular misalignment (angle = 30°)

distance FEA  analytical practical

(em)  (uH)  (uH) (uH)

0 6.51 6.71 6.53
3.4 5.71 5.70 5.96
4.4 5.23 5.23 5.60
5.4 4.75 4.75 5.18
6.4 4.26 4.26 4.69
7.4 3.78 3.79 4.17
8.4 3.28 3.28 3.08
9.4 2.75 2.75 2.58
10.4 2.19 2.19 1.96
11.4 1.59 1.59 1.37

It has been noticed from the Figure L.13]- Figure L.I8, the value computed in all the three cases are
in good agreement. However, in some cases there is a slight difference in values between experimental
and calculated (analytical and FEA) results. This is due to the error in measuring the geometrical
parameters such as vertical height, horizontal distance and rotational angle. As an example of a case
of both lateral and angular variation, where the coil has 10° angle shift at 1.2cm distance, MI value
obtained is 12.18uH and at 11° angle it has a value of 11.26pH. Thus, there is 7.5% error occurred

due to error of 1° in angle measurement.

4.7 Conclusions

In this chapter, an analytical method based on Biot-Savart law has been presented for estimating
the MI between two air core square coils. A spiral square coil is modeled and MI is calculated.
Different misalignment cases of contactless and its variations are analyzed. The analysis compares the
analytical, FEA and experimental results in all misalignment cases. The analytical and FEA results
show a very good agreement and experimental results has an error less than 10%. The following

conclusions are drawn from the work:

e When the coils are placed close to each other with coinciding axes, MI values are maximum,;
which indicates high coupling between the coils and expected to have maximum power transfer

in CPT systems.

o At large coil distances, relatively large horizontal and vertical misalignments; MI have no sig-
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nificant effects. This indicates relatively low coupling in CPT system and it would not transfer

any power.

e In case of planar variation MI value would vary marginally. Such type of variation would not

affect the power transfer in CPT systems.

e An interesting behavior of MI is observed in angular misalignment, tilting OC at certain angle
brings half of the coil closer to the perimeter of EC and due to this MI value increases and for
other angles, MI values would suddenly decrease. Such type of variations in practical systems

would cause instability.

From the results it has been noticed; larger the distance between EC and OC, lowers the coupling
coefficient and MI value. This is due to large leakage inductance and reduced magnetizing inductance.
Hence, compensation elements can be used on both sides of contactless coils to improve the MI value
and to increase the power transfer capability. The next chapter has analyzed the use of four such

compensation topologies in contactless system.
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5.1 Introduction

Abstract

Due to large leakage inductance, compensations circuits are necessary in contactless system to achieve
the required power transfer. This chapter presents an experimental study of four compensation topolo-
gies connected on both sides of coils suitable for use in contactless charging system applications.
Primary compensation is designed to make the primary phase angle equal to the secondary reso-
nant frequency with minimum VA rating of the power supply. Secondary compensation is designed
to increase the power transfer capability. Equivalent circuit models are used to explain the theory
of contactless system with analytical expressions for voltage, current and impedance as well as the
power transfer efficiency, by combining the primary and secondary network is detailed. The study
investigates the behavior of compensation circuits in contactless system under variable frequency, load
and distance and its characteristics plots are generated. The analysis compares the efficiency of four
compensation topologies such that the real time performance of CPT systems can be analyzed. With
these results obtained from the experiments, the theory of CPT systems can be well understood and

it provides a foundation for future design and implementation of CPT systems.

The work presented in this chapter is accepted for publication in [133,134] and sub-
mitted in [135,136].

5.1 Introduction

The energy supply in electrical system is commonly realized by conventional plug and socket
connectors and the power transfer equipment is one of the important subsystems. The traditional
conductive wired systems cannot keep up with the present demands of customers in safety and sim-
plicity [137]. With the developments in power electronics, CPT system has found much success due
to its simplicity, size and reliability [29], which has been explained in chapter I. The principle of CPT
system is similar to a conventional transformer, where the magnetic field is confined to a particular
core. In contrast to conventional transformer, contactless transformer has a large air-gap and are used
without high permeability common magnetic core [31]. This technology utilizes magnetic filed around
a current carrying wire to magnetically couple power across large air-gap through weak magnetic cou-
pling. Due to this large air-gap, the characteristics of contactless system has large leakage inductance

and reduced magnetizing inductance and low efficiency as compared to conductive wired systems. To
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compensate large leakage inductance problem effectively, suitable compensation circuit can be added
by connecting a series or parallel capacitor at the primary and secondary winding of the coil as shown
in Figure [5.1] [71]. This makes the contactless circuit to operate at resonance and achieves maximum

output power with minimum input VA rating of the power supply.

|
! |
ngh . ! . |
Power Prima ! Prima \
> frequency > I'y q‘ ) 'ry I
supply converter compensation ‘ winding |,
| |
! |

| 1 Magnetic

: | coupling

l !
! |
Secondar ! |
Load [ Rectifier | <mm— .y S Secondary :
compensation | winding |
! |

Contactless coil

Figure 5.1: Block diagram of contactless system with compensation.

In addition, there could be an application where the system is connected to the variable load and
the secondary side of the coil must be moved with the primary coil [32,36,37]. In such cases, the
leakage inductance of the coils are larger than the magnetizing inductance leading to inefficient power
transmission. CPT systems basically has a high frequency power converter to feed the coil at the
input side and a rectifier in the secondary side connected to the load. The specifications of converter,
controllers and its parameters differs for each applications. The frequency of the power supply should
be controlled to attain a zero phase angle between the voltage and current at the input side of the
coil [35]. Therefore, the role of compensations circuits in CPT systems and its impact for variations
in parameters must be studied which is the first step in the design of such systems.

There are many applications of CPT systems exists in the literature. Power conversion methods
and controllers of CPT system are reported in [29,107,109,138-140], while other researches have worked
on the design of magnetic coupling structures [137,141]. Many other works have paid attention on the
design of contactless coil [23,45]. A very few works have studied compensation circuits in contactless
system. Optimized design procedures are given to select the suitable compensation topology for

efficient power transfer [23, 31, 36,45]. In [34, 35, 142, 143], CPT model is analyzed to investigate
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the sensitivity of the system for variation in operational frequency and load. In [22] and [143], an
occurrence of bifurcation due to multiple operating modes in CPT system have been studied using
higher order mathematical models. Few other works have studied the power transfer capability of
contactless systems using compensation circuits [144,145]. However, a very few works have studied
the impact of system parameters in CPT systems. Among those, the most critical parameters are
frequency, load, low magnetizing inductance and high leakage inductance. It has been found, there are
no experimental investigation done so far to analyze the power transfer capability and controllability

of the system. In this chapter, an experimental investigation have been done with four compensation

Figure 5.2: Coil topology.

topologies using rectangular primary (18cm x 14.5¢cm) and secondary coil (19cm x 1lcm) shown in
Figure 5.2l The primary side and secondary side of the coil is examined with both series and parallel
compensation circuits. Series compensated primary is chosen to reduce the primary voltage level, while
a parallel compensated secondary is able to supply a stable current. A series compensated secondary
can supply a stable voltage, while a parallel compensated secondary is able to supply a stable current.
Of particular interest, this work has studied the impact of compensation circuits for variation in

frequency, distance and load; so that the practical behavior of CPT system can be visualized. The
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analysis have been carried out by fixing the number of turns in primary and secondary side. Other
prefixed parameters in this study are coil shape, dimensions of the coil and circuit topology. The
variable parameters are air gap distance, operating frequency and load. Skin effect is not considered
because both coils are wound using multi-strand copper wire. Electric equivalent circuit models of
different compensation topologies are developed to explain the mechanism of power transfer. The
performance of four compensation topologies are validated and its results are analyzed. The analysis
compares the efficiency of four basic topologies of CPT system with variation in frequency, distance
and load.

The rest of the chapter is organized as follows: Section [5.2] describes the steady state electric circuit
analysis. Section [5.3] presents the description of experimental set-up. Finally, experimental results are

presented in Section [5.4] and its conclusions are given in Section
5.2 Steady state electric circuit analysis

For the purpose of mathematical analysis, the steady state behavior of air core transformer with a
large air gap can be described by an equivalent circuit. An electric equivalent circuit makes the process
of network analysis easier. CP'T system combines two coupled primary and secondary windings, similar
to a conventional transformer. Unlike transformer windings, contactless systems are usually loosely
coupled without any common magnetic core. Hence, contactless system has large leakage inductance

and therefore, compensations are required on both sides of the coils.
5.2.1 Compensation topologies

The purpose of compensation capacitors in contactless system is to increase its efficiency. Com-
pensation capacitors are connected on both sides of primary and secondary windings of contactless
coils. The purpose of primary compensation is to decrease the VA rating of the power supply and
thereby ensuring power transfer at unity power factor and the purpose of secondary compensation is to
enhance the power transfer capability. The primary compensation is chosen such that the impedance
as seen from the source side is purely resistive in nature so as to ensure that the high frequency inverter
which acts as the primary power source has minimum possible VA rating of the power supply. Four
such compensation topologies are described in this chapter. Four compensation topologies are repre-
sented as SS, SP, PS and PP topology as shown in Figure 5.3l where ‘S’ stands for series connected

topology and ‘P’ stands for parallel connected topology. Hence, series-series is named as SS topology,

TH-1345_TPERJOY

106



5.2 Steady state electric circuit analysis

series-parallel as SP topology, parallel-series as PS topology and parallel-parallel as PP topology. In
Figure B3| I, 111, Ic1 denotes supply current, inductor current and capacitor current of the primary
side and Iys, Ico and I}, represents inductor current, capacitor current and load current of secondary
side respectively. Similarly, L1, C; and V; denotes inductor, capacitor and supply voltage in the pri-
mary side and Lo, Co and R; denotes inductor, capacitor and load resistance in the secondary side

respectively. The main criteria to increase the power transfer capability in all compensation is that

(&)
Ul Gl Ico I (S
I 1> I I In Ic2 1
Ly Ly Ry Ry
" Vl L Lo o
lO M O M

> > 7

(a

I 2
@) ‘
[ ' 1> e I

Figure 5.3: Equivalent circuit model of contactless coils @ SS topology@ SP topology PS topology @]
PP topology.

the primary side of the system should operate at secondary side resonance frequency. When operating
at secondary resonance frequency, the self inductance of the secondary winding is fully compensated
by the primary compensation capacitance. Therefore, the impedance of the secondary as seen by
the primary is purely resistive in nature. Thus, these capacitors essentially store and supply reactive
power to and from the secondary and primary windings, reducing the amount of reactive power drawn

from the supply.
5.2.2 Mutual inductance coupling model

The coupling between the primary and secondary coil and its operation can be analyzed using
several modeling methods. Among various modeling methodologies, transformer model and mutual
inductance coupling model are the most commonly used methods. The transformer model uses the
concept of transformed voltage and reflected current to describe the coupling effects. The transformed

voltage and reflected currents are simply defined by the turns ratio. Here, the coupling and leakage
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inductance must be separated by circuit analysis. This coupling model is well suited for closely coupled
CPT systems because the leakage inductance is usually negligible. In contrast, mutual inductance
coupling model uses the concept of induced and reflected voltages to describe the coupling effect
between the primary and secondary networks. Both the induced and reflected voltages are expressed
in terms of the mutual inductance. This model does not require the coupling and leakage inductance
to be separated for circuit analysis. Hence this model is well-suited for loosely coupled CPT systems,
where the leakage inductance is too large to be ignored. In this chapter, mutual inductance model is
used to analyze the coupling between the primary and secondary coils of CPT systems. The effect of
the secondary must be considered together with the primary winding in the analysis of the primary
network. Therefore, the effect of secondary can be represented by the equivalent reflected impedance.
Compensation elements are required to compensate leakage inductance of the coil. The compensation
elements can be connected in series or parallel on primary and secondary sides of the coil. For
simplification purpose, neglecting coil resistances, the analysis of four compensation topologies using

mutual inductance coupling models are presented in the following section.
5.2.3 Series-series (SS) compensation topology

Assuming all currents are sinusoidal, the steady state equations for primary and secondary series

compensation can be written on phasor form as given by (5.1)) and (5.2)

1
Vi=1L <—> + jwliI; — jwM I (5.1)
JwCi

JwMIy = jwlols + I < ) + LRy, (5.2)

JwCs
where mutual inductance of the coil (M) is given by (5.3)). From (G.1))-(5.2) it is observed, both the
induced voltage and reflected voltage are represented in terms of mutual inductance (M) between

the coils to describe the coupling effect between the primary and secondary network. The mutual

inductance can be related with the magnetic coupling (k) as given by (5.3)).

M
b= (5.3)

The magnetic coupling of contactless coil is usually poor. In (5.3]), the coupling between the primary
and secondary of the coil depends on the leakage inductance (Lj, L2) and magnetizing inductance

(M). The leakage inductance in contactless coil is much larger than the magnetizing inductance. On
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simplifying (5.2]), current I, in series secondary coil can be written as (5.4)).

WM
I = Jo (5.4)

[ijg n <jw102> + RL}

On substituting secondary side current Io, given in (5.4) into (B.1), we get:

w2 M?

JjwLo + <jw102) + R,

1
Vi=1L|—— jwlq T I 5.5
1 1 <jw01> +jwlyly + 1 (5.5)

It can be observed from (5.5]), from the point of view of the first coil, the secondary coil is seen as a
transformed impedance or reflected impedance (Z,) of the secondary network as seen from the primary

side. Hence, for series compensated secondary:

2M2 2M2
» = v _ ¢ (5.6)
. 1 VA S
{JWLz + (ij’g) + RL] 2

where, Z;° is the secondary side impedance. The total impedance (Z) for series and parallel com-

pensated system seen by the power supply is obtained from (B.5) is given by (5.7)).
w2M?

JwlLo + <]~—w102) + Ry,

1
Z, = —— jwlL 5.7
t_SS <jw01> + Jwly + (5.7)

Now the simplified version of contactless system is shown in Figure[5.4(a)| and Figure Therefore,

& O :

(a) (b)

Figure 5.4: Simplified equivalent circuit @ with reflected impedance @ with total impedance.

the current observed from the source is given by (5.8]).

Vi

I —
' Ziss

(5.8)
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In order to obtain high power transfer capability, the operating frequency of the system should be

equal to the secondary resonant frequency (w,), which is given by (5.9])

1
Wo = 5.9
° = VIt )
On substituting (5.9) into (5.6]), we get the reflected impedance as given by (5.10).
2M2 2 M2
Zy 55 = ~2 — Yo (5.10)

Rr 7z
It can be observed from (5.10), if the secondary is series compensated Z,_gg is purely resistive. Thus
to obtain high efficiency, the primary side of the system should operate at resonance frequency of the

secondary side of the system. Therefore for SS compensation, C; and C5 can be given by (G.11).

1 1
_ . __ 1 11
Cl w02L1 CQ wo2L2 (5 )
Then, the total impedance of the system is given by (5.12)).
Wl M?
Zi 58 = in (5.12)
L

On substituting (5.11)) into (5.2), the relation between I and I; can be obtained, where Iy leads I;

at some angle.
I2 o jwoM
L R

(5.13)

JwoM

I =GiI; Gi= R,

(5.14)

Using (5.0)) - (514), the input power (F;), output power (P,) and total efficiency of the system are

calculated.

P, =1"Z ss (5.15)
P,=I2R; = G3I?R;, (5.16)

Using these equations, efficiency for SS compensation is given by (5.17]).

(5.17)
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5.2.4 Series-parallel (SP) compensation topology

The steady state equations for primary series and secondary parallel compensation can be written

on phasor form as given by (5.I8) and (5.19)

1
Vi=1 <—> + jwlil; — jwMIs (518)
JwCh

JwMI| = jwlLols + I (519)

1
Similar to the procedure explained in Section [5.2.3] simplifying (5.19), current I3 in parallel secondary

coil can be written as (5.20).
joMI,

iF - 1 (5.20)
; Fe (5cy)
JwLo + n
RL+(jwcz)
By substituting secondary side current I, given in (5.20) into (G.I8)), we get
1 2 M2
jwCh joLs + (b )

It can be observed from (B.21]), from the point of view of the first coil, the secondary side parallel
compensated coil is seen as a transformed impedance or reflected impedance (Z,_sp) of the secondary

network as seen from the primary side. Therefore, Z, ¢p and Z; gp is given by (5.22) and (5.23).

w2 M? w2 M?
Zr SP = F T =P (5.22)
[7WL2 - RijCQ+1] 2
1 . w2 M?
Zt_SP = W—C +]u)L1 + ) R (523)
. ! Jwlz + (jWCQI'%L"'l)

The current observed from the source is given by (5.24])

Vi
Lisp = ! (5.24)

t_SP

In order to obtain high power transfer capability, the operating frequency of the power supply should

be equal to the secondary resonant frequency (w,) and the secondary side compensation capacitor Co

is given by (5.25])
1

=L

(5.25)
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When operating the CPT system at this frequency, the self inductance of the secondary winding is fully
compensated by the primary compensation capacitor and therefore the impedance of the secondary
as seen by the primary is purely resistive in nature. Therefore, on substituting (5.25]) into (5.22)) and

(5.23), the secondary side impedance (ZoF) and the reflected impedance (Z,_sp) is given by (5.26)
and (5.27).

w 2L22
/A R R 5.26
2 Ry, — jwoLa (5.26)
M?R;  jw,M?
Z = ] 5.27
r_.SP L22 L2 ( )

It can be observed from (5.27), if the secondary is parallel compensated it has a reactive component.
This introduces a phase shift in the system. This phase shift (_L—Af) should be compensated in the
primary side of the system. For this reason, a large primary capacitance is usually used in parallel
compensated CPT system. Therefore, in order to operate the SP compensated CPT system under

resonance frequency and to obtain high efficiency, the compensated capacitors, C; and C5 are given

by (G.28).

1 1
_ . L 2
“ Wo? ( 1— AL/I_Z) “ wo?Lo (5.28)
2
The total impedance (Z;_sp) at resonance is given by (5.29)
M?R
Zysp = — (5.29)
Lo

On substituting (5.28) into (5.19), the relation between Iy and I; can be obtained, where I5 leads I

at some angle.

I2 . jwM
I_l —~ ( wo?Lo? > (5.30)
RL_jWoLZ
jwoM (Rp, — jwoL
I = Gyl = 1€ML = jwola) (5.31)

w02L22
Using (5.18) - (531]), the input power (F;), output power (P,) and total efficiency of the system are
calculated.

P, =17 sp (5.32)
P,=1I3R; = G3I?Ry (5.33)

Using these equations, efficiency for SP compensation is given by (5.34).

B G22w02L22
Zi sp (Rr, — jwoLo)

nsp (5.34)
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5.2.5 Parallel-series (PS) compensation topology

The steady state equations for primary parallel and secondary series compensation can be written

on phasor form as given by (5.35) and (5.36)

1
Vi=1Ic (—) = Ip1jwly — jwMIs (5.35)
JwCq
1
JwMlIp = jwlols + I <—> + LRy, (5.36)
JwCs

The secondary side current Iy in PS compensation can be obtained from (5.37).

jwM T
I = Chi— (5.37)
Jjwla + (ﬁ) + Ry,
By substituting the secondary side current Is, given in (5.37) into (5.35), we get
2M2
Vi=jwlilp + d I (5.38)
jwLy + (jwl(b) + Ry,

As explained above, from the point of view of the first coil, the secondary coil is seen as a transformed

impedance or reflected impedance (Z,_pg) of the secondary network as seen from the primary side is
given by (5.39).
w2M2 - w2M2

_ 2 (5.39)
JjwLs + w%z + RL] Z3

ZT_PS =

On substituting (5.37) in (5.35)), the current through primary side inductor (I7;) and capacitor (I¢1)

is obtained.
Vi

Ijh=————— 5.40
Jwly + WZ/;[Q ( )
Vi
— _11 (5.41)
JwCi

From Figure [5.5] the total impedance (Z; pg) of the PS compensation is given by (5.42). The total

" L
C

Zrps

-

Figure 5.5: Parallel compensated primary.

TH-1345_TPERJOY

113



5. Compensation Topologies for Contactless System

current observed from the primary side is given by (5.43)).

1
Zi_ps = - T (5.42)
WOt G Zs
V;
I ps = 7 ! (5.43)
. PS

To obtain high efficiency in PS compensated CPT system, the system should operate under resonance
condition. The resonance capacitance for parallel and series compensated primary is same as the basic

resonance condition as given by (5.44).
1

Ci=—— 5.44
- wo2L1 ( )
On substituting (5.44) into (5.42]), the total impedance at resonance condition is given by
Zy°Ly®
Zt_PS = W - ]woLl (545)

It has been seen from (5.45) has some constraints on (Z;%) for the system to be in resonance. While

for the system to be in parallel compensated, Z5% has some resistive and reactive part, say
Zo% = Ry +jX (5.46)

The criteria for resonance is, the inductance due to parallel primary side should be compensated in
the secondary side coil such that the primary side impedance is resistive in nature. This condition is

achieved when the reactance is in the form given below:

M2
X = O.JOL—l (547)

On substituting (5.46]) in (5.42) and (Z;_ps) can be obtained as given by (5.48))

RpLy?

T (5.48)

Zt_ ps =

Thus, when the primary side is parallel compensated a phase shift is introduced to the secondary side
that brings the secondary side out of resonance. Therefore, the compensation capacitance in PS is
defined as given below:

1 1
Cy = . _
1 WO2L1 )

(5.49)
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Using these condition (5.49), the secondary side impedance (Z»°) given in (5.39) can be given by

E50).
M?2
Zy% = jwo— + Ry, (5.50)

Ly
The secondary current (I3) can be given in (5.36]) can be modified by substituting I7; and Z5° given in
(E50) and (540). Therefore, Iz at resonance can be written as given by (5.51). The primary current

(I1) can be written as given by (5.52]).
M

Fart Vi 5.51

AW AR (5.51)
M2

= Vi 5.52

"Rt (5.52)

Using (5.37) and (5.52)), the input power (F;), output power (P,) and total efficiency of the system

are calculated.
5.2.6 Parallel-parallel (PP) compensation topology

The steady state equations for primary and secondary parallel compensation can be written on

phasor form as given by (5.53)) and (5.54])

1
‘/1 = ICI <—> = ILleLl —jwMIQ (553)
JwCi
. : 1
JwMlI; = jwlols + I T T (554)
R
JwC?2
The secondary side current I in PP compensation can be obtained from (5.55).
jwM jwM
L= = jZ Ip (5.55)
(ijQ + Rijoz—i—l) 2
By substituting the secondary side current I3 (given in (5.53)) into (5.53) we get:
) w?M?
Vi=jwlilp + < - &y I (556)
Jwlsy + RijwCatl

As explained above, from the point of view of the first coil, the secondary coil is seen as a transformed

impedance or reflected impedance (Z,_pp) of the secondary network as seen from the primary side

and is given by (B.57]).

2M2 2M2
— = “’Z - (5.57)
wh + o 22

Zr_PP =
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5. Compensation Topologies for Contactless System

From (5.50), the current through primary side inductor (Ir;) and capacitor (I¢1) is obtained. The

total impedance (Z; pp) of PP compensation is given by (5.60).

Vi

' . (5.58)
Jwly + WZ‘ﬁz

Itq =

Iy = — (5.59)

Zi pp = — (5.60)

The total current observed from the primary side is given by (5.61]).

W
Zi pp

L (5.61)

In case of parallel compensated primary and secondary, the system has reactive components, which
introduces phase shifts on both sides of the system (as explained above). Hence for parallel compen-
sated system, the compensation capacitors are defined as given by (5.62]). This is the reason a large
primary and secondary capacitor is usually added on both sides of CPT systems.

1 1
2 M?2 ; Gz = 2 M?2
Wo (Ll - L_Z) Wo ( 2 T L_l)

On substituting (5.61]), the secondary side impedance (Z), reflected impedance (Z,_pp) and total

impedance (Z;_pp) can be derived as given by (5.63))-(5.65).

Cy = (5.62)

WLy (Lo = 32) + jwo Y2 Ry

T R e (1 )

(5.63)

Wi M? (RL — JWo (L2 — ]\L/[—f))
Zy pp = R 1 (5.64)
w02L2 <L2 — L_1> +]w0L—1RL

27 2 27 M? : . M2
wo 1" — wo LlL_2 — Jwol1Zyr_pp +]woL_QZr_PP

Zy pp = : (5.65)
ij]\LJ_; + ZT’_PP
The primary current and load current is given by (5.66) and (5.67).
. M?2
V JwoF— + Z,
11221 =— - MZL{ - —— W (5.66)
t. PP wy*L1” — w, LlL—2 — Jjwol Z, +jwoL—QZ,,
P
[=Ye 2 L2 (5.67)

N R_L N Ry, - (RijCQ—l-l)
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5.3 Description of experimental set-up

On substituting the current Io, the load current I;, can be derived as given below:

M

I =
L Jwo (L1Ly — M?)

1% (5.68)

Using (B.57) - (5.68), the input power, output power and efficiency of parallel compensated system
can be obtained. The level of compensation in the circuit is defined by the term quality factor. The
quality factor is defined by the ratio of active power and reactive power. The primary quality factor

(Q1) and secondary quality factor (Q2) is given by (5.69) and (5.70), where VAR and VAR2 are the

primary and secondary side reactive power respectively.

VAR

Q=5 1 (5.69)
VAR

Q=5 (5.70)

In secondary side, large (0o increases the power transfer capability, the value of ()9 varies from 2 to 10.
Q1 is defined based on the input current. The value of ()7 changes based on various design methods
and its value ranges from 2 to 50. The rate of @)1 and Q)2 is very important. There are three cases
Q1 >> Q2, Q1 ~ Q2 and Q1 << Q2. For achieving proper stability in CPT systems, 1 should be

always greater than (5.

5.3 Description of experimental set-up

5.3.1 Design stages

The design of CPT system includes various stages. The block diagram of design stages is shown

in Figure[5.6l A short description of the blocks include in the design procedure is detailed as follows:

e Firstly, the system specifications are decided, which includes power rating, input supply, control
circuit operating range w.r.t power circuit. It also depends on shape of the coil, power range

and applications.

e Next the inductive coils are designed. The coil design plays an important role in the development
of CPT system. The power transfer capability and efficiency of CPT system directly depends
upon the coil design. Shape and size of the coils are chosen depending upon the application.

Litz wire coils are used in CPT system to avoid losses at high frequency.

e System level theoretical and analytical verification of its characteristics helps in visualizing the
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5. Compensation Topologies for Contactless System

Specification of CPT system

:

Selection of coil topology, coil desigm

:

System level theoretical analysis

:

Power converter and driver circuit design

:

Compensation design

:

Hardware development

:

Check the final circuit

Figure 5.6: Block diagram of design procedure.

behavior of CPT system.
e Following to which, the power converter and driving circuit design can be done.

e The choice of primary and secondary compensation topology is also an important stage in the
design of CPT system. By which, the load connected to the CPT system is seen as an ohmic
load from the power supply side. The compensation topology determines the system behavior

and sensitivity for variable load and air gap distance.
e Finally the development, building and testing of CPT system prototype is done.
5.3.2 Block diagram

The CPT system can be controlled with either fixed frequency control or variable frequency control.

In the first case, the system is controlled to supply the load with fixed voltage and frequency. While
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5.3 Description of experimental set-up

in the second case, the system is controlled to supply the load with variable voltage and frequency. In
this work, PWM based variable frequency control has been used to control the power converter of the

CPT system. The basic building blocks of CPT system is shown in Figure 5.7 The complete layout

+%5V '|T'8V 1V, +1T5V +%V ‘%8\/
g7 full bridge g9
gate comvercy gate PWM
driver S'S8'W) driver Controller
g10 /'mL o S
Rectifier Load

Figure 5.7: Basic building blocks of CPT system.

of CPT system consists of five blocks : full bridge converter, gate driver, PWM controller, rectifier
module and load. As already explained, the primary and secondary side of the system is physically
isolated and magnetically coupled to each other. The primary side of the coil is connected to a full
bridge converter. The full bridge converter is controlled by a PWM based frequency control to control
the power output of the CPT system. To increase the power output and to amplify the gate signal
two gate driver circuits are used to control the high and low side switches. The secondary winding of

the coil is connected to full bridge rectifier block and load.
5.3.3 Power circuit and coil description

The CPT system is built in the laboratory to validate the performance of four compensation
topology. The primary and secondary windings of contactless coils forms a system of magnetically
coupled inductor. The inductive coils are powered by a full bridge converter. The primary winding of
inductive coil is connected through full bridge inverter (S7-S1p), while secondary winding is connected
through diode rectifier module (Dj1-D14) to the load. The primary side full bridge converter con-

sists of MOSFET based inverter and converts rectified dc link voltage into alternating voltage. This
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D
S S 11
Vac —+
@ &
S10 Sg D14 12
o ]
Primary side — Inverter Contactless coil Secondary side — Rectifier

Figure 5.8: Power circuit.

alternating voltage supplied in the primary coil generates a magnetic field which induces a current
in the secondary coil. The induced voltage in the secondary side of the coil is rectified using diode
rectifier (D11-D14) shown in Figure 5.8 is connected to the load Ry (can be used to power a device
or storage system). Load in the circuit is varied from 1.2Q to 38(2. Due to large leakage inductance
of CPT system and to improve the power transfer capability, compensation capacitors (C;, C2) are
used on both sides of the inductive coils (SS compensation is shown in Figure [0.8). The method of
compensation are chosen based on the application of CPT system. Compensation capacitors C; and
Cs are chosen to be different based on the topology and its design equations are given in Section 5.2
Different ceramic capacitors ranging from 3.998uF to 8.454uF have been used as compensation capac-
itors in the CPT system. The compensation capacitors along with coil inductor acts as LC filter to
remove the voltage and current ripples in the circuit. The full bridge converter switches in the primary
side are controlled to control the power flow in the system. For this purpose, PWM based frequency
controller is used with two gate driving circuits to drive high and low side MOSFETSs. The frequency
of the converter is controlled by a frequency controller which helps to adjust the instantaneous value
of primary peak current and voltage and guarantees the zero phase difference at resonance condition.
The power converter in the primary side is made of high power switching MOSFET IRF540 of 100V,
30A have been used to meet the desired voltage and current requirements for triggering the switches
(S7 - S10) of the converter. The primary and secondary side of inductive coils are made of 10 turns of
multi-strand AWG#25 copper wire. The secondary side diode rectifier is build of QRD0610T30 fast

recovery diode module having reverse blocking voltage of 600V and average forward current of 50A.
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5.3 Description of experimental set-up

The inductive coils are wounded on two same sized separate piece of wooden board placed in parallel
using supporting staffs separated by an air gap. The coils are wound in spiral fashion to represent a
closed square and rectangular coil to provide a complete current path. The arrangement is made such
that the primary coil is fixed for all experiments and the secondary coil is varied over 2cm to 10cm
vertical distance. Four wooden staffs are used and the arrangement of the set-up is made in such
a way that the air-gap distance between the coil can be adjusted to observe its variation over large
vertical distance (h) as shown in Figure Hence, leakage inductance of the coil may also change in

a wide range.
5.3.4 Control circuit description

The control circuit of CPT system has been designed to perform reliable and stable operation.
Low cost, highly reliable PWM based controller has been used to control the power circuit of CPT
system. The gate pulses (g7- g10) for the converter switches are provided from IR2110 driver circuit.
Two gate drivers provides high and low side outputs (HO and LO), which is given as gate pulses. The
TR2110 is supplied from SG3525 PWM controller. The outputs of PWM controller are HIN and LIN.
The frequency of the controller has been designed to vary from 200Hz and 200kHz. The control circuit
is made to adjust the switching frequency of the converter to operate at variable range of frequencies.
Variable frequency controller have been used because the power supply of the inductive coils have to
be regulated to keep the minimum difference of phase angle between primary voltage and current by
changing its operating frequency at resonance. The control blocks of CPT system can be divided into
two stages. The first stage is pulse width modulation (PWM) based control signal generation stage,
which controls the frequency of the pulses of the converter. The second stage is the driver stage which
obtains input from first stage circuit and amplifies the high and low side gate drive signal for switching
on the MOSFET. The detailed block representation of control circuit is shown in Figure In the
first stage, SG3525 based PWM controller have been used to control the frequency of the converter.
The frequency of the PWM controller is dependent on the value of timing capacitor (C}) and resistor
(R:), which is externally connected to the circuit. To avoid short circuits in the legs of the converter
dead time have been introduced using a potentiometer (R;) in the circuit. The output frequency of
the frequency controller (HIN and LIN) is determined using the in-built oscillator present in SG3525
controller, where the frequency of the system is controlled using timing resistor (R;), timing capacitor

(C}) and damping resistor (Rg;). Here, dead time is provided using Ry to avoid short circuits in the
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87 g8 29 810
gate pulses gate pulses
A Iy
Ch Cut
Via =8V V), —8Y
dd < dd
Vee =14V gate driver gate driver Ve = 14V
Boot—strap _ (IR2110) (IR2110) AI Boot-strap
circuit = i I -t circuit
T o
' PWM Controller Ry
b Ch2 c (SG3525) D Ch
' Frequency control ¢ Vee =8V

Figure 5.9: Controller blocks.

legs of the converter. The oscillator frequency is determined using the (5.71]) presented below.

1
Cy (07Rt aF 3Rd)

fosc = (5.71)

The value of R;, Rq and C} are 10k€2, 1k€2 and 1uF', which has been chosen to obtain wide variation
of frequency. An input supply of 8V have been used for frequency controller. The reference voltage
has been varied through potentiometer R; to vary the duty cycle of the pulses. The output voltage
of the frequency controller has a current rating of 350mA. To increase the output current and to
avoid excessive power and heat dissipation of frequency controller, the high and low side gate signals
are given to the second stage driver circuit. The driver circuit in the control system is made of two
International Rectifier IR2110 integrated chip to drive high and low side switches of MOSFET. It
features bootstrap operation and is tolerant to negative transient voltage. High and low side signals
are given to upper and lower side switches of the converter. A logic supply (Vyg) of 8V and a supply
of 14V has been used in the driver circuit. Two outputs: high side output (HO) and low side output
(LO) are taken from the gate driver. The upper terminal in the primary side of the coil is connected
to the terminal V; of the gate driver. The detailed circuit diagram of laboratory sketch is give in
Figure 5100 In Figure (.10, the diode along with the capacitor (10uF) form the bootstrap circuitry

connected at the terminal V4. In addition boot strap circuit is made of IN4001 diode (D;), 0.001uF

TH-1345_TPERJOY

122



5.3 Description of experimental set-up

and 0.0001uF capacitor to amplify the signal, then the output gate signal (g7, gs, g9, g10) is supplied

to high and low side switches of the voltage source converter.

Power Circuit Driver Circuit

PWM Controller Driver Circuit
+V,
48V +15V 10uF T “ +5V 48V
R G 7 ‘ IRF540 IRF540 }—’—Hf
‘ # b Sy So 200 Vs
Vaa Ve HO o Vee Vaa
HIN ———e HIN
8V | 563525 IR2110 L G IR2110
T T T |
| : ‘ : |2
i IRF540 ; U\/U_i{‘ IRF540 ’
LIN 20 Spo =0T SB} ——eLIN
? l J LO Ly LO
C
R LIN HIN lie ?
RD0610T30
iode module
i €L €L
— A Dy A D3
Ry
A Dy A D)

Figure 5.10: Power circuit connected with controller.

The CPT system is designed for a frequency of 15.432kHz. The circuit parameters of the inverter

module are same as shown in

made in the laboratory.
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Figure 5.11: Experiential set-up.
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Table 5.1: Specifications.

Specification Term SS SP PS PP
Ny Number of primary turn 10 10 10 10
Ny Number of secondary turn 10 10 10 10
Ly Primary side inductance 26.6uH 26.6uH 26.6uH 26.6pH
Ly Secondary side inductance  24.6uH 24.6pH 24.6pH 24.6pH
Ch primary compensation 3.998uF  7.8508uF  3.99866uF  7.8508uF
Co secondary compensation  4.3062uF  4.3062uF  8.454uF 8.454uF

5.4 Results and discussion

This section describes the performance characteristics of four compensation topology of CPT
system obtained from experiments under various operating conditions. The frequency range of exper-
imental circuit has been observed from 200Hz to 175kHz, over a wide load range between 1.2€) to 3652.
The investigation has been carried out for a maximum vertical distance of 10cm. The oscillograms
of input voltage voltage (V;), input current (I;), output voltage (V,), output currents (I,) for four
compensation topologies at distance D=2cm, R;=1.2Q) are shown from Figure (.12 - Figure
[(.12] depicts the voltage and current waveform at the input and output side of SS compensation con-
nected with a load resistance Ry = 1.20hm at a distance D of 2cm. As it can be seen from the Figure
(.12 the input side voltage and current (V; and I;) are in zero phase angle at an optimum resonance
frequency of 15.432kHz. However, there is a deviation in outputs in V, and V; due to practical losses

in the system.

N N,

Y,
W

-8 \ \ \ \ \
0 0.5 1 15 2 25

Time (sec) x10*

3

voltage (volts), current (amps)

Figure 5.12: Voltage and current waveform at input and output side for SS compensation.
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Figure B.13] depicts the voltage and current waveform at the input and output side of SP com-
pensation. The voltage and current waveform of the parallel compensation is almost sinusoidal due
to parallel capacitor at the output side. However, it can be seen that the resonance frequency in the
circuit is slightly shifted due to practical losses in the system.

6—

V.
i

AP

|
0 05 1 15 2 2.5
Time (sec) x10*

i
~ =) N IS
I

voltage (volts), current (amps)

!
IS

-6

Figure 5.13: Voltage and current waveform at input and output side for SP compensation.

Figure 6.14] shows the voltage and current waveform at the input and output side of primary
parallel and secondary series compensation. At resonance condition, the voltage and current has 90°
phase shift at the input side. The output voltage and current has slight deviation in phase angle due
to practical losses in the system. The waveforms are sinusoidal as the coil along with compensation
capacitor acts as a filter in the circuit.

Figure shows the comparison of measured voltage and current waveform at the input and
output side of PP compensation. It has been observed that the input voltage is sinusoidal with less
distortion. However, the outputs has more distortion at resonance condition. This shows that the
output power of PP compensation need to be controlled at both sides of the controller, so that the
circuit operates at resonance condition.

The oscillograms shown in Figure and Figure [5.17 illustrates the capacitors’ voltage, inductor
voltage and current at the input and output side at resonance condition. When CPT system achieves
resonance state, the magnitudes of voltage across capacitor and inductor should be same with 90° phase
difference between them. However, it has been observed from Figure their is a slight difference

in magnitude due to some losses in the practical system. The magnitude of capacitor voltage is seen
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Figure 5.14: Voltage and current waveform at input and output side for PS compensation.
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Figure 5.15: Voltage and current waveform at input and output side for PP compensation.

to be more than the inductor voltage due to this their is a phase angle difference in the current at the

primary side.

The oscillograms of voltage of the capacitor and inductor and current at the secondary side of the

system is shown in Figure[5.I7} It has been noticed, the voltage and current magnitude got decreased

at the secondary side but the phase angle difference is similar to the primary side of the system.

Further, the investigation has been carried out under three cases of variations: variation w.r.t

frequency, distance and load.
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Figure 5.16: Voltage and current waveforms of capacitor and inductor at the primary side.
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Figure 5.17: Voltage and current waveforms of capacitor and inductor at the secondary side.

case (i): Variation w.r.t frequency: In the first case of analysis, the behavior of CPT system
has been studied for variation in frequency. Figure[5.18 and 5. 19 shows the output power characteristics
for the frequency range of 200Hz to 175kHz over different loads and distances. In Figure [5.18] the
magnitude of output power is highest during resonance frequency and is lowest for lower distances
and loads. This variation has been shown by fixing the supply voltage at a constant load of 1.2
resistance. It has also been noticed their is another bell shape found at 5kHz frequency, this is due to
measurement error due to some practical variations in the system. While, in case of Figure 5.19] the
distance has been fixed at 2cm. It can be observed from the plots, for the system under investigation

the resonant frequency is slightly changed due to the switching losses of the semiconductor devices
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used. Further, it has also been observed in Figure .19, as the distance is fixed at 2cm there is not
much variation in the output power for initial load change, while for higher load resistances the power

transferred has been decreased.

—@—D=2cm
—¥—D=3cm
—F—D=4cm
—sfe— D =5cm
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=]

o
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Figure 5.18: Output power as function of operating frequency for varying distance (SS).
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Figure 5.19: Output power as function of operating frequency for varying loads (SS).

Figure [5.20] show the efficiency curve for variable frequency for variable distance. The measured
efficiency in this case (including the losses) is approximately 40%-70%. Figure 521 show the variation
in coupling of the coil as a function of air gap distance for different loads. It has been observed the

coupling of the coil decreases as the distance increases.
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Figure 5.20: Efficiency versus operating frequency for varying distance (SS).
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Figure 5.21: Coupling versus distance for varying loads (SS).

To compare the practical efficiency of four compensations for variation in operational frequency,
efficiency versus frequency curve is plotted keeping the secondary coil at D=2cm and Ry = 1.2 as
shown in Figure This is the efficiency of contactless coil including its compensation capacitor.
As expected, CPT system have achieved high efficiency at resonance condition and the efficiency

has dropped when the system is out of resonance. It has also been noticed when compared to four
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compensation topologies, SS and PS has maintained high efficiency than SP and PP compensation.
The efficiency of SP and PP compensation is very less and has even reduced lesser than 10% at higher
frequencies. This shows parallel capacitor in the secondary side of the coil is sensitive for variable
frequency operation.

80

—#— SS —A— SP —y— PS PP
70

60

Efficiency (%)

w
=]

o | | I I } ; f J
3 2 4 6 8 10 12 14 16 18
Frequency (Hz) ¢

Figure 5.22: Efficiency versus frequency at d=2cm, Ry, = 1.29).

Figure[5.23lshows the efficiency of inductive coupling system as a function of frequency for variation
in load resistances. As it can be seen from the figure, the characteristics of efficiency over variable
frequency has changed for increase in load. A sub efficient point is also found at the intermediate
frequency of 10kHz. This is a non-resonant point.

case (it): Variation w.r.t distance: In the second case of analysis, the behavior of CPT
system has been studied for variation in distance. Figure and shows the characteristic plots
of voltage and current variation w.r.t distance. It has been noticed, the input side current is low
at lower distances and when the distance increases the current has been raised. This is because an
opposite current is set in the secondary side circuit which brings an opposite flux to cancel the original
field according to Faraday’s Law of Induction. This effect is normal and is more at lower distance and
has gradually decreased when the coil is moved away from the primary coil.

Figure and shows the variation power output and efficiency w.r.t distance for variable
load. As explained above, for larger distances the power and voltage outputs seen in the secondary

side has decreased irrespective of the load and frequency variations. The measured efficiency in this
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Figure 5.23: Efficiency versus frequency over variable load resistance (SS).
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Figure 5.24: Comparison of input and output voltage (SS).

case (including the losses) is approximately 50% - 70% till 5cm distance and then it has dropped down

for high loads.

Figure £.28 shows the comparison of efficiency curve at variable distance. It has been noticed at

distance 2cm, SS, SP and PS compensation has reached an efficiency of around 70%, however for PP

compensation the efficiency is only 50%. The efficiency has dropped around 4% all four compensation

for a distance of 10cm. This shows, as the distance between the coil increases the leakage flux of the
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Figure 5.25: Comparison of input and output current (SS).
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Figure 5.26: Output power versus distance for variable loads (SS).

circuit changes and the circuit deviates from the resonance condition.

Figure shows the efficiency of CPT system as a function of distance for variable frequency
range. It can be seen from Figure (.29, the efficiency of the system is decreasing with distance
irrespective of the variations in load resistance. While, the efficiency of the system beyond 6cm is found
to be low in all cases of frequencies. This is because the efficiency of the system has been decreased
over the distance because the system becomes more sensitive when magnetic coupling between the

coil changes irrespective of the loads chosen.
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Figure 5.27: Efficiency versus distance for variable loads (SS).
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Figure 5.28: Efficiency versus distance at f=15.432kHz

Figure shows the comparison of efficiency curve at variable distance for four compensation
topologies. It has been noticed at distance 2cm, SS, SP and PS compensation has reached an efficiency
of around 70%, however for PP compensation the efficiency is only 50%. The efficiency has dropped
around 4% all four compensation for a distance of 10cm. This shows, as the distance between the coil

increases the leakage flux of the circuit changes and the circuit deviates from the resonance condition.
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Figure 5.29: Efficiency versus distance over variable frequency range.
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Figure 5.30: Efficiency versus distance at f=15.432kHz, Ry, = 1.20).

It has also been observed from the curves, the system has highest efficiency in and around the
resonance condition (15.432kHz) of the system. As the coefficient of coupling lowers, the efficiency of
the system has decreased because the impedance of the circuit matches only at particular frequency.
It can also be inferred from these figures, the circuit should always be controlled and operated in safe
working area to achieve maximum efficiency of transmitted power.

case (iii): Variation w.r.t load: In the third case of analysis, the variation in load resistances
with frequency and load resistance is given in Figure[5.31] and [5.321show the power output and efficiency

w.r.t load. It is important to note in Figure 531, the power output with variation in load has almost
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linear change. In Figure (.32 it has been observed, their is variation in efficiency due to frequency

change.
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Figure 5.31: Efficiency as a function of load (SS) for variable distance.
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Figure 5.32: Efficiency as function of load (SS) for variable frequencies.

Figure shows the efficiency of inductive coupling system as a function of load resistance for
variable load resistances. It can be seen from Figure [5.33] the efficiency of the system is decreasing
with distance irrespective of the variations in load resistance.

Figure (£.34] shows the comparison of efficiency curves for variable load resistance. The variation

of efficiency with respect to load follows similar patten for all compensation except PP topology. At
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Figure 5.33: Efficiency versus load resistance over variable distance (SS).

lower load resistance values, efficiency is high and starts falling for higher resistances. The efficiency
of SS compensation is around 40% at Ry, = 35.9Q and for SP and PS it is around 30% to 20% . While
for PP compensation, efficiency has fallen below 10% at Ry = 35.99.
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Figure 5.34: Efficiency versus load resistance at d=2cm, f=15.432kHz.

From the above plots, it has been concluded impedance matching circuits using compensation
capacitor can be used as an effective method to enhance the power transfer efficiency in the CPT
system. To transfer maximum efficiency in the CPT system, the circuit should be ideally operated

in the resonance condition. Any deviation of frequency from the resonance condition would reduce
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the power transfer efficiency. Depending on the variation in distance between the coils or variation in
load, the optimum power transferred in the system may reduce. Further, this can be improved by an
additional control strategy in the primary and secondary side converter. The rest of the graphs are
shown in Appendix [A.6

Generally, the contactless system has losses due to leakage inductances as the primary and sec-
ondary coils are loosely coupled. The experimental results reported in this paper has achieved a
maximum efficiency of 70% (excluding the losses), due to large leakage inductances as the coils are
loosely coupled. In this case, a higher efficiency can also be obtained, however the experimental study
reported in this paper no attempt was made to improve the efficiency of the system. Since the primary
objective of the work is to observe the variations over different range of frequency, load and distances.
The summary of four compensation topology is given in Table 5.2l It has been observed, SS and PS
topology are not frequency sensitive. However, when compared to other topologies, the performance

of SS topology is found to be better than other topologies.

Table 5.2: Summary of comparison of four compensation.

Type output current / sensitiveness size of application

voltage compensation

SS constant output for variation less value intermediate
voltage in distance on both sides dc bus voltage

SP constant for variation in frequency, large primary  battery charging

output current load and distance

PS constant output for variation large secondary  dc bus voltage
voltage in load and distance

PP constant output for variation in frequency, large value battery charging
current load and distance on both sides

5.5 Conclusions

An investigation has been done with series-series (SS), series-parallel (SP), parallel-series (PS) and
parallel-parallel (PP) compensation topologies in contactless power transfer (CPT) system. Equiva-
lent circuit model have been used to explain the theory of CPT system and its various parameters
are summarized. The implementation procedure and its hardware circuitry has been explained in
detail. An experimental set-up is made in the laboratory to verify the theory of CPT system and
has been tested with four compensation topology. The circuit has been tested for variable operating

conditions such as load, distance and frequency. The efficiency plots of four compensation topologies
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are compared. The analysis shows that the compensation with secondary series has good performance
for variable frequency operation. The performance of SP and PS is comparable in case of for variable
load and distances. However it has been noticed, PP compensation has very poor efficiency in all cases

of analysis, when compared to other compensations.
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6.1 Concluding remarks

The research reported in this thesis had addressed the investigation mainly on contact based and
contactless EV charging systems. Theoretical modeling of charging system and its coordination in a
CS, mutual inductance computation of contactless system and analysis of four compensation elements
in contactless systems were addressed. The introduction chapter has presented the classifications of
EV chargers, theory of contactless system along with CPT technology and has summarized the major
challenges and goals identified in this thesis. Chapter II describes a contact based charging station and
its coordination for voltage regulation in the distribution node. The next chapter in this thesis has
investigated contactless system application on multiple charging system architecture in a CS connected
with EV batteries with suitable controllers (Chapter III). In which, the performance of the charging
system has been validated for grid to vehicle and vehicle to grid operations. An analytical approach
is then presented to compute mutual inductance (MI) between two contactless coils placed in a flat
planar surface (Chapter IV). Following to that, the performance of CPT system has been compared
with different compensation elements and its results are reported (Chapter V). Thus, the chapters of
this thesis has reported several new results required for the design and development of contact based
and contactless charging of EVs. Briefly, the contents of the research contrasted to previous works are

summarized as follows.
6.1.1 Introduction chapter

A brief introduction about the classification of EV chargers, theory of contactless system, EVs
and CPT technology are presented in Chapter I. It has summarized the classification of EV chargers,
the overview of CPT system, theory on mutual flux, mutual inductance computation, EVs and CPT
technology, induction coupling system, need for bidirectional charging systems, vehicle to grid and
grid to vehicle technology are presented. In addition, the major challenges and goals of this research,

contribution of this thesis and thesis organization are described.
6.1.2 Modeling of Contact based Charging Station for Voltage Regulation

It has previously been observed, there has not been much technical analysis done in both active
and reactive power control with component level contact based charging system model to regulate
the distribution node voltage. To address this problem, Chapter I has described a contact based EV

CS for voltage regulation in the distribution node. A CS is modeled with 35 charging systems which
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enables EVs of different ratings to charge and discharge. The individual charging system has grid
connected three-phase ac-dc converter and a series connected dc-dc converter with suitable controllers
to exchange active and reactive power between the distribution node and the CS. Electric circuit
based battery models have been used to represent the aggregated EV battery model. The constraints
of EVs are considered by taking into account of vehicles battery characteristics such as state-of-charge
(SOC), charge/discharge rate limits and charging/discharging requirements. In addition, to control
and coordinate the sudden arrival and departure of EVs and to regulate the specified voltage limit
(1 £0.13), the CS is externally controlled using a FLC and an aggregator. Here, FLC has been used
in place of other traditional control methods; which often results in computational burden due to
large number of trigonometric operations. However, the use of FLC does not require neither detailed
knowledge of the system under control nor its precise descriptions in terms of mathematical model.
Voltage profile evaluations have been done with different power exchange approaches such as active
power, reactive power and combined active and reactive power to forsee the CS behavior. Simulation
results shows consistent and accurate results with significant voltage improvement due to real time
use of EVs through charging systems. The results show that the charging system and its controllers
are found to be efficient in performance; since it provides better voltage control while managing the

EVs batteries in the CS.
6.1.3 Theoretical Modeling of Contactless Charging Station

In Chapter III, the theoretical modeling of multiple parallel connected contactless charging system
model is described. The developed model has multiple charging panel arrangement connected with an
ac bus. The model proposed in this chapter details the basics of contactless system design, converters
and controllers required for charging and discharging of EVs. Battery modules are connected to their
respective charging points through high frequency coreless coils are described. In addition, the chapter
has also investigated the bidirectional operation to facilitate forward and the reverse power flow. All
the results obtained in Chapter III are very promising and such a method could be successfully applied

for the future implementation of EV charging systems.
6.1.4 Computation of Mutual Inductance for Contactless System

In Chapter IV, an analytical approach for computing the mutual inductance for contactless system

is proposed. Unlike transformer coils, the contactless coils are loosely coupled and the secondary of

TH-1345_TPERJOY

142



6.1 Concluding remarks

the coil is connected with the load. The design of contactless system is very complex as the coils are
usually misaligned due to variations in the system and worsen the coupling between the coils. The
magnetic coupling between the primary and the secondary side depends on mutual inductance between
the coils. Hence, mutual inductance is one of the crucial factors in the design of CPT system and will
play a key role in determination of efficiency, power transfer, compensation capacitor etc. In order
to compute mutual inductance between two coils including all lateral and angular misalignments, an
analytical approach is proposed in this chapter. The method proposed is a straight forward approach
based on Biot-Savart principle and their integral are computed numerically. The method works by
approximating the area of secondary coil with small regions, encompassing the entire square and
thereby considering the complete spiral square coils. To carry out this process, a sequence of program
routine have been used. In addition, the prosed method is validated using Finite Element Analysis
(FEA) and an experimental set-up is built in the laboratory. The commercial 3-D finite element tool
ANSYS Maxwell 14.0.0 has been used for validating the analytical model. Finally, the analysis in this
chapter compares the results of three mutual inductance calculations. The comparison of numerical
values and graphical plots are shown to show the variations of mutual inductance values obtained
from the three analysis. It has been observed from the results, larger the distance lowers the coupling
between the coils and mutual inductance value has decreased. It has been concluded the analytical

and FEA results show a very good agreement and experimental result has an error less than 10%.
6.1.5 Compensation Topologies for Contactless System

It has previously been observed from the literature, only theoretical and simulation studies have
been conducted to analyze the suitable compensation topologies in CPT systems. However, the
main characteristics of CPT system is the physical isolation between the source and the load as the
secondary winding of the coil is movable and connected to the load. For such a loosely coupled system,
a systematic analysis can cause significant errors. Overcoming this drawbacks, chapter V has presented
an experimental prototype to analyze the four compensation topologies using a practical CPT system.
The study has reported the behavior of CPT system under three different cases and its characteristics
plots are generated for wide range of frequency, load and distance such that the real time situations of
CPT system can be analyzed. Electric equivalent circuit models of different compensation topologies
are developed to explain the mechanism of power transfer in the CPT system. A comparative analysis

has been done to compare the efficiency of four compensation topologies with variations in frequency,
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load and distance. Thus, the theory of CPT system using compensation topology is verified using an
experimental set-up connected to a rectangular primary coil and secondary coil. With these results
obtained from the experiments, the theory of CPT system can be well understood and it provides a

foundation for future implementation of CPT system.

6.2 Suggestions for future work

The main focus of this thesis has been towards the investigation on contactless system especially
for EV battery charging application. There are several ways in which the work in this thesis can be
extended and further investigated. A series of points enumerated below describes the outline directions
of research that could be pursued.

6.2.1 Future research on reducing the bulk semiconverters on either side of con-
tactless system

One major drawback of contactless charging system compared to traditional charging system is the
requirement of additional high frequency converters for powering the contactless coils. Therefore, an
off-vehicle bidirectional contactless charging system requires additional high frequency converters on
its either side to generate high frequency current in the primary track or coil. This extra semiconductor
switches can be costly and bulky, which also increases the power losses, electromagnetic interference
effect, switching stress and control complexity. However, the contactless system described in Chapter
rely on two-stage converter (ac-dc-ac, number of stages may increase for high power conversion).
In order to reduce the size of the converter/number of stages in conversion, an alternate reduced
switch converter topologies could be used to generate high frequency current in the primary coil. For
example, direct ac-ac converter and resonant converters could be used for this purpose.

One such direct ac-ac converter is the matrix converter, since this converter has proposed it has
gained more attention for its advantages. Its main advantages are adjustable input power factor,
small volume and compact design and does not require large energy storage components. In recent
years there are indirect ac-ac converter topologies such as sparse matric converter, very sparse matrix
converter and ultra sparse matrix converter. These topologies have a reduced number of input switches
but has same functionality as compared to the standard indirect matrix converter. This technology
has obtained much attention in ac-ac power conversion field in recent years. As an alternate option,

dc-ac resonant converter could be used. The switches in the resonant converter is operated based on
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discrete energy injection control and free oscillation technology.
In addition, a comparative analysis using these converters such as direct ac-ac converter, ac-
de-de (H-bridge), ac-de-de (resonant) converter could be done in order to prove its feasibility and

practicability.
6.2.2 Future research on wide air gap distance and misalignments in the coils

Two major issues involved in contactless charging of EVs are wide air gap distance and misalign-
ments. This is mainly due to different positioning of the vehicle, different air gap pressure in the tyres,
uneven surface impacts and road conditions, passenger density inside the vehicle etc. The charging
system model described in Chapter 2l and Chapter Bl has considered a constant coupling factor assum-
ing a perfect alignment between the primary and secondary coils. If the defined coupling changes, it
leads to an impracticable efficient transmission, unless some way of improving the coupling factor is
found. Moreover, a perfect alignment is always required to transfer the required power between the
primary and secondary coil. Any disposition of the coil naturally causes significant reduction of power
transmitted to the secondary coil with decrease in efficiency. While, the research described in Chapter
[ and Chapter [l has limited its analysis to study only the impacts of wide air gap distance and mis-
alignments. However, it will be more interesting if the proposed system can be dealt with additional
control strategy to improve the coupling factor for variations in the coils. Better control methods can
be adopted in the system either in the primary side (duty cycle control, phase angle control, frequency
control) or in the secondary side (dynamic tuning control or directional tuning control) or could be
modelled using a coordinated control for both primary and secondary side of the coil. Therefore, the
major concern in EV charging system is the voltage supplied to the load side must be maintained
constant even if their is a change in the circuit parameters like batteries of different ratings, variations

in magnetic coupling, drifting of primary operating frequency etc.
6.2.3 Future research on contactless coil arranged in a platform surface

The experimental prototype developed in this thesis has considered single primary and secondary
coil. The performance of contactless system can be improved, if multiple coil structures are arranged

in a platform surface.
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6.2.4 Future research on bidirectional charging system

The experimental prototype reported in this thesis have considered a resistive load and has val-
idated only for unidirectional operation. However, in order to verify contactless charging of EVs,
more wider investigation having the combination of different converter configuration connected to a
battery should be investigated to check its bidirectional power flow between the grid and the charging
system. In addition, a hardware prototype of synchronization circuit could be developed and tested
by interconnecting the charging system converter with a 2kW generator, which can represent a grid

waveform.
6.2.5 Future research on stability studies

It will be an interesting and an useful research to analyze the stability of converters and controllers

in the contactless charging system.

6.2.6 Future research to calculate power losses in contact based and contactless
charging system

It will be an interesting and an useful research work, if a contact based and contactless charging

system model is developed in the laboratory to compare its power losses and its efficiency.

6.2.7 Future research on active and reactive power exchange between the grid
and the charging system

A component level bidirectional contactless charging station model could be developed and tested
in the laboratory to analyze the four quadrant operation of the converter to transfer either active

power or reactive power or both active and reactive power exchange on both the directions.
6.2.8 Overall future research

The investigation performed in this research has mostly employed fuzzy logic controller. It would

be interesting to analyze the performance of the charging system with other control methods.
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A.1 Additional figures from Chapter

Figure shows the simplified distribution system of Guwahati city taken for this study.
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Figure A.1: Simplified distribution system under study.

Figure shows the daily load profile of the DN 4.3 of the Guwahati distribution network. The

load data is provided by the Assam State Electricity Board located in Guwahati city.
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Figure A.2: Load profile of subfeeder 4.3 during one day.
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A.2 Fuzzification & defuzzification for master control of Chapter

This part describes the fuzzification and defuzzification process of master control FLC in the
charging station (CS) given in Chapter [2 for a practical example.

The controller inputs are node voltage (V1) and total energy availabilities (E:) of EVs in the CS.
The range of V7 is taken to be between 0.83 to 1.13 p.u. The range of E; is taken to be between
0 (minimum available energy of the CS) and 1 (maximum available/capacity of the CS). The range
of output power (S’) has been taken between —1 (maximum power support given to the grid) and
1 (maximum power drawn from the grid). The controls logic is designed in terms of 49 fuzzy rules.
These rules transform the input variables to an output based on the real time conditions of EVs and

node voltage. Consider the inputs: V4 as 0.97 p.u and E; as 0.933302 p.u as shown in Figure [A.3

0
0.83 0.88 0.93 0.98 1.03 1.08 1.13 0 0.1667 0.3333 0.5 0.6667 0.8333 1
(@)= =
V1 (p-w) Epr (p.u)

Figure A.3: Input and output membership functions.

It can be seen from Figure [A.3] the value of V; and E; belongs to two membership function. The

corresponding four rules given by the membership functions are as follows:

e Rule 1 : If V} is Medium and E; is Big, then S’ is Z.

e Rule 2 : If V] is Medium and E; is Very High, then S’ is Z.

e Rule 3 : If V] is Low and E; is Big, then S’ is NL.

e Rule 4 : If V4 is Low (L) and E; is Very High, then S is NVL.

These rules shows that the available energy of the EVs are high and the distribution network is in
normal hours, therefore power can be either injected or drawn to the grid depending on the available
energy of the CS and the requirement of the grid. The first step in this process is fuzzification. As

discussed above, V7 is a member of two membership functions representing M and L and has different
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degree of membership function. FE; is also a member of two membership function. The fuzzy set of
V1 contributes 80% Medium and 20% Low and E; contributes 60% Big and 40% Very High. The
next step is the inference process, where each rule is checked for the degrees of membership for the
participating inputs. Here, rule 1 says that if the fuzzy set of Vi contributes 80% Medium and E; is
60% Big, then S’ is Z. Rule 2 says, V; is 80% Medium and E; is 40% Very High, then S’ is Z. Rule
3 says, V7 is 20% Low and E; is 60% Big, then S’ is NL. Rule 4 says, V; is 20% Low and E; is 40%
Very High, then S’ is NVL. In order to determine the degree of certainty of S’, the minimum method
is applied. That means the minimum of the degree of membership values of the inputs is going to be

the values for the output. This is defined mathematically as:

po (8') = min (1o (V1) , o (E1)) (A1)

where pg (V1), po (E:) and po (S’) are membership functions of node voltage, total energy and

power respectively. Using (A]), the values for the output can be found as given below.

e Rulel: min[ug(V1),uym(E)] = min(0.8,0.6) = 0.6 is Z.
e Rule2: min[ug(V1),up(E:)] = min(0.8,0.4) = 0.4 is Z.
e Rule3: minfpuyr(Vh),uve(Ey)] = min(0.2,0.6) = 0.2 is NL.

e Rule4: minfpuyr(Vi),up(E)] = min(0.2,0.4) = 0.2 is NVL.

This implies for Rule 1, there is 60% certainty that the output will be Z. Rule 2 there is 40%
certainty that the output will be a part of the Z. Rule 3 there is 20% certainty that the output will
be a part of the NL. Rule 4 there is 20% certainty that the output will be a part of the NVL, which

is seen from Figure

‘(t(S’)

1| \B NVH NH NM NL NVL 4 PVL PL PM PH PVH PB

0
-1 —0.8334 —0.6667 —0.5  —0.3334 —0.1667 0 0.1667 0.3334 0.5 0.6667 0.8334 1

Figure A.4: Output membership function.
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Once the certainty for each rule is determined, the consequent for each rule can be found. It is
found by taking the membership function of the premise and multiplying the certainty to quantify the
“then” operation to perform product function. This results in two half triangles and two rectangles

at the bottom of Figure [A.5]

(s
Contribution ‘(t
Contribution of Rule 1

of Rule 4 Contribution of Rule 2

Contribution of Rule 3 \ \ /
1 T T

T T T I I [ I T I
-1 —0.8334 —0.6667 -0.5 —0.3334 —0.1667 0 0.1667 0.3334 0.5 0.6667 0.8334 1

Figure A.5: Defuzzification process.

(—0.5 x 0) + (—0.467 x 0.2) + (—0.133 x 0.2) + (—0.067 x 0.6)

+(0.067 x 0.6) + (0.167 x 0)
0+02+02+06+06+0

p(s') = (A.2)

Now based on ([A.2)), the crisp value of the output power can be calculated from the Figure[A.H as
given in ([A.2). The defuzzification is performed using the center of gravity method. In this case the
output power is -0.075. This implies controller has directed the power to be flown to the DN from the
CS. Negative power indicates that the CS will have to supply its energy to the DN to perform V2G

operation.

A.3 Membership function and rule base of CC-FLC, M-FLC and
PA-FLC of Chapter

The input and output fuzzy membership function of CC-FLC, PA-FLC shown and M-FLC is
shown in Figure[A.6]-[A.7l The rule base used for CC-FLC, M-FLC and PA-FLC are shown in Table
Ad-A2
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0.125 025 0.5 0.625 0.725 1

—_—
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Figure A.6: Membership function of constant current constant voltage fuzzy control (CC-CV FLC) and
magnitude fuzzy control (M-FLC) [(a)]input: error (e) [(b)] input: error rate (¢’) [(c)] output: reference signals (u

and v).
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Figure A.7: Membership function of power angle fuzzy control (PA-FLC) @ input: error (e) @ input: error
rate (e’) output: power angle (¢').

Table A.1: Rule base of CC-CV FLC and M-FLC

e,e/. NH NM Z PM PH

NH VL L M H VH

NM VL L M H VH

Z VL L M H VH

TH-1345_TPERJOY PM VL L M H VH
PH VL L H VH
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Table A.2: Rule base of power angle FLC (PA-FLC)

e,ee. NH NM Z PM PH
NH VL L M H VH
NM VL L M H VH

Z VL L M H VH
PM VL L M H VH
pPH VL L M H VH

A.4 Fuzzification and defuzzification process for power angle control
of Chapter [3

This part describes the fuzzification and defuzzification process of power angle control given in
Chapter [3] for a practical example.

The controller inputs are error (E,) and error rate (AFE,) obtained from reference power P, and
measured power (P,,). The range of F, is taken to be between -1 to 1 p.u. The range of AF, is taken
to be between -1 to 1 p.u. The range of output power (4) has been taken between 0 to 90°. The
controls logic is designed in terms of 25 fuzzy rules. These rules transform the input variable to an
output variable.

Consider the inputs: E, as -0.7 p.u and AE, as -0.1 p.u as shown in Figure [A.8

NB NS ,.Z PS PB
[LNB NS, Z PS PB ! 08
0.5 0.5 &‘
0 0
-1 05 0 05 1 — 05 |1
E— R —
Er (pu) AE;(p.u)

Figure A.8: Input membership function: E,. and AE,..

It can be seen from Figure [A.8 the value of E, and AFE, belongs to two membership function.

The corresponding four rules given by the membership functions are as follows:
e Rule 1: If E, is Negative Small (NS) and AE, is Zero (Z) , then ¢’ is Medium (M).

e Rule 2 : If E, is Negative Small (NS) and AE, is Negative Small (NS), then ¢ is Low (L).
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e Rule 3: If E, is Zero (Z) and AE, is Zero (Z), then ¢ is Medium (M).
e Rule 4 : If E, is Zero (Z) and AE, is Negative Small (NS), then ¢ is Low (L).

These rules shows that the power measured (P,,) from the charging system is more than the
reference power (P,), therefore the power has to be regulated to the level of P,.. The first step in this
process is fuzzification. As discussed above, F, is a member of two membership functions representing
NS and Z and has different degree of membership function. AE, is also a member of two membership
function. The fuzzy set of E, contributes 80% Z and 20% NS and AE, contributes 80% Z and 20%
NS. The next step is the inference process, where each rule is checked for the degrees of membership
for the participating inputs. Here, rule 1 says that if the fuzzy set of E, contributes 60% NS and AE,
is 80% Z, then ¢’ is M. Rule 2 says, E, is 60% NS and AFE, is 20% NS, then ¢’ is L. Rule 3 says, E,
is 40% Z and AE, is 80% Z, then & is M. Rule 4 says, E, is 40% Z and AE, is 20% NS, then ¢’ is L.
In order to determine the degree of certainty of ¢’, the minimum method is applied. That means the
minimum of the degree of membership values of the inputs is going to be the values for the output.

This is defined mathematically as:

N0(5/) = min (uo(Er), to(AE;)) (A.3)

where pg (E;), uo (AE;) and po (6’ ) are membership functions of node voltage, total energy and

power respectively. Using (A.3]), the values for the output can be found as given below.

Rulel: minjuys(Eyr), pz(AE,)] = min(0.6,0.8) = 0.6 is M.

Rule2: minjuns(Er), pns(AE;)] = min(0.6,0.2) = 0.2 is L.

Rule3: minfuz(E,), uz(AE,)] = min(0.4,0.8) = 0.4 is M.

Rule4: minfuz(E,), uns(AE,)] = min(0.4,0.2) = 0.2 is L.

This implies for Rule 1, there is 60% certainty that the output will be M. Rule 2 there is 20%
certainty that the output will be a part of the L. Rule 3 there is 40% certainty that the output will be
a part of the M. Rule 4 there is 20% certainty that the output will be a part of the L, which is seen

from Figure [A.9
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Figure A.9: Output membership function.

Once the certainty for each rule is determined, the consequent for each rule can be found. It is
found by taking the membership function of the premise and multiplying the certainty to quantify the

“then” operation to perform product function. This results in two half triangles and two rectangles

at the bottom of Figure [A.10l

contribution .
of Rule w(@®)
contribution contribution
contributiof! Rule 2 of Rule 3
of Rule 4 \ 5

11.25 22.5 45 67.5 90
—
&' (degree)

Figure A.10: Defuzzification process.

(11.25 x 0) + (12 x 0.2) + (28.125 x 0.4)

+ (34 % 0.6) + (56.25 x 0.6) + (61.9 x 0.4)

§) = Ad
n(?) 0+02+04+06+06+04 (A4)

Now based on ([A.4)), the crisp value of power angle can be calculated from the Figure [A.10] as

given in ([A.4). The defuzzification is performed using the center of gravity method. In this case the
delay angle is 42°.
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A.5 Sample calculation for mutual inductance of Chapter [4]

This part describes the computation procedure of MI computation described in Chapter [4. The
following set of example considered details the calculation procedure. Consider two square coils of
length (L) and width (W) of 18cm having a conductor diameter of 1.83mm. The number of turns for
excitation (EC) and observation coils (OC) are 11 and 9 respectively. The current flow in EC is taken
to be 10A. The following cases of variations are chosen for explanation of analytical model.

Case I: Perfect alignment - vertical variation: OC kept at a vertical height of 2cm with respect
to EC.

Case II: Perfect alignment - planar variation: OC kept at a vertical height of 2.1cm and
rotated with an angle of 10°.

Case III: Angular misalignment: The center to center distance between OC and EC is 12.8cm.
OC is tilted to an angle of 10° with respect to EC.

The numerical values obtained in each step for multiple turns of OC are summarized in Table [A.3] for
the above considered cases. The flux linkage for each turn of OC is calculated using (£.8) and (4.9]).

From these results, the total flux linkage and mutual inductance is calculated using (£10) and (4.1]).

Table A.3: Results for sample calculation.

S0Cy,
o1 2078 19.72 327 ¢ 20.03 18.87 2.83
@2 2081 19.69 318 7 19.60 1849 2.74
3 2076 19.59 310 s 19.09 18.04 2.64
04 2061 19.42 3.01 o 1849 17.52 2.55
s 20.37 19.18 2.92

A2 180.50 170.50 26.20
M 18.05pH  17.05uH  2.62uH

A.6 Remaining results of Chapter

This part has described the rest of the results from Chapter Bl Here the analysis explains to study

the operation of the converter at three different modes of frequencies.
e Converter operation at resonance frequency (f = f,)

e Converter operation above resonance frequency (f >f,)
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e Converter operation below resonance frequency (f <f,)

Figure presents the experimental oscillograms of voltage and current at the primary and secondary
side of the inductive system for converter operation at resonance frequency (R = 1.2Q and d = 2cm).
It has been seen, V;, and I;, has almost zero phase angle difference between them at f = f, and
thereby the voltage and current are in phase. The circuit has only resistive nature due to which
maximum current flow occurs in the system. As expected, highest power transfer occurs for operation

at resonance frequency. Figure [E12] presents the experimental oscillograms of voltage and current

“
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Figure f-11: Input and output voltage and current waveforms at f = f,.

at the primary and secondary side of the inductive system for converter operation above resonance
frequency (Ry = 1.2Q and d = 2c¢m). In this case, Vj, and I;;,, has phase angle difference between
them. The current in the primary side is seen to be lagging the voltage while in secondary side, the
current is leading the voltage. This shows for the primary side circuit, the inductive reactance is more
and for the secondary side circuit capacitive reactance is more. It has also been noticed that the
magnitudes of voltage and current is decreased which shows the frequency has been changed beyond
the resonance point. Therefore, the power transfer in this case is less than the resonance condition.
Figure [E13] presents the experimental oscillograms of voltage and current at the primary and
secondary side of the inductive system for converter operation below resonance frequency (Ry = 1.2§2
and d = 2cm). As the system is operated far below the resonance condition, the input current is
not sinusoidal and seen to be oscillating. The current in the primary side is seen to be leading the
voltage at low frequency while in secondary side, the current is lagging the voltage. This shows for
the primary side circuit, the capacitive reactance is more and for the secondary side circuit inductive

reactance is more. Due to large phase difference between the primary and secondary side, the voltage
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Figure f-12: Input and output voltage and current waveforms at f>f,.

induced in the secondary side coil is less and the efficiency in this case is also got reduced.
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Figure f-13: Input and output voltage and current waveforms at f<f,.

Figure [=14] shows the comparison of efficiency for four compensations at distance 4cm and Ry =
1.2Q. Asexplained, SS and PS topology has higher efficiency than SP and PP compensation. However,
when compared at D=2cm the efficiency got reduced to 50% at distance 4cm and is further reduced
for higher frequencies. This is because at higher distance causes leakage flux more than the main flux
linkage due to larger air gap between the coils.

Figure [E15] shows the comparison of efficiency at 20kHz operating frequency for variable air gap
distance of four compensation topology. The performance characteristics of efficiency curve is almost
similar to the optimum resonance condition. This is because, the system has an operating range and
it has higher efficiency in and around resonance condition. If the circuit goes far beyond the resonance

point i.e. too higher or lower, the efficiency gradually falls. This necessitates the requirement of
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Figure f-14: Efficiency versus frequency at d=4cm, Ry = 1.2€.

frequency control in the CPT system.
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Figure f-15: Efficiency versus distance at {=20kHz, Ry = 1.2Q).

Figure [£16) shows the efficiency plot for variable load resistance at distance 4cm. As explained
above, the efficiency of the system is less at higher distance due to large air gap. The leakage flux in
the system is more than the main flux linked in the secondary. Furthermore, the impedance of the

system changes due to which the efficiency of the system has changed.
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Figure f-16: Efficiency versus load resistance at d=4cm, f=15.432kHz.
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