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ABSTRACT OF THE DISSERTATION
CHALLENGES OF INDUCTIVE ELECTRIC VEHICLE CHARGING
SYSTEMS IN STATIONARY AND DYNAMIC OPERATIONAL MODES
by
Hassan Jafari
Florida International University, 2021
Miami, Florida

Professor Arif I. Sarwat, Major Professor

Inductive power transfer as an emerging technology has become applicable in wide
power ranges including Electric Vehicle, Electric Aircraft, wheelchair, cellphone,
scooter and so on. Among them, inductive Electric Vehicle (EV) charging has
gained great interest in the last decade due to many merits namely contactless
technology, more convenience, full automotive charging process. However, induc-
tive EV charging systems could bring about so many issues and concerns which
are addressed in this dissertation. One of the critical challenges addressed in this
dissertation is a virtual inertia based IPT controller to prevent the undesirable
dynamics imposed by the EVs increasing number in the grid. Another adverse
issue solved in this dissertation is detecting any metal object intrusions into the
charging zone to the Inductive Power Transfer (IPT) systems before leading to
heat generation on the metal or risk of fire.

Moreover, in this dissertation, a new self-controlled multi-power level IPT con-
troller is developed that enables EV charging level regulation in a wide range
of power; suitable for different applications from golf-cart charging system (light
duty EV) to truck (heavy duty EV). The proposed controller has many merits
including easy to be implemented, cons-effective, and the least complexities com-
pared to conventional PWM methods. Additionally, in this dissertation, the online
estimation of IPT parameters using primary measurement including coupling fac-

tor, battery current and battery voltage is introduced; the developed method can

vi



find immediate applications for the development of adaptive controllers for static
and dynamic inductive charging systems. Finally, the last objective of this re-
search is physics-based design optimization techniques for the magnetic structures
of inductive EV charging systems for dynamic application (getting charged while
in motion). New configuration of IPT transmitting couplers with objective of
high-power density, low power loss, low cost and less electromagnetic emission are

designed and developed in the lab.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

Wireless power transfer by the way of magnetic induction...

1.2 General Statement of Problem Area

General Statement of Problem Area

The global use of electric vehicles (EV) is on the rise[I]. Several technologies for
charging the EVs have been developed over the years namely: plug-in electric ve-
hicles, static wireless charging systems, [2]. The problem with stationary wireless
charging systems (SWSC) are high battery size, bulky structure, high electromag-
netic emission; that all speed up the transition from static to dynamic wireless
charging that brings up in-motion charging benefit[3] that can help promote the
adoption of EV. Moreover, dynamic wireless EV charging technology can elimi-
nate the need for large size battery which is inevitable in the SWSC. To realize
wireless power transfer, there are three major methods: inductive power transfer
(IPT) [1], the capacitive power transfer (CPT), and combination of IPT with CPT
systems [4]. Generally, there are three major categories for primary coupler con-
figuration, long-track-loop transmitters[5], and short-individual transmitters[6]. A
long-track-loop transmitter structure has two problems: first, high self-inductance
caused by long-track-loop transmitter can limit the IPT’s resonant frequency, sec-
ond, low coupling coefficient of this coil system decreases the IPT systems’ effi-
ciency and makes it impractical for dynamic IPT systems[7]. On the other hand,
segmental array of couplers as an alternative configuration was introduced which
could be connected in either parallel or series to the same primary converter[g].

This kind of coupler system can solve the high self-inductance problem of the long-



loop coupler, however it causes power pulsation problem as pickup move away
transmitter by transmitter[9]. To address this issue, several rectangular transmit-
ter are composed side by side with zero space to form a tracking lane that can
realize a continuous dynamic power transfer [§]. However the negative coupling
between the active coupler and adjacent inactive couplers can lower the efficiency
of the track which is studied as a major concern in this dissertation.

In Fig. 1.1}, a typical IPT system with multiple transmitters array connected in
parallel is shown . This system is composed of power converters, loosely coupled
magnetic structures and compensation components. This dynamic charging sys-
tem is a dynamic contactless EV charging system while they are moving on the
roadway powered tracking lane.
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Figure 1.1: The Dynamic wireless power system for EV charging systems.

Research Purpose

Though the concept of DWPT is still an emerging one, a couple of solutions have
been proposed to address the challenges faced with DWPT systems. This research
is set to increase the efficiency of the dynamic IPT systems to be comparable to
the efficiency of stationary IPT systems. Therefore, the aim of this research is

to enhance the efficiency, to provide continuous power transfer rate in whole the



track, and to reduce the cost for the development of IPT technology for dynamic
EV charging applications.

Research Problem

To increase power transfer and tolerance to lateral offset in track-based systems,
optimal design of IPT systems for electric vehicle charging applications is studied.
Moreover, the circuit topology, magnetic couplers with wide charging zone, and
control methods are considered for design of dynamic IPT systems. Therefore, all

the items to be studied in this research are summarized as follows:

1. Design optimization of magnetic structures for IPT based EV charging ap-

plications for multiple objectives:

e Multi-objective design optimization of bipolar power pads topology
(DD pads for transmitter pad, and DDQ receiver pad) for dynamic
IPT systems; replacing circular pads which has 40% null coupling with

the proposed couplers

e Price along with pads volume, and weight all are together considered

as the cost objective function to be minimized.

e Tolerance to lateral misalignment, coupling factor, loss, power density,
and quality factor are considered as a separated objective function in

the optimization.

2. New control techniques for the optimized operation of power electronic con-

verters in dynamic IPT systems:

e New multi-power level power controller to regulate the power transfer
rate; enabling highest energy injection level in lowest coupling rate, and

vice versa

e Energy-injection and free-oscillation control methods to control the
power injection level; tuning the power transfer rate corresponding to

multiple pcikups



e Model estimation of whole the IPT-systems: The accurate estimated
IPT system model is used for estimating the receiver position which is
necessary for position-based multi-power level control of dynamic IPT

systems.
3. Addressing some common issues of inductive EV charging systems

e Resonant frequency deviation-based ign object detection control imple-

mentation for IPT systems.

e Virtual inertia-based control multi-power level IPT systems to synchro-

nize the charging level with electric grid dynamic.

Figure 1.2: Proposed Multi-power level controller for dynamic inductive electric
vehicle charging using estimated position

Preliminary Result

Theoretical Perspective

In this research, multi-power level IPT system is studied that can increase the
power level under misalignment condition along the track, this can help get rid of
both negative coupling between transmitters, and power pulsation. To identify the
misalignment case as receiver moves away, an accurate IPT model estimation along

the track is developed which can contribute to smart power transfer controller.



A new multi-power level IPT system are developed using free oscillation and energy
injection technique. The power injection can happen in both positive and negative
half cycles according to the power transfer level value set. Using this technique,
the power transfer to secondary side in the injection mode; and zero power transfer
happens to the secondary coil in the free oscillation mode. The proposed multi-
power level controller was applied on a stationary IPT systems as shown in fig[I.2]
and in the future research is applied on dynamic inductive power transfer for
vehicle charging application. The power transfer level reference of the proposed

controller is online updated via estimating the pickup coil position on the track.



CHAPTER 2
FOREIGN OBJECT DETECTION IN INDUCTIVE CHARGING
SYSTEMS BASED ON PRIMARY SIDE MEASUREMENTS

2.1 Introduction

The use of electric vehicles (EVs) has been on the rise in recent years with global
stock in excess of 3 million EVs [10]. There are also projections for massive in-
crease in the use of EVs in the future. Presently, most electric vehicles battery
charging systems requires a physical connection between the EVs and the charg-
ing station. This obviously comes with some challenges which include the lack of
flexibility of the charging system, less convenience, safety concerns with the use of
charging cables amongst others. Contact-less forms of charging tends to address
these issues with the contact-based charging systems. The use of IPT systems
for wireless power transfer is one of the most promising methods of contact-less
power transfer[ITHI5]. There are many advantages for the necessity of wireless
power transfer technology; first, to ease electric vehicle charging second, to con-
trol microgrid system frequency [16H20] using G2V /V2G modes. The transmitter
pad is used to create a high frequency magnetic field which causes an emf to be
induced in the secondary receiver pad. The secondary induced emf can then be
used for charging the battery after rectification. For loosely coupled (usually with
large air gap between the transmitter and the receiver pads) IPT systems, reso-
nant inductive coupling can be employed. This allows for a highly efficient ITPT
system by generating high amount of resonant currents that enable bulk power to
be easily transferred from the primary pad to the secondary[21], 22].

For IPT systems with wide air-gap, there is an increased possibility of foreign
object intrusion in to the system air-gap. Several methods have been proposed to
detect this intrusion of foreign objects in IPT systems, This include the measuring

some parameters of the IPT systems such as its capacitance [23] , inductance [21]
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Figure 2.1: Schematic diagram of the simulated IPT system

(and consequently resonant frequency), induced emf [24], loss in power transfer
[25], 26], and the time for the energy in the circuit to decay [27]. Other methods
of foreign object detection (FOD) which uses some sensors include taking mea-
surements of the light intensity [14], the use of thermal sensors [28] to monitor
the heat generated as result of the foreign object, the use of magnetic field sensors
to monitor and measures changes in the IPT’s magnetic field as a result of the

foreign object.

- -

Figure 2.2: 3D Model of the studies IPT system for Misalignment and FOI

2.2 Theoretical Formulation of Proposed Methodology

The presence of foreign object within air gap and misalignment of an IPT can be

captured by measuring the primary, secondary and the mutual inductance values
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(Lp, Ls and L,,), (Fig. [2.1) [I5, 29, B0]. These change in inductance values
consequently affects the resonant frequency of the IPT systems. According to
[21], 23], the Zeq (impedance of IPT system from the primary side) of a resonant
IPT system with series-series compensation, and transfer function of IPT system
accordingly can be expressed as:
The transfer function of the system can be expressed as:
sCp (1 + s*CsLs + sCsRy)

CpCs(LyLs — M?)s* + C,Cs(LsR, + L,Ry)s3+

H(s) =
(2.1)

(CoLy + CsLs + C,CsRyR,)s* + (CoR, + CsRy)s + 1

where L, Ls, L,,, are primary, secondary and the mutual inductance, C,, Cs, R,,
R, are primary and secondary compensation capacitance and resistances respec-
tively. The imaginary part of the dominant poles of (zeroes of Z.,) which
represents the IPT system’s resonant frequency is used in this chapter to calculate
new resonant frequencies of IPT system with new values of L,, L, L,,. How-
ever, in some frequencies which are the same between applied scenarios (FOI and
misalignment), the impedance’s changes tends to be quite small which makes it in-
appropriate variable for discrimination. However, the RMS value of their resonant
currents shows more significant changes due to high amplitude of the converter
voltage even with minute changes in Z,,. Furthermore, FOI significantly change
the self-inductances which directly affect the resonance frequency, however, mis-

alignment affects more coupling rate than self-inductance

2.3 Simulation Results and Analysis

A 3D FEA model of the IPT system is simulated to obtain the values of L, L,
L,,, while the values of C,, and C are selected in such a way to achieve the desired
resonant, frequency of 35kHz under normal operating condition. For other cases

other than normal condition, resonant frequencies are calculated with respect to



normal one. In the misalignment case, the secondary pad was moved from outside
the length of the transmitter pad on the left, towards the center and completely
all the way outside of the transmitter pad on the right hand side.

For the case of FOI, with the proper alignment of the pads, the foreign object
is moved from outside the length of the pads on the left towards the centre and
completely all the way outside the two pads towards the right (as represented in
Fig. . The various values of L,, Lg, L, is used to obtain the RMS value of

the resonant currents using MATLAB/Simulink.

2.3.1 Foreign Object Intrusion and Detection

Fig. shows the variation of L,, Ls, L, with the corresponding change in
resonant frequency as the object moves from outside the region between the two
pads on the left hand side to the right hand side of the two pads. It can easily
be inferred from Fig. that, while the foreign object is completely outside the
two pads, the values of L,, Ly, and L,, as shown in figures . and are not

impacted as a result we have no frequency deviation Fig. [2.9d]

Table 2.1: Specifications of IPT System and inductances of FOI and Misalignment

Frequency

Parameter Value . . Inductance (¢H) | Normal | FOI | Misalignment
- Deviation
Grid voltage (VL) 120V o 7 T 16132 700
Grid frequency (fac) 60 Hz rimary (L) ' )
74Hz Secondary (Ls) 172 161.29 170.45
(Prmaz) 8 kW
: Mutual (L) 57.78 | 12.88 55.75
Coupling Factor (k) 0.2 -
G v o . C 13352 uF Primary (Lyp) 172 168.48 170.89
Ompegsa on Ca‘;“‘ Or?/( v, Cs) 50 \;‘ 8Hz Secondary (Ls) 172 171.46 170.88
attery voltage (V) Mutual (L) 57.78 | 49.28 57.62

However, as the object moves towards the pad, the values of L,/Ls, L,, (as
seen in figs. , reduces and gets to its minimum exactly where the object
is located in between the surface of the IPT coils consequently, the frequency
deviation reaches to its maximum value Figs. and 2.3d] As it moves away
from the IPT coil surface toward the center of coil (origin), the inductance values

increase and gets back to its value prior to entering the pads, meaning no impact

10
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on inductance exactly in the center. The inductance values and the frequency
deviation follow the same trend as the foreign object moves out from the centre

of the pads to the edge.

2.3.2 Misalignment of Transmitter and Receiver Pads

in this case, the receiver pad is moved from the extreme left of the transmitter
pad to its extreme right. The impact on the values of L,/Ls, and L,, and are as
shown in figures and and the corresponding resonance frequency (f,.) and
deviation in frequency are shown in figs. and [2.4d] The frequency deviation
is zero when the receiver pad has zero misalignment, however, it increases when

there is a misalignment between the pads as shown in figs. 2.17d and 2.17d]

2.4 discrimination of FOD and misalignment

Resonance frequency-based FOD method is effective for objects that significantly
affect resonance frequency. On the other hand, smaller size conductive objects
have no remarkable effect on frequency deviation and overlap with frequency de-
viation range caused by vehicle variation (8Hz to 74Hz). Therefore, discrimination
technique needed to distinguish between these two cases. It is desirable to allow
the IPT system to self tune itself and continue supplying power to the secondary
pad in the case of a misalignment and possibly disconnect the IPT system in-case
of FOD which could lead to fire due as a result of the generated heat due to the
induced eddy currents. In the overlapping range of the resonant frequency devi-
ation for FOI and misalignment scenarios, the impedance’s changes tends to be
quite small. However, the RMS value of primary resonant current is more appro-
priate as a discrimination signal. The reason lies in the fact that the coupling
factor is considerably impacted by misalignment, as a result, the power transfer

will be decreased which means greater primary resonant current is needed to com-

12



pensate the lowered efficiency ,however, in FOD case, only self-inductances are

significantly affected than coupling rate.
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Figure 2.5: Resonant RMS current during normal conditions, misalignment and
FOD maximum frequency deviation of 8Hz
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Figure 2.6: Resonant RMS current during normal conditions, misalignment and
FOD maximum frequency deviation of 74Hz

Simulation for discrimination of two cases is carried out in MATLAB with
magnetic specifications given in table Figures and show the RMS
value of the resonant current for three cases including: normal operation of the
IPT system, foreign object intrusion and vehicle variations. The simulation is done
for the studied IPT system as IPT system is regulated to deliver P,,; = S8KW
to the secondary side. Repetitive simulations have shown that in all overlapping
range of frequency deviation, the RMS value of primary resonance current for the
misalignment case increases more than the corresponding current for FOI case.

As examples, simulation results for the two extreme values of overlapping range of

13



frequency deviation (8Hz and 74H z) are given in figures and . As it can
be seen, the RMS value of primary resonant currents for the misalignment case
are greater than the corresponding plot for FOI case for both frequency deviation
of either 8Hz or 74Hz. Therefore, it can be concluded that when the frequency
deviation is in the range of [8H z-74H z|, the recorded primary resonance current
change should be checked, if the primary resonant current significantly changes,

the cause of frequency deviation would be the misalignment not FOI.

2.5 Conclusion

A novel technique using resonant current to discriminate foreign object from mis-
alignment is presented. A FEA of an IPT system is used to compute the various
changes in L,, L, and L, values for both FOI and misalignment. The results
showed that both cases cause a deviation in resonant frequency with the foreign
object intrusion and misalignment causing a maximum frequency deviation of
660Hz and 74Hz respectively with an frequency deviation overlap between 8Hz to
74Hz. To discriminate between these two cases during the frequency overlap, a
measurement of the RMS value of the resonant current for FOI and misalignment
have shown that the greater amount of resonance current is needed in primary
converter to compensate power reduction in case of misalignment occurrence than

FOI due to relatively high reduction of coupling rate in misalignment case.

2.6 Introduction

Nowadays, energy delivery to the load without any electrical contact is becoming
more popular by using inductive power transfer (IPT) technology. IPT systems are
divided in two major categories, this includes loosely-coupled and closely-coupled
systems. The former systems have larger gap between receiver and transmitter

sides, however the later systems have smaller gap and higher coupling rate. Due

14



to its flexibility and larger gaps, loosely-coupled IPT are well fit for electric vehicle
applications [I1], BTH36]. Relatively lower coupling rates of loosely-coupled IPT
systems can be compensated by a capacitor tank because they can resonate with
the self-indutance of a primary side which can lead to larger primary resonant
current and higher power transfer. High resonant frequency IPT systems up to
90kHz, can be designed by selecting the appropriate compensation capacitors that
can help reduce the size of coils in both the primary and secondary sides[37].
Hence, high resonant frequency combined with a high-magnitude magnetic field
in the gap between primary and secondary coils can keep wireless power transfer
rates high. However, this high magnitude magnetic fields can induce intense eddy-
current on a conductive foreign object intruded to the power transfer area, which
can lead to heat rise and to fire in a worst case [38]. Therefore, it is essential to
quickly detect the intrusion of a conductive object to avoid efficiency reduction,
and more importantly, to eliminate the risk of a fire in the charging area [39, [40].
Another important control action needed to be done is to differentiate a foreign
object intrusion (FOI) case which requires shutting the IPT system down from
the misalignment case which is not dangerous but lowers the power transfer rate.

The discrimination process is explained with detail in Section IV.

Magnetic coupling and

) compensations
Primary Secondary

Converter Cs Converter
|
A.C o——I L —I Load
mains B
O—
A

Self-tuning ir
Figure 2.7: Schematic diagram of the IPT system.

Controller

In literature, FOD strategies are classified into two: sensor-based and sensor-
less detection. Prime examples of sensor-based methods include the use of image

processing [41], thermal sensors [42], 43], distance detection [44], magnetic field sen-
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sors [45], and light intensity monitoring [14]. However, sensorless FOD methods
utilize real-time monitoring, measurement and estimation of highly affected pa-
rameters in IPT systems namely capacitance [46], energy decay time [47], induced
voltage [48] and power loss [49, 50] to identify the foreign objects.

Fixed switching PWM converters are controlled by regulating the phase shift
of the converter output and duty cycle in IPT system. The major drawback of
these converters is the variation in resonant frequency which is typical of IPT sys-
tems. This variation affects the IPT’s efficiency, whenever the operating switching
frequency is different from the resonant frequency [51]. This has led to use self-
tuning controllers which synchronizes the converter switching to the circuit reso-
nant frequency [51H55]. These self-tuning controllers has one major benefit; the
IPT systems’ performance will not be influenced by natural resonance frequency
oscillations. Furthermore, FOD implementation on the existing self-controller is
easier by using online measurements of resonance frequency deviation. In this
chapter, the same self-tuning controller employed for switching generations is also
used for FOD implementation. The proposed FOD method based on frequency
deviation is very fast because the foreign object intrusion to the power transfer
area can markedly impact the electromagnetic characteristic of IPT (self and mu-
tual inductance) which can be detected as the resonance frequency deviation in
self-tuning controllers. In this chapter, FEA results show that the cause of the
resonance frequency deviation could be either FOI or vehicle positional variations
(so called misalignment), therefore, the proposed FOD method uses two major
steps to differentiate them from each other. Firstly, detection of the resonant fre-
quency deviation([31]) as a warning of disturbance in IPT system, secondly, the
use of primary resonance current to discriminate FOD from misalignment. In the
proposed approach, the resonant frequency is constantly monitored and compared
to nominal value to detect the intrusion of any foreign object. In this study, the

resonance frequency of IPT system is measured using primary resonant current
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feedback. The measured current is used as a clock to measure resonance frequency
which is used in self-tuning converters as a switching frequency. Therefore, for im-
plementation of the FOD method, which is based on frequency deviation, using
existing self-tuning converters eliminates any need for additional structures and
sensors to be installed on IPT systems. Two detection modes are defined in this
study; the online and the standby mode. During the online mode, the FOD is
done when the IPT system is running; however, in standby mode, the IPT system
is not active and the vehicle is absent. A 2D and 3D finite element analysis (FEA)
for FOI is presented as theoretical analysis. Simulation results of the proposed
FOD and misalignment discrimination are presented. The experimental results to
verify the effectiveness of the proposed FOD method for conductive foreign ob-
jects of different sizes and shapes in either of IPT’s operating modes are presented.
Moreover, the discrimination method is experimentally verified for wide range of
resonant frequencies. The test results show that the proposed methods are effec-
tive in detection of very small objects such as a small coin within few millisecond,
and useful in discrimination of foreign object intrusion from misalignment which

is common in both dynamic and static charging systems.

2.7 FEA analysis of conductive foreign Object intrusion in
IPT Systems

Foreign objects within charging areas area acts like an electromagnetic shield
against high frequency magnetic fields, and this results in electromagnetic dis-
ruption of the area where foreign objects are placed. Foreign objects causes a
significant change in magnetic coupling, primary and secondary self-inductances
(L, and L), and mutual inductance(M). Other than foreign object locations
inside the power transfer area, there are other factors which determine the level

amount of frequency deviation, including the object dimension, the structure, and
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Figure 2.8: 2D FEA analysis: (a) magnetic flux density without object presence,
(b) magnetic flux density with the presence of conductive object.

object type. Magnetic flux lines of circular primary/secondary pads with/without
the presence of foreign object are shown in Fig. [2.8] Distorted magnetic flux lines

with foreign object intrusion into power transfer area is shown in Fig. [2.8(b).

2.8 theoretical analysis for the proposed FOD Method

To clearly show the effects of foreign objects on primary /secondary slef-inductances
and mutual inductances (L,, Ls and M), formulation analysis is needed. Accord-
ing to Fig. ,the equivalent total impedance from the primary side can be
formed as below:

1
Z:Rp+5_q)+SLp+Zr (22)

18
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Figure 2.9: FOD and Detection (a) Mutual Inductance (b) Primary Self Induc-
tance (c) Secondary Self Inductance (d) Frequency Deviation.
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where, C, is the primary compensation capacitor, and R, is the primary resistance.
Z, is the impedance of a secondary coil seen from the primary side which can be

written as:
s2M?

Zy = ——
E—FSLS—FRS

(2.3)

where, C is the secondary compensation capacitor, R, is the secondary equivalent
resistance which includes the load resistance and secondary coil resistance. The
transfer function of the IPT system with the primary resonant current as the

output, and the primary converter voltage as the input can be calculated as:

H(s)= 2 — 1 (2.4)

the transfer function of the IPT system can be as shown in ({2.5)), by replacing

equations (2.2)) and (2.3)) in (2.4).

2
H(s) = sCp (14 s*°CsLs + sCRy)

CoCs(LpLs — M?)s* + CpCy(Ls Ry + Ly R) s+ (2.5)

(CyL, + COsLs + C,C R, R,)s* + (CyR, + CsRy)s + 1

The imaginary part of the dominant poles of the derived transfer function (Eq.
(2.4)) is used in this chapter to calculate new resonant frequencies of IPT sys-
tems. Equation indicates that the variation of L, L, L,, due to presence of
a conductive foreign object in power transfer areas changes the dominant poles of
equation ([2.5)) which are resonant frequencies. Therefore, foreign object existence
can be identified by the real-time measurement of resonance frequency. Finite ele-
ment analysis (2D/3D) is done to analyze the magnetic effect of the foreign object
on the IPT system. 2D FEA results are presented in Fig. to illustrate the
magnetic change on IPT system sides due to FOI. The results show the variation

of L,, Ls, Ly, resonance frequency (f,), and resonant frequency deviation (df,)

which are represented in Figs. (2.9a], [2.9b| [2.9¢[ and [2.9d)), as the foreign object

moves from the outside region between the two pads on the left hand side to the

right hand side of the two pads. 3D FEA model of the studied IPT system is
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also presented in Fig. [2.10, and the electromagnetic analysis is done for foreign
object placement all across the charging area. Flux density loss on the ferrites
installed in the circular pads, and on the foreign object caused by high frequency

electromagnetic field are shown in Figs. and respectively.

Figure 2.10: 3D electromagnetic model of IPT system.
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Figure 2.11: distribution of flux density on the primary pad.
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Figure 2.12: loss effect of high frequency electromagnetic field on ferrit bars .

Self-inductances for primary/secondary sides and mutual inductance are all

shown in the 3D-plot (Fig. [2.13]) for different positions of foreign objects with
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respect to the center of the primary pad, which conforms with 2D FEA results
presented in Fig. [2.9] The values of L,, L, and L,, represented in Fig. are
used to calculate the corresponding resonance frequency by finding the poles of the
transfer function in . The resonance frequency as a function of [PT-system’s
inductances obtained for different positions of foreign objects are represented in
Fig. which is again in a good agreement with 2D plot shown in the Figs.
and .

According to both 2D FEA and 3D FEA analysis (Figs. [2.9¢| and , it
can be seen that the resonance frequency reaches its maximum value when the
conductive object is located between the surface of the IPT coils, however, it has
no impact on inductances and resonance frequency, when the conductive object is
located in the area surrounding the center of primary pad. The justification for
no impact on inductances and resonance frequency around the center is due to
symmetric structures of circular power pads which cancel out all the flux density
around the center. Moreover, as it can be seen from Figs. and , the
resonance frequency increases for FOI disturbances, however it relatively decreases
when a vehicle (receiver pad) enters into the primary pad surface. Also, the res-
onance frequency drops even further when the wireless charging system operates.
According to different causes of frequency deviation mentioned, the formulation

for the resonance frequency can be expressed as follows:
fref:fTO_AfV_AfL (26)

AfO:fr_fref (27)

where f,¢ is the reference frequency, f,o normal resonance frequency when both
pads are in a complete alignment, A fi, is the resonance frequency deviation caused
by vehicle misalignment, charging impact on frequency is symbolized as A f;, and

resonance frequency deviation caused by a foreign object is represented as A fo.
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Figure 2.13: Primary/secondary self-inductances (L,)/ (Ls), mutual-inductance
(M) as a function of foreign object location with respect to primary pad center.
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Figure 2.14: 3D plot of resonance frequency as function of foreign object location
respect to primary pad center.
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Figure 2.15: Proposed IPT system with consideration of low lower AC/DC rectifier
to provide DC link for FOD purpose in the standby mode.
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2.8.1 FEA Analysis for Magnetic/Non-magnetic Conduc-

tive Object

In general, metal can be categorized in two major parts from the field perspective:
magnetic conductive metals (with non-trivial permeability), non-magnetic conduc-
tive metals(with trivial permeability). Both types of conductive objects impact
the electromagnetic characteristics in a similar way when placed in the charging
area of IPT systems, because the operating frequency of IPT system is fairly high
(35kHz-85kHz). Due to high-frequency magnetic field, the skin depth in both type
of conductive objects is very small and therefore, the magnetic field is perpendic-
ular to the surface of the metal objects. In other words, in the electromagnetic
model, the conductive object with both material properties can be modeled with
Neuman boundary conditions without modelling the inner volume/surface of the
it. In order to demonstrate this, two FEA simulations are carried out for the
foreign conductive objects with two different permeability (aluminum and iron).
Object’s size placed in the charging area for the studied analysis is considered
(50mm x 10mm). As expected and Fig. confirms that aluminum (with rel-
ative permeability=1.000021) and iron (with relative permeability=4000) objects
have the same effect on the magnetic field, as a result the same resonance fre-
quency deviation is caused by the studied metal foreign objects. Hence, it can be
safely concluded that the proposed FOD method can be applicable to all types of

metals with different permeability.

2.8.2 Foreign Object Detection At Standby Mode

[PT-systems are exposed to foreign object intrusion in every possible condition,
either in high-power conditions (operational mode) when wireless charging system

operates, or in very low-power conditions (standby mode) when the IPT-system

is off and Afy = Afr = 0; therefore, the FOD scheme should be enabled in
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both modes. In a very-low power condition, DC link should still be provided
for a control circuit of a self-tuning controller so that foreign object detection
will be guaranteed in the standby mode (Fig. . Therefore, the DC link in
the proposed primary converter switches between low-power mode (single-phase
rectifier) when the charging system is off and full-power mode (main three-phase
rectifier) when the charging system is on. This mechanism illustrated in (Fig.
will guarantee a continuous monitoring of power transfer area for FOI irrespective

of IPT’s operating modes.

2.8.3 IPT-System Losses In Standby Mode

The losses of IPT-systems in standby mode can be expressed as [55]:

B 2&)‘/61207'2 (1 + e‘“ﬁw)
oLy (1+ T2w?) (1 — e /™)

(2.8)

where 7. is the primary coil resistance, V. is the DC-link voltage. The damped
factor of resonant frequency is w = Jw? —1/72 , 7 = 2L, /r. is the oscillation
damping factor, C), is the primary compensation capacitor, and L, is the primary

self-inductance.

2.8.4 Online Foreign Object Detection In IPT Operational

Mode

The FOD method can be used when IPT charging system is enabled, however,
vehicle positional variation, which is common in both static or dynamic wire-

less power charging systems, can impact magnetic characteristics( Ly, Ls, Ly,) as

shown in Figs. [2.17a) and [2.17b| The corresponding resonance frequency (f,), and

resonant frequency deviation (df,) are shown in Figs. [2.17¢/ and [2.17dl The fre-

quency deviation at the center of the primary pad (complete alignment) is almost

zero because of symmetric pads’ shape. As mentioned before, resonance frequency
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of IPT system in zero coupling (extreme sides of misalignment) is considered as
a reference point, and frequency deviation of other positions are calculated with
respect to it. As it can be seen from Figf2.17d] the maximum resonance frequency
deviation caused by vehicle positional variation is 672Hz. In other words, the
region of overlap for the resonance frequency deviation caused by FOI and the ve-
hicle positional variation is 8Hz to 672Hz. Though, larger conductive objects can
be detected via the proposed FOD method due to large frequency deviation they
create, the FOD method cannot be effective in very smaller foreign objects (such
as 10d nail and 5-cent coin) that overlap with vehicle variations. Hence, there
is a need to distinguish smaller conductive objects effect from vehicle positional

variation which is explained in Section IV.

2.9 Discrimination Of FOI From Misalignment

As illustrated in section III, the resonance frequency-based FOD method is ef-
fective for objects that significantly affect the resonance frequency. On the other
hand, smaller conductive objects have no significant effect on frequency devia-
tion, and it overlaps with frequency deviation range caused by vehicle positional
variation. Therefore, discrimination techniques are needed to distinguish between
these two cases. It is desirable to allow the IPT system to tune itself and continue
supplying power to the secondary in the case of a misalignment. However, in the
case of FOI, the IPT system needs to be shut down since FOI could lead to a
fire due to the generated heat as a result of the induced eddy currents. In the
overlapping range of the resonant frequency deviation for FOI and misalignment
scenarios, the primary resonant current is more appropriate as a discrimination
signal. The reason lies in the fact that the coupling factor is considerably impacted
by misalignment and as a result, the power transfer will be decreased. This means
that higher primary resonant current is needed to compensate for the lowered ef-

ficiency. However, in case of an FOI, self-inductances are more affected compared
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to coupling coefficient. Therefore, it can be concluded that when the frequency
deviation is in the range of [8H 2-672H z], the recorded primary resonance current
change should be checked using . If the primary resonant current significantly
changes, the cause of frequency deviation is detected as a misalignment and not
an FOI. In Fig. [2.18, a flowchart is presented to show the discrimination method

implemented in the setup.

AIPrim — perim(f 4 1) prim(g) (2.9)

TES TES TES

Figure 2.18: Flowchart for FOI and misalignment identification.

The simulation for discrimination of two cases is carried out in MATLAB with

the magnetic specifications given in table 2.2] Figures 2.19] and [2.20] show the

RMS value of the resonant current for three cases including: normal operation of

the IPT system, foreign object intrusion and vehicle positional variations.

The simulation is done for the studied IPT system regulated to deliver P, =

8kW to the secondary side. All simulations are performed for various overlapping
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ranges of frequency deviation. The results show that the RMS value of the primary
resonance current for the misalignment case increases more than the corresponding

current for the FOI case to have a constant power transfer level to the secondary

side. Figures (2.19] and [2.20)) show the simulation results for the two extreme

values of overlapping range of frequency deviation (8Hz and 672Hz). As it can
be seen from the results, the RMS value of the primary resonant current for
the misalignment case significantly increases; while in case of the FOI for both
frequency deviations (8H z or 672H z), the corresponding current does not change
so much.

Table 2.2: Specifications of IPT System and inductances of FOI and Misalignment

Fr
eq.ue‘ncy Inductance (pH) | Normal | Misalignment | FOD
Deviation

Primary (L) 172 161.32 170.2

672Hz Secondary (Ls) 172 161.29 170.45
Mutual (Las) 57.78 12.88 55.75

Primary (Lyp) 172 168.48 170.89

8Hz Secondary (Ls) 172 171.46 170.88
Mutual (L) 57.78 149.28 57.62

2.10 Speed analysis of the proposed FOD method

To measure the primary resonance frequency, the primary resonance current is
measured and used by a timer or counter as an external input clock. The time/counter
counts the number of external clock cycles within a specific sampling time period.

This can be expressed as follows:

T
Ncyc = T

(2.10)
tcyc

where N, is the counted number of cycles within a sampling period T, sam-

pling frequency is therefore f, = 1/T5, toy. = 1/ f, is the time period of the resonant

current.

Neye = T, (2.11)
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Therefore, considering (2.11]), the minimum frequency deviation is dependent

on the value of sampling time period as follows:

fr 1
df, . = 2T — — = 2.12
fmln Ncyc Ts fS ( )

According to , it can be inferred that the greater the sampling time period
is, the more accurate the resonant frequency measurement will be, as a result, the
lower the FOD speed. For instance, for the sampling time period of 1 ms and 10
ms, frequency deviation will be more than 1kHz and 100Hz respectively. In other
words, the resonance frequency measurement has natural errors of 1kHz and 100Hz
because of the sampling time period. This means that resonance frequency can be
measured with a higher speed but with a greater error or vice verse. Therefore, a

compromise between accuracy and speed for FOD method should be met.

— Receiver pad

Transmitter pad

Figure 2.21: Inductive Power Transfer Experimental set-up.

Table 2.3: IPT system specification

Parameter Value
Gap distance 200 mm
transmitter pad diameter 700 mm
Primary/Secondary self inductance (Lp, Ls) 172 pH
Compensation capacitors (Cp, Cs) 120 nF
IPT designed resonance frequency (fr) 35 kHz
AC Input voltage (Vac) 120 V
Input AC frequency (fac) 60 Hz
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2.11 Experimental Analysis

Foreign object detection proposed in this chapter is implemented on an IPT case
study system for a 5-cent coin and beverage can. The experimental test bed for
the proposed FOD and misalignment methods is shown in Fig. 2.21] It consists
of a primary resonant converter, self-tuning resonant controller, Lecroy oscillo-
scope, transmitter and receiver pads, and compensation tanks. The FOD method
is applied on the IPT set up with the specifications given in Table 2.3 As men-
tioned earlier, the self-tuning controller generates switching frequency in order to
synchronize the resonance converter to an IPT-system’s operating resonance fre-
quency. The proposed FOD scheme uses the same resonance frequency measured
by a self-tuning controller, and compared to the nominal value to detect FOI.
Once the frequency deviation exceeds the defined threshold, the controller shuts

down the IPT system by blocking the switching signals.

2.11.1 Verification Of The Proposed FOD Method For Two

Case Studies: 5-Cent Coin And Beverage Can

The experiments are done for a 5-cent coin and beverage can as two different
conductive objects with different sizes. Resonance frequency measurements using
a self-tuning controller are carried out for different positions of the 5-cent coin and

the beverage can with respect to the center of the primary power pad as given in

Figs. [2.22a] and [2.22bl As it can be seen from Fig. [2.22] the experimental results

agree well with 2D FEA simulation results. Moreover, it shows that the maximum
frequency deviation that can be caused by the 5-cent coin in the charging area is
24Hz, however, for the beverage can, the maximum possible frequency deviation
is 660Hz. The FOD controller with 200ms detection speed can detect 5-cent coin
in almost 49% of possible locations on a primary power pad, and for the beverage

can the maximum detection area by controller with 10ms sampling time period
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Figure 2.22: Experimental results achieved by the proposed FOD method(a) 5-
cent coin (49% detection area) with 200 ms sampling time (b) Beverage can (with
82% detection area) with 10 ms sampling time.
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Figure 2.23: The plot of the detection area as function of detection speed for two
tested foreign objects.
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is 82%. It shows that with the defined detection speed for both tested objects,
the detection speed of the beverage can is 20 times that of the 5-cent coin with
a higher detection probability (82% in comparison with 49%). Figure shows
the plot of the detection area for the 5-cent coin and the beverage can as function
of detection speed. As seen from Fig. [2.23] with the lower sampling time period,
the FOD controller can’t detect small size of foreign objects. It can be seen from
the figure that, if the detection speed for FOD controller is tuned to 40ms, the
beverage can be detected almost at every location on the primary power pad,
however, with this detection speed, the 5-cent coin can not be detected at all on

the primary pad.

PAnTA ol xed gumots
il s '

Figure 2.24: Primary and secondary currents when there is no misalignment/ no

FOL.

2.11.2 Experimental Verification For Discrimination of FOI

From Misalignment

In this study, the illustrated flow chart in Fig. [2.18]is implemented using AVR pro-
gramming in Atemega32a microcontroller. Current sensor installed on the primary
side sends resonance current measurement to the microcontroller; accordingly, the
resonance frequency and primary current magnitude are calculated online. The
explained logic for discrimination is used to differentiate FOI from misalignment.

Moreover, as a protective scheme, the pin(PORTA4) is defined as a shutdown
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Figure 2.25: Discrimination of FOI from misalignment (a) Primary/secondary res-onance currents w
hen the new resonant frequency caused by both casesisabout 34.77kHz (b) Primary/
secondary resonance currents when the new resonant fre-quency caused by both cases is about 3
4.85 kHz (c) Primary/secondary resonancecurrents when the new resonant frequency caused by b
oth cases is about 35.087currents when the new rkHz (d) Primary/secondary resonance 36
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command to block resonance high frequency converter once FOI detected. Figure
[2.24] shows primary and secondary resonance currents when there is no distur-
bance which contains information like: peak-to-peak magnitude, and resonance
frequency. In all experimental results, secondary side is fixed on (Ig.. = 2.7A).
In the Fig. [2.25 it is shown that in the all four cases that cause the same res-
onance frequency for the misalignment and FOI, the primary resonance current
is significantly impacted by the misalignment than the FOI. For example, if the
resonance frequency is almost 35.2kHz (depicted in Fig. for both sce-
narios, the primary resonance current (for the misalignment case) changes from
Irprim = 10.4A (Fig. to Irprim = 23.5A. However, for that frequency devi-
ation caused by FOI, the primary resonance current changes from Irp,;, = 10.4A
to Irprim = 9.7A which is quite insignificant. Some other experimental results are
presented in Fig. for frequency deviations greater than the overlapping range
of frequency deviation (f, > [8Hz,672Hz]). Plot shown in Fig. confirms the
consistency of the concept that FOI even with larger size does not significantly
affect the primary resonance currents. Therefore, combination of resonance fre-
quency deviation and primary side current could be an effective method to detect

foreign objects and differentiate them from pads misalignment.

2.11.3 Experimental Verification of the Proposed FOD Method

For Standby Mode

In the standby mode, as shown in Fig2.15] an auxiliary single phase rectifier is
proposed which can provide power as much as standby power consumption which
can create resonance current in the primary side, therefore the FOD microcon-
troller can measure the resonance frequency even in low power mode. Figure
shows the least possible voltage and current of low-power AC/DC rectifier that can

create resonance current in the primary circuit (Lgeime = 776mA, Vigine = 1.88V
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Figure 2.26:

Experimental results for larger size foreign objects(a) Pri-
mary /secondary resonance currents when the new resonant frequency caused by

FOI is about 36.033 kHz (b) Primary/secondary resonance currents when the new
resonant frequency caused by FOI is about 37.306 kHz.
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Figure 2.28: Primary resonance current (i,) along with switching signal of con-
verter (S4) with/without foreign conductive objects.

which means that Psgnasy = 1.458W is the needed no-load power of the IPT
system to have resonance current). Two cases with/ without foreign object are
experimentally investigated for standby mode, and the results are shown in Fig.
[2.28] As seen from the result, resonance frequency changes from f, = 34.95kHz

to f, = 36.42kH z which confirms that proposed FOD method using online mea-

surement of resonance frequency is independent of IPT system’s operating modes.

2.12 Summary

A sensoreless technique based on resonance frequency deviation is introduced to
detect conductive foreign objects in charging areas. The proposed method can
be implemented on self-tuning controllers that use the IPT-system resonance fre-
quency for switching frequency generation, therefore, this eliminates any need for
extra sensors or structures. The FOD method can be applied either in low-power
mode (standby) or in operational mode. Furthermore, the primary resonance
current is introduced as the complementary signal to address the proposed FOD
method’s weakness to distinguish between the smaller conductive objects and ve-
hicle positional variation. It is shown that the primary resonance current increases
more for a misalignment case than FOI. The proposed FOD method is applied on

the IPT system to detect a 5-cent coin and a beverage can, and the results have
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shown that the FOD method is fast in detection of larger conductive objects (as
tested on the beverage can) than smaller size conductive objects (as tested on
the 5-cent coin). Experimental tests have further shown that the lower the detec-
tion speed, the greater the detection area, as a result, the smaller foreign objects
detection can be realized.Also, a couple of experimental verification is done for
discrimination of FOI from misalignment for a wide range of overlapping resonant
frequencies, and the results have shown that the primary resonant current devia-

tion is an effective way to differentiate these two scenarios.
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CHAPTER 3
VIRTUAL INERTIA-BASED MULTI-POWER LEVEL
CONTROLLER FOR INDUCTIVE ELECTRIC VEHICLE
CHARGING SYSTEMS

3.1 Introduction

Generally, grid-connected EVs’ chargers can be classified into two major groups:
convectional plugged-in chargers, and wireless power transfer (WPT) chargers.
WPT chargers offer many benefits compared to the conventional chargers namely,
comfortably, elimination of drivers’ interaction in the charging process, not af-
fected by rain, dust etc, and gaining the public acceptance of EV adoption. Re-
cently, so many researches primarily focused on advancing the design and power
controller have been reported on inductive EV charging systems to realize WPT
chargers [I]. In [56] for power transferablity and the efficiency enhancement, a
sequential procedure of IPT design is proposed; simultaneously considering elec-
trical and magnetic parameters, however, it necessitates complex and cumbersome
computations. Some researches are focused on addressing load variation issues of
IPT systems as it can dramatically affect the efficiency due to off-resonance op-
eration. Reference [57] proposed a dual-stage Z-source resonance converter using
Phase Shift Modulation (PSM) for load regulation and power factor correction
purposes. However, PSM reduces the efficiency due to hard switching, unpre-
dictable switching states and unbalanced shoot through states over a period. To
realize maximum power transfer rate during charging operation, an IPT constant-
power battery charger is proposed in [58] by adding a switch-controlled capacitor
in the secondary side; providing the impedance match between IPT and load. Its
drawbacks are increased number of switches as well as the components, and re-
duced reliability. The design of an IPT multi-power controller with main focus

on simplicity and low cost without compromise on the efficiency is missing in the
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literature as proposed in this paper

From inertia perspective, replacement of conventional rotating synchronous gen-
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Figure 3.1: Representation of the VIC concept in an inductive EV charging system.

erator with converter interfaced resources has changed the grid inertia response
[59]. Traditionally, inertial response to grid dynamic is an inherent characteristic;
this allows a conventional automatic generation control (AGC)([60]) to damp the
frequency oscillation. However, with the increased penetration of renewable en-
ergy sources (RES), electric grid could suffer from a reduced inertia, deteriorating
the frequency stability [59]. To increase virtual inertia of converter interfaced RES
in microgrids, several methods have been proposed such as fuzzy-based VIC[61],
PID-based VIC [62], virtual inductance controller [63], and generalized droop
control-based VIC[64]. Different studies have implemented VIC using different
techniques namely: derivative technique[65], the rate of change of rotor speed[66],
rate of change of frequency (ROCOF)[67], swing equation based model[68-70],
power-frequency response model and synchronous machine model[7T].

In addition to the RES integration, the growing number of electric vehicle can also
cause the low inertia issue. For conventional plugged-in chargers, several strate-
gies have been proposed such as limiting EVs’ charging rate[72], implementing a
standard-compliant fast primary frequency control [73], and VIC [74] [75]. In [76],
Suul et al developed a virtual synchronous machine-based control for plugged-in
chargers enabling their online participation in frequency control and local loads

supply. Reference [77] presented a numerical analysis to show how charging sta-
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tion equipped with virtual synchronous-based controller can contribute to fre-
quency support in a microgrid. In [78], Latif et al studied the impact of plug-in
hybrid EV (PHEV) participation on damping deviation of both frequency and
tie-line power in two-area interconnected microgrid using non-integer controllers.
In contrast, no research has been carried out for VIC implementation on wireless
chargers.

Unlike the conventional PWM and PSM methods which regulate the duty cy-
cle or shift phase of inverter’s legs through implementation on expensive digital
platforms such as DSP and FPGA[56, [79-81], this paper presents far simple and
cost-effective controller. The proposed multi-power level controller is designed
through simplified digital circuits which can modulate the power transfer rate by
tuning the frequency of energy injection/regeneration to the IPT systems. The
proposed controller has effective application in IPT’s dynamic environment due
to its self-tuning feature, which can set IPT to different power levels according to
the grid need, load variation, and misalignment condition. Although the proposed
multi-power level control leverages similar advantages such as soft-switching op-
eration, self-tuning capability, low switching stress etc, the proposed IPT power
controller’s major novelty lies in the simplified and cost-effective design, high speed
due to low propagation delay in logic gates, and high efficiency.

Moreover, the VIC implementation on IPT chargers has not been investigated
yet. The virtual inertia control integrated into the proposed multi-power level
controller is thoroughly studied on the IPT charging power level(Fig. . This
paper, as the extension of [82], presents the experimental validation for the virtual
inertia-based control on IPT charging systems in an actual small-scale power grid
in detail. It should be noted that ”energy injection level” and ”power transfer
level” are used throughout the paper, and both convey the same meaning.

This paper is organized as follows: first, the VIC is formulated using power-

frequency model in the section [3.2] A multi-power level controller is proposed in
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the section |3.3. The simulation results for the controller is presented in the sec-
tion |3.5l The features of the proposed controller including the IPT power transfer
level modulation based on grid dynamics, and high efficiency thanks to soft-switch
conditions are all verified in the sections [3.6] and A testbed for experimental
validation is comprised of an IPT case study connected to a LabVolt system as

the actual grid emulator.

3.2 Power-Frequency Model Formulation

Equation (3.1)) explains the inertia of power system by representing the relation

between mechanical power, electrical power, and angular speeds:

dw

AP = Pyjeep — P. = 2H
Mech dt

+Dw (3.1)

where Ppjeen, is the mechanical power produced, P, is the electrical load seen by
generator, H is the normalized inertia constant of the machine, D is the damp-
ing coefficient of the synchronous generator and w is the angular frequency of
the grid. Conventionally, a supply-demand gap in power grid caused by load in-
crease/decrease is compensated by the kinetic energy stored in the rotor. In future
electric grid with high perpetration of EVs and other converter-based renewable
energy resources, the high inertia conventional generators will not be adequate to
keep the grid’s frequency within permissible ranges, consequently resulting in huge
frequency oscillation. In this study, inductive electric vehicle charging systems is
designed to follow the power-frequency model equation , which increases the
IPT systems’ inertia. The expected benefit of applying VIC on EV systems is

adapting EVs’ load requirements exactly based on grid dynamics.
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Figure 3.2: The flowchart of the virtual inertia based IPT power controller
3.3 IPT multi-power level resonant controller

Among many compensation configurations, series compensated are commonly used
IPT systems, as the primary current can be easily controlled in such a topology.
The output power of these IPT systems can be easily regulated by adjusting the
number of quantum of energy injection pulses. The flowchart represented in Fig.
[3.2] gives an easy and quick diagrammatic view which shows what parts and how
they are related to each other in the proposed virtual inertia-base IPT controller.
As presented in the flowchart, this proposed controller is composed of three major
sections: (a) power reference generation for IPT system through VIC referring
to the power-frequency model (3.1)), (b) multi-power level controller( subsection
which gets the power reference value from VIC and sets IPT’s power transfer
level based on new reference and (c) switching logic as shown in subsection [3.3.2]
The proposed power transfer controller is explained in details, and the design for

that multi-power level controller[82] is presented.
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Figure 3.3: The proposed VIC for inductive EV charger.

Table 3.1: Reference signals with corresponding Boolean algebra using A, B, C
signals

No. of pulses ‘ Logic ‘ Pulse No. included
1 ABC 1
2 AB 1,5
3 AB + AC 1,3,5
4 A 1,3,5,7
5 A+ BC 1,2,3,5,7
6 A+ B 1,2,3,5,6,7
7 A+B+C 1,2,3,4,5,6,7
8 CLK 1,2,3,4,5,6,7,8
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Table 3.2: Power levels with corresponding number of positive and negative pulses,
and duty cycle

Power Number of power transfer pulses | Duty-Cycle

Level # | pos. (m) ‘ neg. (n) ‘ Tot. (L) (D)
1 1 0 1 0.0625
2 1 1 2 0.1250
3 2 1 3 0.1875
4 2 2 4 0.2500
5 3 2 5 0.3125
6 3 3 6 0.3750
7 4 3 7 0.4375
8 4 4 8 0.5000
9 5 4 9 0.5625
10 5 5 10 0.6250
11 6 5 11 0.6875
12 6 6 12 0.7500
13 7 6 13 0.8125
14 7 7 14 0.8750
15 8 7 15 0.9375
16 8 8 16 1

3.3.1 Control Logic Design

To regulate the power transfer value, the amplitude of primary resonant current
needs to be changed. To do so, the power transfer rate should be changed through
transferring energy in positive and negative half cycles of primary resonant cur-
rent. In this design, primary resonant current with sixteen half cycles including 8
positive and 8 negative half cycles is assumed as a control signal. Considering each
half-cycle of the control signal as one energy pulse, power transfer can happen in
either of positive or negative energy pulses. Referring to Fig. the resonant
current(i,) is measured and fedback to the comparator logic gate as an input, then
1, is compared to 0 value in the comparator gate and produces a signal which is
defined as sign(i,), The signal sign(i,) is 1 in positive half-cycles (where i, > 0)
and 0 in negative half-cycles(where 4, < 0). This signal (sign(i,)) is then used
as the clock Clk for the first D-flip flop, and its output is named Q4. Signal
()4 is then used as the clock for the another series D-flip flop, and its output is
named Qg which is used as the clock for the third series flip flop and its output

is defined Q¢. Technically, the frequency of CLK signal are divided after either

of the three-series D-type flip-flops by factors of 1/2, 1/4 and 1/8 as illustrated in
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Fig. 3.4 These signals are then ANDed with CLK signal to produce the power

transfer reference signals (A, B, and C') which are given as follows:
A=CLK-Q4s B=CLK Qg C=CLK- Q¢ (3.2)

Applying the Boolean operators shown in Table |3.1|via logic gates (AND and OR)
on A, B, and C signals, eight reference signals for energy injection in positive half-
cycles are produced which contains 1 to 8 energy pulses as presented in Fig.
The complementary signal of CLK is defined CLK signal; the CLK and CLK
signals are used for positive and negative half-cycle of energy injection respectively.
Similarly, by using CLK as a base along with the Boolean operations given in
Table the eight reference signals for the negative half-cycles can be achieved in
the same manner. In total, sixteen different power levels are achieved by symmetric
combination of the derived reference signals( 8 reference signals of positive half
cycles and 8 reference signals of negative half-cycles) as shown in Table to
propose the multi-power level controller as presented in Fig. As an example,
when IPT’s power level is 5 (referring to Table [3.2), it means that three pulses
of energy injection happens in positive half cycle, and two energy injection pulses
occurs at negative half cycle. Therefore, the power transfer rate given as D (in
the Table is calculated by dividing the number of power level by total number
5

of pulses; for this case is 5.  These sixteen signal references are routed to two

o 1 2 3 q 5 6 rd 8

Figure 3.4: Reference C’_LK_(usi as the clock signal for the first D-type flip-flop),
and inverted outputs: Q4,Qp, Q¢ of three cascaded flip-flops (see Fig.

multiplexers as inputs. The selector bits value (ag, a1, as and by, bjand bg) of two

multiplexers (shown in Fig. obtained via the VIC determine the pair of the
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sixteen reference signals to be selected as energy injection pulses for negative and

positive half cycles which are defined S and S respectively. The

inj/rgen inj/rgen
details of switching logic using these energy injection/regeneration pulse is given
in the folowing subsection.

Table 3.3: Switching states in different modes of IPT operation

Mode | Type | Sinj/req | Simisreq | Co(AF>0) | Sclires >0) [ S1 [ S2 | S3 | Sa
1 Energy Injection (G2V) 0 1 1 1 1 0 0 1
2 Energy Injection (G2V) 1 0 1 0 0 1 1 0
3 Energy regeneration (V2G) 0 1 0 1 0 1 1 0
4 Energy regeneration (V2G) 1 0 0 0 1 0 0 1
5 Free oscillation 0 0 1 1 0 0 0
6 Free oscillation 0 0 0 0 1 0 0

3.3.2 Switching control Logic

The switching logic of four switches (green colored box in Fig. for primary
resonant converter is designed based on: energy injection signals generated by

multi-power level controller for positive current half-cycles (S; ) and negative

nj

current half-cycles (.S;,:), and resonant current direction (S.) as given in Table

inj)?
3.3l By defining one added variable named Cy as the power flow direction of IPT
system in VIC(referring to the gold colored box in Fig. , the IPT’ primary

converter can operate bidirectionally (either in G2V or V2G operation modes).
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Whenever, the grid frequency increases (Af > 0) then Cy = 1 and IPT oper-
ates in G2V mode, inversely, as the Af < 0 then Cy = 0 and the IPT charger
establishes the V2G connection. Table presents the five operation modes of
the converter considering the sign of the mentioned variables. For this controller,
IPT charger can run in three operation modes including: energy injection (G2V),
energy regeneration mode (V2G), and free oscillation mode. Finally, the switch-
ing logic are designed based on energy injection/regeneration signals of positive

current half-cycles (S} resonant current

inj) and negative current half-cycles (S

ing)s
direction (S.), and power reference sign (Cj) as given in Table The switching
logic of the switches (57, Ss, S3, and S;) are presented in equations (3.3)), (3.4),
(3.5), and (3.6) which are combined in such a way to satisfy the switches states

given in the Table [3.3]

Si =5} S S (3.3)
Sy = St Sing Se (3.4)
Sy =S Co+ S, Co (3.5)

Sy =S;; Co+ 5,

i Co (3.6)
Fig. [3.6]is also added which shows corresponding circuit of all the six modes given
in the Table [3.3] As it can be seen from Fig. [3.6] in the Model, IPT operates in
energy injection mode as the voltage across LC tank and the resonant current are
both in positive half cycles. In Mode2, the voltage across LC tank is negative,
and the resonant current is in its negative half-cycle which again both current and
voltage are in phase and the power transfer is from grid to load. In the Mode3,
Mode4, TPT operates in energy regeneration mode as the voltage across LC tank
and the resonant current are out of phase, and energy is released from EV battery
to grid. In Modeb and Mode6, the IPT operates at free oscillation which means
the output voltage of the resonant converter is zero, and the energy stored in LC

tank is being transferred toward secondary, and the resonant current reduces in

this mode until next injection/regeneration pulse is received.
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3.3.3 Fundamental Harmonic Analysis of converter’s Volt-

age

To calculate the power transfer rates in different mentioned levels, Fundamental
Harmonic Approximation (FHA) method is used. Applying the FHA method,
the fundamental component of converter’s voltage is derived at the resonance

frequency w as follows (equation (8.1))):

167

Vi = 8%/0 ’ Uprim Sin(w t) dt (3.7)

where v, is the output voltage of the primary DC/AC converter, w is the
resonance frequency, and V; is the converter’s fundamental harmonic component.
Considering m and n as the positive and negative energy injection in negative
and positive half-cycles of resonant current respectively; the output voltage can

be rewritten in a discrete way as shown in equation |3.8;

(
Vael 2T <t < BT =1 m

w

) @il o 2im 1 g (3.8)

VUprim = £
prim " "

0 otherwise

\

Where vy is the DC-Link voltage (primary three-phase rectifier’s output volt-

Figure 3.7: Geometrical parameter of ferrite bars, coil, and shield plate in the
circular power pad
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age). Equation shows that in m and n pulse number of positive and negative
half cycles, energy injection happens, and the converter’s output voltage equals to
|vge| in all these active pulses. Regarding the sign of |vg4|, it is positive for posi-
tive half-cycles of the primary resonant current and minus for negative half-cycles
of resonant current in order to always keep power direction from grid to vehi-
cle(G2V). As the second term of equation ( [3.8])), for the remaining half cycles,
the output voltage of resonant converter is zero which means that IPT operates
in free-oscillation mode. By substituting in and expanding it, equation
R4 can be achieved:

@ji—1)=

V) = _<Zﬁ(11>” Viesin(wt) dt
g=1m e (3.9)

2im

+ ; /2i_1)7r —Vaesin(wt) dt>

Equation (8.4) can be simplified to equation ({8.5)) as follows:

Vi= WZ—:W‘“ (3.10)

As defined earlier, D = (m + n)/16 can be substituted in equation (8.5) and

simplify it as expressed in equation .

Figure 3.8: 2D-FEA Model: Magnetic plot of the IPT system

V, = ;DVdc (3.11)
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To calculate power transfer rate for this system, the fundamental harmonic of pri-

mary resonant current is calculated using equation (8.5)) and expressed in equation

B7):

Vi (m 4+ n)Vye
I, = & = T de 3.12
P R, 4m R, ( )

where R., (shown in Fig. [3.6) is the equivalent resistance reflected to the pri-
mary, because at resonant frequency, the compensation capacitor and secondary

inductance cancels out each other. Then the output power can be presented as,

1
2

(m+n)*Vj

P
3212 R,,

Re 2. = (3.13)

As it can be seen from equation (8.8)), the m and n have direct relation to power

transfer rate.

3.4 Circular IPT Case Study

A circular-pad IPT system is employed as the case study for doing experimental
validation of the proposed controller. All the geometrical parameters of the circular
pad presented in the Fig. namely: spatial phase difference of ferrite bars (0),
inner diameter of ferrite (Dic), width/length of ferrite bar (L; / W), width of

coil (W,), are available in the paper [83]. A 2D finite element analysis (FEA) of
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Figure 3.9: Simulation Model: synchronous generator with enabled AGC along
with inductive charging systems and load
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the circular IPT case study is studied to show the distribution of magnetic flux
as shown in the Fig. 3.8 It is worth mentioning that the 2D-FEA results is well
match with the 3D-FEA model due to symmetrical geometry of the circular power

pad.

3.5 Simulation Analysis

In this section, a simulation model consists of a synchronous generator with en-
abled AGC, an IPT system and constant/switching loads is studied. In the nu-
merical simulation as shown in Fig. [B.9] an IPT system is equipped with the
proposed virtual inertia based multi-power level controller. The switching loads
are employed in the simulation model to add and drop frequency dynamics. Table
[3.4] shows the specification of the simulated model.

The response of the virtual inertia based IPT system is studied when the load
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Figure 3.10: Simulation results: Grid frequency (f), power deviation(AP), IPT
power level

changes at t = 1s. As can be seen from Fig. [3.10] the synchronous generator’s ro-
tor speed drops, and it takes a few seconds for the generator’s AGC to recover the
frequency to the rated value due to grid large inertia. The power level regulation
of VIC IPT system in response to the disturbance, as well as frequency deviation
plot, and the power deviation (AP) are also represented. Some other simulations

are carried out with different inertia constants (H), the results presented in Fig.
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Figure 3.11: Virtual inertia response of the proposed IPT to power grid dynamics
with various inertia Constants.
verifies that with larger grid’s inertia constant, wider range of IPT power
level owing to the proposed virtual inertia controller can participate in frequency
damping.

Table 3.4: Technical specifications for IPT VIC simulation.

Parameter Value
Generator Inertia Constant (Hgen) 10s
Generator Damping Coefficient (Dgen) 0.8
Virtual Inertia Constant of IPT System (Hy;r)  0.55-2s
Virtual Damping Coefficient (Dy;y) 0.5
Droop gain (R) 0.05 %

Table 3.5: Technical specification of IPT system Set up

Parameter Value
Gap distance 200 mm
transmitter pad diameter 700 mm
Primary and Secondary Compensation capacitors (Cp, Cs) 120 nF
Primary/Secondary self inductance (Lp, Ls) 172 pH
AC Input voltage (Vac) 120 V
Input AC frequency (fac) 60 Hz
IPT designed resonance frequency (fr) 35 kHz

Table 3.6: LabVolt dynamometer/generator rating specifications

Torque Angular Speed Active power
Dynamometer T=0—-3N.m w = 0 — 2500rpm P = 350W

Apparent Power power factor Angular Speed
Generator 200V A 0.8PF w = 1800rpm
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Figure 3.12: Experimental setup: Inductive Power Transfer connected to an Lab-
Volt grid emulator which is comprised of synchronous generator, RL loads.

3.6 Experimental Analysis

VIC for inductive EV charging systems proposed in this paper is implemented on
an [PT case study system. The experimental test bed of VIC is shown in Fig. 3.12
It consists of a primary resonant converter, multi-power-level resonant controller,
transmitter and receiver pads with compensation tanks, LabVolt system which in-
corporates different modules including synchronous generator, four-quadrant dy-
namometer, and RL loads, and Lecroy oscilloscope. The microcontroller embedded
programming is used to implement VIC (measuring the grid frequency and spec-
ifying the power level). The specifications of IPT, and Labvolt components are
presented in this section. The Table shows the specifications of the IPT setup
which is connected to the LabVolt system. In Table the rating parameters of
dynamometer (prime mover) and generator modules of LabVolt testbed are given.
The experiments for validation of the proposed VIC controller is only done for low
powers due to the practical limitation of the LabVolt testbed. The power rating
of the generator module in the LabVolt system is limited to 200VA which is only
suitable for low power level experiments as presented in this paper. The grid fre-

quency fluctuation is measured through the shaft encoder’s TTL output accessible
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in the dynamometer module of LabVolt system. In this paper, the synchronous
generator module of the testbed is set to run in the clock wise prime mover mode.
Frequency change is applied to the emulated grid through step by step change in
R/L load (in three steps as shown in Table . The power rating and voltage of
the R/L loads in the LabVolt system are 252 wat/var and 120V respectively.

TTL output’s frequency of generator shaft(f 771 outpue) is multiplication of
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Figure 3.13: power transfer level (a) level 2(b) level 3 (c) level 4 (d) level 5

the frequency by factor 180, i.e. for nominal frequency(fs), its frequency is
60 x 180 = 10800Hz. Accordingly, for any other generator speed, the equiva-

lent grid frequency can be calculated through (3.14)).

f Outpu
qu—gm'd = —TTfSO tput (3.14)
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Table 3.7: Resistive and Inductive loads of LabVolt

R/L stepl Step2 Step3
Resistive Load R =300 R =600Q2 R = 120002
in=04A ip=02A ip=0.14

Inductive Load X =300 X =6002 R = 1200Q2
i, = 0.4A i =0.2A ir, = 0.1A

Where f 171 output i the frequency of shaft encoder output accessible in the
LabVolt system, fgq—gria i the equivalent grid frequency of the LabVolt system

as the grid emulator.
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Figure 3.14: power transfer in different level (a) level 6 (b) level 7 (c) level 8 (d)
level 9

Parameters P1,P2,P3, and P4 presented in the experimental results, Figs.
to derived from Lecroy oscilloscope are used to calculate the waveform
attributes including rms value, peak-to-peak value, mean value, and frequency of

signals. Moreover, F1, F2, F3, and F4 are the math functions to do math oper-
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Figure 3.15: Power transfer level (a) level 10 (b) level 11(c) level 12(d) level 13
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Figure 3.16: power transfer level (a) L= 14(b) L= 15 (¢) L= 16
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ations on channels such as multiply, fast Fourier transform, square, sum and so
on. In this paper, F1 and F2 are used to multiply two channels as used in the
Fig. |3.20l Finally, it should be noted that although the design of the proposed
VIC power level controller is presented for bidirectional power flow control, the

experiments in the paper are carried out for G2V connection.

Af

L=16 IPT Power
Level

L=0

v

Figure 3.17: Frequency deviation VS the IPT power level number (1% < SOC <
99 %)

3.6.1 VIC Implementation on IPT Multi-power Level charger

Experimental implementation for the proposed IPT multi-power level charging
system with VIC which regulates the power transfer level according to the fre-
quency deviation is presented. In Fig. when the shaft encoder frequency
as measured by P4 ; freq(C4) in the plot is 9.91 kHz, which is equivalent to grid
frequency (fgria) of 55.05Hz referring to , and the IPT system is set on
power level 2. This means that the energy transfer only happens in one pulse of
both positive and negative half-cycle, and, the duty cycle is D = 136. In other
words, the VIC sets the IPT’s power level at 2 as a response to low grid frequency,
thereby reducing power transfer from the grid to the IPT system. As shown in
Fig. [3.13a] the peak-to-peak value of primary resonant current measured by P1

; pkpk(C1) in the plot is 4.35A. The results of IPT power response are repeated
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for grid frequencies of 55.61Hz, 56.01Hz, and 56.54Hz in Figs. [3.13D)], [3.13d], [3.13d

respectively. These results affirm that the energy injection level of IPT system
are modified by the proposed virtual inertia-based multi-power-level controller for
the set grid frequencies to level 3, level 4, and level 5 respectively. The IPT’s

primary currents (peak-to-peak) for those mentioned power transfer levels tuned

by the VIC are 5.12A, 5.89A and 6.91A respectively. Figs. [3.14al [3.14D] [3.14d]|,

[3.14d], are the repeated results for grid frequencies of 57.44Hz, 58.06Hz, 58.62Hz,
and 59.19Hz. Again, the results show the change of the power transfer level tuned
by the virtual inertia-based multi-power-level controller. In Figs. [3.14a] [3.141]
B.14d, 3.14d] power transfer levels of 6, 7, 8 and 9 are achieved for the set grid
frequencies respectively. Their corresponding peak-to-peak value of primary reso-
nant currents are 7.74A, 8.26 A, 8.64A, and 9.66A respectively. Figs. [3.15a], [3.150]
[3.15d, and [3.15d], are the results for grid frequencies of 59.86Hz, 60.71Hz, 61.47Hz,

and 62.12Hz. Again, the results show that the power transfer level is well regulated
by the virtual inertia-based IPT controller, which are levels 10, 11, 12 and 13 for
the set frequencies. The primary current (peak-to-peak) for these power transfer
levels are 10.24 A, 10.69A, 10.88A, and 11.07A respectively. As the grid frequency
increases, the power transfer level as well as the primary resonant current increases
which is in line with the virtual inertia strategy to synchronize the IPT system’s
power level with the electric grid frequency. Figs. [3.164] [3.16D] and show
the IPT’s power transfer levels which are 14, 15, and 16 when the grid frequency
becomes 62.87Hz, 63.16Hz, and 64.47Hz respectively. Taking Fig. as an
example, energy injection pulses in all positive and negative half cycles are high.
This again shows that the VIC increases the IPT’s power level with increase in
frequency. The peak-to-peak value of primary current 11.2A4, 11.39A, and 11.65A4,
for these high power levels (14, 15, and 16) show high power demand in response
to the increased grid frequency. The experimental results have shown that the

proposed IPT power controller is designed to regulate the power transfer level in
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Figure 3.18: Battery power change in response to grid frequency fall using the
VIC-based inductive charger.
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Figure 3.19: Battery power change in response to grid frequency rise using the
VIC-based inductive charger.

response to grid frequency change at Grid-to-Vehicle operational mode as shown

in Fig. [3.17, as long as the EV battery’s SOC lies between 1% or and 100%.

3.6.2 Casel: The grid frequency decreases From [ = 60z

(Normal) to f = 58.38z

In this scenario, the grid frequency drop is applied to better show the ability of
the virtual inertia-based multi-power level controller to regulate the number of
power transfer pulses in response to grid frequency fluctuation. As shown in Fig.
when the grid frequency is f = 60Hz (normal), the power transfer level

is 10. Based on the figure, it means that the IPT multi-power level controller
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injects energy in 5-negative/5-positive pulses out of totally 16 half-cycles. When
the load increases, the grid frequency gradually decreases, and the IPT virtual
inertia-based multi-power level controller accordingly lowers the power transfer
level to 9 ( 4-negative pulses and 5-positive pulses) referring to Fig[3.14dl When
the grid frequency further drops to (f = 58.38Hz), the proposed virtual inertia-
based controller lowers power transfer level to 8( 4-negative pulses and 4-positive
pulses) as shown in Fig[3.14d

All this scenario of grid frequency’s drop which is afterward restored back to the
normal frequency (60H z) happens in scale of second in the actual LabVolt System.
Given the demonstrated scenario, the battery power in the receiver side presented
in the Fig. which is decreased under grid frequency fall and then gets back
to the normal power level when the grid frequency returns to 60Hz. This scenario
further validates the virtual inertia-based IPT’s performance in controlling the

EV’s battery demand in response to grid frequency decrease.

3.6.3 Case2: The grid frequency increases from f = 60z(normal)

to f =61.22z

In this scenario, the grid frequency rise is applied to show the ability of the pro-
posed virtual inertia-based multi-power level controller in tuning the number of
power transfer pulses. As previously shown in Fig. [3.15a] when the grid frequency
is f = 60Hz (normal), the power transfer level is 10. However, when the load
decreases, the grid frequency increases, and the proposed virtual inertia-based
controller increments the IPT power transfer level to 11. When the grid frequency
rises to (f = 61.22Hz) referring to Fig. [3.15b] the proposed virtual inertia-based
IPT controller adds one more energy injection pulse, and the power transfer level
becomes 12 (see the Fig. . All this scenario of grid frequency’s rise which is
afterward restored back to the normal frequency (60H z) happens in scale of second

in the actual LabVolt System. Given the explained scenario, the battery power in
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the receiver side presented in the Fig. [3.19]is increased under the grid frequency
rise to remove the oscillation. The battery power gets back to the normal level

when the grid frequency returns to 60Hz.

3.7 efficiency analysis of the proposed multi-power level

IPT system

As explained, the primary converter is a two-stage AC/DC/AC converter includ-
ing a full-bridge three-phase AC/DC converter connected to a 60-Hz three-phase
supply, and the DC/AC converter controlled with the proposed multi-power level
controller. And, in the receiver side, the rectifier converts the induced voltage for
battery storage system. In this section, two types of efficiency are measured for the
proposed multi-power level IPT system: the Grid-to-Battery efficiency (ng2p5) and
the primary resonant converter efficiency (fcony.). The measurements of battery
side and grid-side parameters namely powers, voltages, and currents are presented
in Fig. 320l In these subplots, the grid’s a-b line-line voltage and a-phase cur-
rent are used for channell (C1) and channel2 (C2) in the oscilloscope respectively.
And, F1(C1 x C2) shown in each subplot is a math function which calculates
the products of channell(C1) and channel2 (C2) signals. In other words, F1 cal-

culates Vg, x I, , and, P3(mean(F1)) measures the mean value of F1 as shown
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in the purple-dashed box in all the subplots. By multiplying P3 value by \/(3),
the three-phase power in the grid side is obtained. Similarly, channel3 (C3) and
channeld (C4) measure the secondary rectified current and voltage respectively.
F2 calculates Vi X Iy and it gives the DC power in the secondary side. Likewise,
P6(mean(F2)) measures the mean value of the battery power in the receiver which
is shown in the red-dashed box of all plots.

The plot of Grid-to-Battery efficiency (1g25), the converter efficiency (nconw.), and
the secondary rectified power (P,..) for all IPT’s power levels are shown in Fig.
based on carried out measurements in different power transfer level. As it
can be seen, when the power transfer level increases, the Grid-to-Battery efficiency
(ng2p) increases, and reaches up to 89.45% at level=16.

Moreover, it can be concluded that the IPT’s total loss increases as the power
transfer level decreases due to increase of the number of the IPT’s free oscillation
states (as depicted in Mode 5 and Mode 6 in Figs. As mentioned, in these
modes, the energy injection pulse does not happen, however, the primary resonant
current flows through the short-circuited LC which lead to higher conduction loss

accordingly.

3.8 Summary

The power-frequency model is used to implement VIC in IPT systems. An IPT
multi-power level controller is designed using logic circuit gates which can produce
16-discretized power transfer levels in total. It is shown that VIC implemented
via the firmware programming on microcontroller provides the appropriate power
transfer level in a real time manner based on the grid frequency fluctuation. The
[PT multi-power level controller accordingly regulates the quantum number of en-
ergy injection based on the power level set by the VIC. This allows the IPT EV
system to appear as a high inertia load to the grid. Experimental results derived

in an actual small-scale power grid(LabVolt system) verified that when frequency
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either increases or decreases, the proposed VIC sets IPT system either on higher
or lower level respectively. The main advantages of the proposed are as follows: 1)
Instead of user-defined power reference values, the IPT power reference is selected
by VIC; contributing to grid stabilization 2) Simplicity and ease of implementation
of multi-power level controller 3) the primary high frequency converter benefits
from resonance frequency tracking capability due to the synchronization of switch-
ing operations with the resonant current and 4) The proposed VI IPT controller

benefits from soft-switching operations (both ZCS and ZVS)
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CHAPTER 4
AC-AC MATRIX CONVERTER FOR INDUCTIVE POWER
TRANSFER SYSTEMS

Inductive, Electric Vehicle (EV) charging systems have gained much more in-
terest compared to the conventional plugged-in EV chargers due to comfortablity,
and safety. Regarding high-frequency converters in inductive EV charging sys-
tem, there are many switching techniques proposed in literature which can be
categorized into two major groups including carrier based and non-carrier based
methods. Conventional carrier-based Pulse Width Modulation could be employed
to modulate magnitude and phase of the converters’ output, which result in un-
necessary shoot-through states; thereby, increasing the power loss and decreasing
the converter’s efficiency [84, 85]. On the other hand, non-carrier based PWM
methods have become more popular as the switching states are only selected
out of limited switching states; resolving the problem of unnecessary switching
states. However, there are some issues reported in the literature regarding non-
carrier based PWM methods. For instance, the Space Vector Modulation (SVM)
requires exact time calculation of each time interval in each sector [86]. Some
other researchers have used lookup-based PWM technique using energy injec-
tion/regeneration and free-oscillation concept in IPT system [87H89], which can
regulate power transfer level in both directions (grid-to-vehicle (G2V) or vehicle-
to-grid (V2G)). The major problem with this switching method designed based on
energy injection/regeneration and free-oscillation concept is its variable switching
frequency. As each power transfer level necessitates different switching frequency
(a fraction of IPT operating frequency), therefore, this adversely affects the power
transfer capability. In this paper a new lookup-based PWM technique is pro-
posed for AC-AC matrix converter, the conduction period in active state defines
the power transfer level in the IPT system. There are many benefits in using

the proposed method which include; self-tune capability, low total harmonic dis-
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tortion, avoidance of unnecessary switching state, and fixed switching frequency
for all possible power transfer level. In one hand, the power transfer rate can be
regulated within a fixed switching frequency in a constant operational condition
and on the other hand, with dynamic behaviour of IPT system (due to misalign-
ment, or load variation), switching frequency can track resonance frequency as it

is synchronized with the resonance current.
4.1 Switching control Logic

In the proposed method, the goal is to regulate the conduction phase («) within a
switching period ( ) using predetermined switches. As shown in Fig. [4.1] the IPT
matrix converter using the proposed switching technique is presented. The power
transfer rate in the resonant tank calculated using converter voltage (V,,;) and the
resonant current (/,) is compared with the IPT set point. The desired conduction
phase of the converter («) is obtained after the power error passed through the PI
controller. For the proposed switching technique, conduction phase and resonant
frequency (w,.) are necessary to generate the switching signals. As can be seen from
Figs. and switching logic in G2V mode are explained in two scenarios:
when the input ac supply of the converter is in positive half cycle (V. > 0) or in

its negative half cycle (V. < 0) respectively.

SW1 SW2 IPT Sec.
| system C lre Converter
p o g
I > ]
2 L 22
~ out c oy}
out ai‘_
AC 5
supply SW3 SW4 <
_I Power
PLL Calculation
V,
Time interval and o —,—[‘
corresponding Power
switching signals are ik “ e Ref.
selected (referring to
Figs, 3 &4)

Figure 4.1: Schematic: AC-AC matrix converter for IPT system
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[t0-t1]: Zero State [t1-t2]: Active State

[t5-t6]: Zero State

[t4-t5]: Active State

Figure 4.2: TPT’s primary resonant current path for six operation modes when ac
supply voltage is in positive half cycle (V)

As can be seen from Fig. [£.3] the first interval [ty — ¢;] runs as zero state and
the output voltage of the converter is zero (referring to subplot g in Fig. , and
SW; and SW5 conduct in this interval, and the corresponding operational power
circuit is also presented in Fig. [4.2] In second interval [¢; — ¢»], the converter is
in active state; since the resonant current (/,.) is in positive half cycle and the
output voltage of the converter should have the same sign +V,. as well (see the
subplot ¢ in Fig. ; resulting in forward power transfer (G2V) as the product
of voltage and current is positive. That’s the reason for selection of SW; and
SW, in this interval; the corresponding operational power circuit of this interval
is presented in Fig. [4.2l It should be noted that since the frequency of AC
supply is 60H z which is way smaller than the IPT operation frequency 85K H z,

therefore the rate of change in ac supply is relatively low and the ac voltage
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Figure 4.3: when ac supply voltage is Figure 4.4: when ac supply voltage is
positive (V. > 0) negative (V,. < 0)

(Vae) can be assumed constant in this interval. In the rest of the time intervals
over a resonance frequency, these explanations given for first two intervals can be
applied. For the Fig. [£.4] the opposite switching signals repeated, for instance
in the second interval, since the input ac voltage is negative (V. < 0), therefore
switching signals SW2 and SW3 conduct so that positive voltage is produced in
the output of the converter; resulting in forward power transfer (G2V).

The reverse power transfer (V2G) can be realized by adding phase shift of 180° to
the conduction phase («);making the resonant current out of phase with respect to

converter’s voltage . Therefore, the IPT system can have bidirectional capability.

4.1.1 Fundamental Harmonic Analysis of converter’s Volt-

age

Fundamental Harmonic Approximation (FHA) method is used to calculate the
converter output voltage. The fundamental component of converter’s voltage can
be expressed at the resonance frequency (w,) as follows:

w [t
Vi Vot SIN(w t) dt (4.1)

27 s,
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where v,,; is the output voltage of the primary AC/AC converter, and V] is the
converter’s fundamental harmonic component. ¢y and tg are the first and last tim-

ing of interval over a resonant frequency. The output voltage of converter in differ-

ent intervals can be formulated as given below (4.2). By substituting (4.2)) in (4.1))

(

|Vac| 1 S t <ty

and expanding it, eq.(4.3|) can be achieved.
P & 4 Vout = _l‘/ac| ty <t <ts (42)

0 otherwise

\

V, = _(/ Viesin(wt) dt +/ —Vaesin(wt) dt)
2 t1 2

(4.3)
The timing for either of intervals over a switching frequency is defined in (4.4)).

Eq.((4.3])) can be simplified to eq.(4.5)).

o=t ety =t T Yty =t = oYt = b T Y g = o
1= B 2,2—0 9 2,3—7T,4—0 B 2,5—0 9 2,6—7T7
(4.4)

2 @
Vi = —Vaesin(= 4.5
1= sin(5) (4.5)

Using the relation of voltage in eq[4.5] the primary current can be calculated as
shown in eq. 4.6 and power transfer rate of the IPT system can be also calculated

as well.

Vi 2
I r = = —
P Ry om

Vac

€q

2

sin(%) (4.6) P:%Req[;: Ve (1—cos (o)) (4.7)

2 32
T RZ,

where R., (shown in Fig. [4.2)) is the equivalent resistance reflected to the
primary, because in well-tuned IPT system (at the resonant frequency) the reactive

inductance of compensation capacitor and self inductance neutralize each other.
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4.2 Simulation Analysis

In this section, a simulation model of an IPT system and an EV battery connected
to the secondary side of IPT is investigated. Table shows the specification of
the simulated model. The proposed switching method is applied to the primary
side of a high-frequency AC-AC matrix converter. The power transfer charging
level of the IPT system is increased from P,.; = 8kW to 10kW at the fourth
cycle of main ac supply (¢t = 4/60). As it can be seen from Fig. when [PT
power transfer rate is 8K, the conduction phase(a) changes in opposite manner
with respect to main supply voltage (|V.|). On the other hand, at 10KW the
conduction phase(«) is almost 180°;not changing too much. The fourth plot in
Fig. shows that the averaged IPT power tracks the set points. As seen from the
figure, as the power set point changes, the averaged IPT power increases, settles
and again increases. However, this is due to the fact that the power calculation
is done over the @ period. The instantaneous power shown in the third plot of
Fig. clearly shows the dynamic change of IPT power in response to the change
in the power reference. In Fig. the plots of ac voltage, resonant current, along
with grid current are shown within seven main frequency cycles (60Hz). Since
the detailed view of resonant currents and switching signals are difficult in this
time scale, these plots around three different points marked as pointl, point2,
and point3 (see Fig. are shown in scale of resonant frequency in Figs ,
4.8 and respectively. As it is evident, the switching signals in Figs[4.7 and
[4.8] conform with the switching patterns illustrated in Figs[4.3 and .4 which are
explained earlier for positive/negative grid ac voltage. Moreover, a = 180° in
Fig. [4.9] shows complete conduction in either of positive and negative half cycle

of resonant current which happens to increase the IPT power rate.
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Table 4.1: Technical specification of simulation model

Parameter Value
Main ac Supply (Vac) 120 v
Primary and Secondary Compensation capacitors (Cp, Cs) 38 nF
Mutual Inductance (Ljy) 20.52 uH
Primary/Secondary self inductance (L, Ls) 92.31 uH
Input AC frequency (f) 60 Hz
IPT designed resonance frequency (fr) 85 kHz
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Figure 4.9: plots of I, , V,,: , and switching signals for few cycles around the

points as marked in Fig.
4.3 Experimental Validation for the multi-power level con-
troller with Zero states

In order to validate the effectiveness of the proposed multi power level control, a
Dynamic IPT (D-IPT) setup is implemented. The switching logic is programmed
on an Intel®) Cyclone V. FPGA board. The dynamic IPT setup comprises of
5 bipolar transmitting couplers and a movable receiving coupler. The technical
specifications of the D-IPT is as presented in Table[8.2]

The proposed switching logic is programmed in cyclone v 5csemadu23c6n and

tested in the same setup described earlier. The experimental result for switching
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signals, resonant current and voltage for two different cases when input AC voltage

are positive and negative is as shown in Figs and
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Figure 4.10: Experimental result for switching signals (SW1 and SW4), resonant
current and converter output voltage when input AC voltage are positive
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Figure 4.11: Experimental result for switching signals(SW2 and SW3), resonant
current and converter output voltage when input AC voltage are positive

Table 4.2: Technical specification of IPT system Set up

Parameter Value
Gap distance 200 mm
transmitter pad diameter 352 mm
Primary and Secondary Compensation capacitors (Cp, Cs) 82 nF
Primary/Secondary self inductance (Lp, Ls) 38.3 uH
AC Input voltage (Vac) 120 V
Input AC frequency (fac) 60 Hz
IPT designed resonance frequency (fr) 90 kHz
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Due to limited voltage probes of oscilloscope, the experimental results showing

the states of SW1 and SW4 during modes M1... M6 and SW2 and SW3 during

modes M1...M6 are as presented in figs. |4.10| and [4.11| respectively. As can be

seen from Figfd.10] and Figld.T1] in positive half cycle of current and time interval
M1, switches SW1 and SW3 start conducting. The ON state of SW3 and SW1
generates a zero voltage state. The zero voltage (in mode M 1) (green plot) as well
as a path for flow of resonant current in positive half cycle is shown in both figs.
[4.10 and [4.17] .

Next, during M2 time interval, switches SW2 and SW3 turn off, while switches
SW4 and SW1 turn ON. This produces a positive output voltage. In the next
mode M3, switches SW2 and SW4 turns off, while SW1 and SW3 are turned
ON switches which creates a zero output voltage, additionally forming a path for
resonant current in positive half cycle.

During the M4 time interval, the resonant current is in negative half cycle.
Switches SW2 and SW4 turn on, which create zero voltage state and establishes
a path for flow of negative resonant current as seen in figs. and . In the
next time interval M5, switches SW1 and SW4 turns off while switches SW2 and
SW3 turns on. This produces a negative output voltage which is in phase with the
resonant current in order to transfer power toward EV. Finally, in the last mode
M6, switches SW1 and SW3 turns off while switches SW2 and SW4 turns on. The
ON switches SW2 and SW4 causes a zero voltage state as well as circuit path for
flow of resonant current. As it can be seen, energy injection operational modes,
undesirable negative power transfer did not occur, which verifies the effectiveness

of the proposed control and switching technique.

4.4 Summary

A new switching technique for single stage AC-AC matrix converter is proposed.

Unlike conventional carrier-based PWM techniques, it employs predetermined
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switching vector to eliminate unnecessary switching such as shoot-through, and
reduce THD as well as conduction loss. The proposed method improves the per-
formance of IPT system in power regulation by adjusting the conduction angle
in active state. This method modulates the power transfer level over a constant
switching frequency when there is no load variation or misalignment, furthermore,
it can always provide resonance condition in IPT system as the switching fre-
quency is synchronized with resonant current. A simulation study carried out
clearly showed the self-tuned performance of the proposed converter in tracking

the IPT power reference.
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CHAPTER 5
AN ACCURATE ONLINE PARAMETER ESTIMATION
TECHNIQUE FOR INDUCTIVE ELECTRIC VEHICLE
CHARGING SYSTEMS

5.1 Introduction

Inductive Power Transfer (IPT) is a promising technology can be used in wide
range of applications. Specifically, IPT enables contactless charging which brings
more convenience to the use of electric vehicles (EVs). Unlike conventional wired
charging systems, inductive charging systems should be able to adapt to differ-
ent charging conditions. Although the technical specifications of inductive EV
chargers should comply with well established standards [37], EVs may still have
different requirements e.g. in terms of ground clearance and traction battery volt-
age. More importantly, during the charging process, EVs can have changes in
their ground clearance due to loading/unloading. Therefore, the major challenge
in IPT systems is to maintain the maximum power transfer efficiency in any op-
erating conditions. The maximum power transfer operating point of an inductive
charging system is determined by the primary power electronics controller based
on several key parameters including primary and secondary self-inductances, air-
gap and traction battery voltage, and charging requirements. For improving the
energy transfer performance under wide load range and frequent misalignment, a
countless of control techniques as well as various topologies have been proposed
which result in so many remarkable achievements in IPT development and even
commercialization. Multi-powerlevel IPT controller is introduced in [90, OT] which
enable self-tune under load change throughout the charge process. In [02], variable
frequency phase shift technique is applied in LCC-Series IPT system which signif-
icantly reduce loss and guarantee soft switching (ZCS and ZVS). However, these

variable frequency techniques differ the IPT system operational frequency from
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Figure 5.1: A typical Series-Series IPT system

the resonant frequency which makes IPT operates off its desired design frequency.
To resolve this issue, impedance adjustment scheme are getting popularity [93-05].
Study [96] has proposed a continuously adjustable capacitor for Multiple-Pickup
IPT system which can match impedance network under variable frequency. In
[97], variable inductive impedance matching is introduced using multi-loop con-
trol technique; this adjustable inductive scheme is applied to adjust both primary
and secondary impedance.

Even with so many control techniques for soft switching, impedance networking
matching schemes, power electronics typologies ([98]), and coupler configurations([99])
are introduced for efficiency enhancement, still a big issue is the self-tune capabil-
ity of IPT as it is missing in the literature. It means the adaptive IPT controller
should be considered which identify the parameter values of pickup side and reg-
ulate the charging level accordingly. To do so, online parameter estimation in
IPT systems can be employed to continuously adapt the IPT system to the target
system variations and track the maximum power transfer efficiency. Therefore,
online parameter estimation is essential and can significantly contribute to the
performance enhancement of IPT systems. Also, parameter estimation methods
that do not require information from the receiver side are of more interest as
the need for communication between the transmitter and receiver is eliminated.
Parameter estimation methods for IPT systems have been studied in [T00-103].
These methods are primarily based on impedance analysis. In [I00], a magnetic

coupling coefficient estimation based on impedance measurement is proposed. In

82



study [104], the coupling coefficient estimation method WPT system is proposed
through impedance analysis which only uses primary side information. The es-
timation method can be operational if only if a decoupled circuit applied to the
pickup side, However, simultaneous estimation of magnetic coupling and secondary
load is not reported in the literature. In this chapter, an online parameter estima-
tion method that determines both magnetic coupling factor and battery charging
current simultaneously in real-time is presented. The proposed method is de-
veloped based on the derivation of analytical formulations for magnetic coupling
factor secondary battery charging current and voltage as functions of primary cur-
rent, primary compensation capacitor voltage and electrical specifications of the
system. Therefore, the developed method only requires information from the pri-
mary side. The proposed method is developed based on the assumption that the
IPT system is driven exactly at the resonance frequency. The proposed method is
simulated MATLAB/Simulink and is experimentally implemented in a prototype.

The results confirm the effectiveness and accuracy of the proposed method.

o

Figure 5.2: Series-compensated inductive charging system: equivalent circuit and
corresponding variables.
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5.1.1 Magnetic Coupling Coefficient Estimation

The equivalent circuit of a in series compensated inductive battery charging system
(Fig. is shown in Fig. |5.2| where, v and i, are the voltage and current outputs
of the primary converter receptively, is is the secondary current, r; and ro are the
equivalent resistances of the primary and secondary sides respectively. r; and ry
incorporate the equivalent series resistances of the compensation capacitors, coils,
magnetic core and shielding plates. It can be shown that the secondary RMS

current I then can be calculated as,

wMI, — 22V
I = -« 75 (5.1)

2

where Vp is the traction battery voltage. In a series compensated IPT system
which operates at the resonance frequency w, the equivalent load resistance re-

flected to the primary can be expressed as [11],

w2 M?
Ry = —— 5.2
! To + RB ( )
where Rp = %5‘1/—’; Therefore, using (5.1)), (5.2) can be rewritten as,
M MI, — 24/2V,
R,, = “MmwMh V2Vp) (5.3)

7TT2[1

nput Cu—ve _
\ voltage (i) i = ———e !

a)L1

¥
Vel
'd
t
1+ e /b TN

Ve = — —U

arm

l—e < — >

sin(w, )

current zero-
crossing points

Figure 5.3: A conceptual plot of the resonant current, capacitor voltage and cor-
responding analytical formulations.
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By applying KVL to the primary, fundamental harmonic component of the
input voltage applied to the primary can be written as V) = (1 + Re,)I;. Thereby,

using (|5.3)), the primary and secondary currents I; can be derived as,

I - Vi + 2v/2wM Vg - TwMV, — 2v/2r Vg (5.4)
L (s + W2M?) 27 w(rirg + w2 M?) '

By solving (5.4) for M and using the definition M = k+/L;Ls the coupling

factor k£ can be derived as,

V2V + 2VE+ w21 (Vi — i ]h)
N TWH/ L1L2 ]1

Using (j5.4)), the coupling factor k& can be estimated based on primary RMS

k

(5.5)

current measurement (/7). Assuming r; and ry are negligible, the coupling factor

is approximated as (5.6)):

o 2V2Vs (5.6)

WA/ LlLQ [1 '

5.1.2 Battery Charging Current Estimation

The battery charging current (/) can be calculated by using (5.4), (5.5) and the
fact that in a rectifier the battery charging current Iz = %5]2 can be estimated

as,

B 2V 2rwk/L1 LV — 81 Vi

Ip 5.7
7T2(7"17"2 + UJ2]€2L1L2) ( )
> V2Vs + \/2V§ + 72rL, (Vi — r,1)
L ™ k= > k
> r/L L1
V > 2\/27[60](\ /LI,L_YV1 - 87’1 VB I
> Ip = >
1 |—> ‘ 72 (riry + @*k2L,Ly) B
> (2] V) — V1 l—_> W2 K2L.I
= —1 — _ s1B NG
VC_)a 7TO<Vco+V1) >VB_T 'VB

ay

Figure 5.4: The flowchart of the developed parameter estimation method based
analytical formulations.
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Figure 5.5: The simulation results of the developed parameter estimation method

Also, assuming 1 = 0, (5.7]) can be further simplified as :

2v/2V,

Ip= ——Y=2"2
B rkIiL,

(5.8)

5.1.3 Battery Voltage Estimation

In IPT systems, the primary resonant current (i;) referring to [55] during any

half-cycle can be written as (5.9)):

iy = uw_—ljcoe_a” sin(w,t) (5.9)

where v is the primary capacitor voltage at the resonant current zero-crossings,

a, is the damping constant and, w, is the damped resonance frequency of the IPT
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system (see Fig. [5.3). In steady-state, v, can be calculated according to [55],

arm

l+e v
Voo = — —am U
1l—e v

By solving ([5.10) for «,., the following is derived,

wlo Ve — U
oy = —
" ™ & Veo + U

(5.10)

(5.11)

Also, the following set of equations can be derived for «,., reflected load resis-

tance to the primary R.,, equivalent AC charging load resistance R, and equivalent

battery resistance Rp:

Re, w2 M? 8 Vs
Q. = 2_Ll Req = RS Rs = PRB RB = E

Using (5.12)), the battery voltage can be estimated as,

2wk Lol g

Vs = 16,

—Receiver pad

Transmitter pad

! - - = : i
m Ede )
. - B, Three-phase

Rectifier :
g = |

5 — . _F
parameter estimatioﬁﬁ L

(5.12)

(5.13)

Full-bridde
inverter

Figure 5.6: The experimental setup of the inductive charging system prototype

with online parameter estimation functionality.

In Fig. the overall flowchart of the developed parameter estimation method

based analytical formulations. As shown, only primary side measurements ([,

V,, and vy) are used to estimate the magnetic coupling (k) and the secondary

battery charging current and voltage (Ip and Vg). According to Fig. there
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Figure 5.7: The estimated coupling factor and battery charging current while the
airgap is reduced for 10.5 seconds.

is an algebraic loop in the flow of the parameter estimation method. This issue is
addressed by assigning the setting the initial value of Vp as the nominal traction

battery voltage.

5.2 Simulation Analysis

In order to demonstrate the effectiveness and accuracy of the proposed param-
eter estimation method MATLAB/Simulink simulations are carried out in two
scenarios, the results of which are presented in Fig. The simulation model
is composed of a WPT4 22kW battery charger [105]. In the first scenario, the
coupling factor is suddenly reduced from 0.2 to 0.16 at ¢t = 5ms (Fig. [5.5(a)).
One assumtion in this simulation study is the self-tuned ability of the IPT power
controller. As a result of the step change in coupling factor, the battery charging

current in the secondary side is increased to compensate the reduced coupling fac-
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tor. As can be seen from [5.5(a)), the estimated battery current also tracks closely
the actual simulation counterpart.

In the second scenario, the DC voltage level at the primary side is reduced from
300V to 250V at t = 5ms (Fig. [5.5(b)). These results show that the proposed
algebraic estimation method can accurately track the actual magnetic coupling

factor and the battery charging current with high accuracy in real-time.

5.3 Experimental Analysis

The proposed method is experimentally implemented experimentally. The exper-
imental setup which is shown in Fig. is comprised of primary AC/DC/AC
converter connected to a variable three-phase AC input, the secondary AC/DC
converter connected to a battery, and primary and secondary magnetic struc-
tures with an airgap of 250mm. To demonstrate the effectiveness of the proposed
method, an experiment is performed by reducing the airgap between the transmit-
ter and receiver for about 10.5 seconds and then going back to the original con-
dition. The proposed parameter estimation is programmed in the LeCroy scope
and the result is presented in Fig. 5.7 The estimated parameter including cou-
pling factor, secondary side battery current as presented in the flowchart are
calculated using MATLAB Mfile based on the primary side measurements. This
figure shows that using the developed method, the parameters can be effectively

estimated in real-time.

5.4 Conclusions

An online parameter estimation method that can simultaneously determine the
magnetic coupling coefficient and the load at the secondary has been introduced.
The proposed method is developed based on the analytical formulations for the

magnetic coupling, battery charging current and battery voltage that are expressed
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in terms of primary side measurements and system specifications. The proposed
method is simulated and experimentally validated and the results are presented.
The simulation and experimental results verify that the proposed method can ac-
curately estimate the magnetic coupling factor, secondary battery charging current
and voltage in inductive charging systems simultaneously in real-time. The de-
veloped method can find immediate applications for the development of adaptive

controllers for static and dynamic inductive charging systems.
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CHAPTER 6
COMPARISON ANALYSIS OF BIPOLAR AND DOUBLE
D-SHAPE CONFIGURATIONS IN INDUCTIVE POWER
TRANSFER ELECTRIC VEHICLE CHARGERS

6.1 Introduction

Recently, the conventional plugged-in EV chargers have been rapidly transitioned
into wireless chargers using [PT systems as the effort; contributing to adoption of
the smart grid infrastructures. Wireless charger can establish both Grid2vehicle
and Vehicle2Grid connections [106], T07]which can serve smart grid by alleviating
overgeneration of distributed energy resources, and shaving load peak via EV’s
energy storage availability.

Generally, inductive EV charging systems (refer to the conceptual schematic shown
in Figl6.1)) can be realized in two major categories: stationary and dynamic ways.
In stationary IPT systems, both vehicle’s assembly power pad and ground as-
sembly’s power pad are well aligned as well as fixed; however, in the dynamic
IPT system [108], EV can get charged while moving. Most of researches in sta-
tionary IPT systems are concentrated on power controller improvement, on the
other hand, a few researches are focused on the design optimization of power
pad geometry and its configuration. The idea of stationary IPT systems with
an intermediary coil is implemented in [T09HITI] to achieve improved system ef-
ficiency, better misalignment, zero phase angle, and constant current/constant
voltage battery characteristic. Authors of [112] categorized power pad configura-
tions into distributed and lumped models, the former, due to elongated coupler is
appropriate in dynamic applications where continuous power delivery is essential,
the latter is utilized when pickup such as EV is to be placed in a specific position.

Because of the large gap between primary and secondary pad due to EV’s big
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Figure 6.1: The conceptual schematic of IPT roadway-powered track for dynamic
EV charging system

ground clearance (the range of 150-250mm), the coupling factor of the lumped
couplers is significantly high.

The circular pads are not suitable for dynamic EV charging applications which
frequently experience misalignment [I13]. This is due to the fact that the circular
power pads geometry is proportional to air gap size with ratio of 4 : 1; for example,
with 50mm increase in gap, 200mm increase of diameter is needed to have a
fixed power transfer [I13] [IT4]. To address this issue, Double D-shape coils (DD)
is proposed which can combine single-sided flux advantage of circular pad with
magnetically series benefits of flux pipe design [I12]. Pries et al developed a
three-phase couplers which improves power density thanks to rotating magnetic
field. However, in poly-phase multi layer power pads, unbalanced inductance in
different phases leads to difficulty in design of tuning capacitors[I15]. Long-track-
loop power pads[5l, 116] can provide continuous wireless power delivery. However,
this type of IPT systems suffer from low efficiency, low magnetic coupling factor,
and high self-inductance, making driving the primary coil difficult. Additionally,
in long-track IPT systems delivering power to multiple pickups, full charge state of
only one of them reflected as the high impedance in the primary track can disrupt
the total charging process [117, 11§].

In this paper, bipolar power pads (BPP) are proposed as a very efficient coupler for

dynamic wireless EV charger with improved power transfer ability, low power loss,
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Figure 6.2: IPT systems consists of two primary couplers (TX1, and TX2) and
two secondary couplers (RX1, and RX2)

high power density, low electromagnetic emission, and specially with high tolerance
to horizontal misalignment. To verify the superiority of BPP, its performance
is compared with DD which has been introduced as the one of the well-known
couplers in IPT EV chargers. To do so, a 3D-FEA analysis is done in the ANSYS
MAXWELL to compare their power transfer capability, tolerance performance

and electromagnetic field emission.

6.2 Power transfer calculation

IPT typologies comprised of double couplers such as BPP and DD ([119]) have
gained more interest due to their high efficiency for roadway powered applications.
The circuit schematic of this type of couplers with Parallel-Parallel compensation
topology in both primary and secondary sides is presented as shown in Fig6.2] To
calculate the output power in the secondary side, Fundamental Harmonic Anal-
ysis(FHA) (as the widely accepted method) is adopted in analyzing circuit (as

shown in Figl6.3) around the fundamental resonant frequency.
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According to [120], the output power of an IPT system can be expressed as

Cp]_ Lp1 I—Sl Cs

Jw(Mp1s1+Mp2s1) E

jw(Mp1s1+Mp1s2)
N mY
Cp2
| |
N
jw(Mp251+Mp252) jw(Mp152+Mp232)
Lp2 L52

Figure 6.3: Simplified IPT circuit for double couplers configuration using FHA
method

follows :
MQ
Pou = WT_IQ . 6.1
= 10 (61
where, M, Lo, I,,, and )2 are mutual inductance, secondary self-inductance,
primary resonant current, and secondary loaded quality factor, respectively. Ac-
cordingly, the uncompensated power can be derived as expressed in (|6.2):

M2,
Ly

Psu = VOCISC = Wy (62)

Likewise, the output power of double-type couplers (either DD or BPP config-

urations) can be calculated by summing the power of RX1 and RX2 using the
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following equations.

p

VOCl - wr(Mslpl + MslpZ)Irpl

VOC2 = wr(Ms2p1 + MsZpZ)IrpZ

J Voc1 . (Msipr+Msip2)Irp1
scl = 5 La Tol
(6.3)
I _ Voca _ (M32p1+M52p2)ITp2
$€2 = L T

Py = Prx1 + Prx2 = Vocilsc1 + Vocalsc2

P —w (M51p1+M51p2)213p1 + (M52p1+M52p2)213p2
| T Lo Ls2

Equation. (6.3)) is used as the power calculation of DD and BPP in order to accu-
rately compare these two couplers. Also, the electromagnetic emission compati-
bility (EMC) and electromagnetic characteristic comparison of these power pads

are presented in the next sections.

6.3 Comparison of performance of BPP and DD couplers

In this section, a 3-D Finite Element Analysis (FEA) models of DD and BPP are
built using ANSYS MAXWELL as shown in Figl6.4a] and respectively. For

fair comparison, the geometry of the couplers is considered close.

6.3.1 EMC comparison of DD and BPP couplers

The maximum allowable exposure of EMF for public safety is .5uT" according

to ICNIRP guidelines [121]. As it can be seen from Figl6.5a] when the pri-
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Figure 6.6: Magnetic flux density distribution along Line2 (a) DD (b) BPP Cou-
pler

Figure 6.7: Parametric analysis for DD and BPP couplers when the misalignment

of transmitter and receiver pads are varied from -200mm to 200mm (a) Coupling
Factor(%) (b) Mutual Inductance(p H)

mary/secondary excitation is set at nominal value (I, = ﬁi% = 27.65A ,
P = 10kW), the maximum flux density around the DD coupler exceeds the safe
value, however, BPP coupler meets this safety index. The reason being that the
two coils (TX1 and TX2) of BPP coupler are magnetically in series in the over-
lapping zone, while cancelling each other in other zones. To better clarify this
concept, the plot of magnetic flux around virtual line 2(as shown in F ig for
both DD and BPP models is presented in Figs[6.6a] and respectively. As it
can be seen, the flux density of BPP couplers is high within overlapping length of
coils (with maximum value of 285u7"), and low in off-overlapping zones. On the

other hand, for DD coupler, the flux density experiences narrow high-magnitude

zone (with maximum of 112u7") and very low-magnitude in rest of line2.
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6.3.2 Electromagnetic characteristics comparison of DD

and BPP

There are some other crucial factors regarding DD and BPP couplers that need
to be compared. Their coupling factor, mutual inductance, tolerance to misalign-
ment, induced power in pickup, and so on are also investigated. In this regard, a
parametric FEA study is carried out to simulate the dynamic IPT system via defin-
ing the secondary position as the variable; leading to misalignment from —200mm
to 200mm in x-axis. As shown in Fig[6.7a] and [6.7D] the magnetic coupling of
transmitter and receiver has higher value for BPP compared to DD coupler in all
the positions where receiver has moved from Omm to £200mm over transmitter.
The reason is due to existence of overlapping zone of BPP coupler in which double
coils (TX1 and TX2) is magnetically supporting each other; which can make up

the misalignment effect to some extent. However, in DD coupler, the TX1 and
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TX2 have almost separated zone of electromagnetic field; not boosting each other;
only just supporting in small portion of power pads where their coil width are

adjacent. In figs[6.8al [6.8b], and [6.8c, the effect of misalignment on induced open-

circuit voltage of RX1 and RX2 defined as V,.; and V., short circuit current of
RX1 and RX2 (defined as Iz and Ig»), and total uncompensated power (with
reference to eq are presented for both BPP and DD couplers. As it can be
seen, BPP coupler is less impacted with misalignment increase compared to DD,

which shows its appropriateness for dynamic EV charging systems.

6.4 Summary

The 3D-FEA model of DD and BPP coupler (being the most effective topologies)
for dynamic IPT EV chargers is thoroughly investigated. It was shown that BPP
power pads outperform DD power pads in all respects such as electromagnetic
compliance, better misalignment tolerance performance, higher coupling factor,

and greater power transfer capability.
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CHAPTER 7
OPTIMAL DESIGN OF IPT BIPOLAR POWER PAD FOR
ROADWAY-POWERED EV CHARGING SYSTEMS

7.1 Introduction

Recently, the conventional plugged-in EV chargers have been transitioned into
wireless chargers using Inductive Power Transfer (IPT) systems. Generally, in-
ductive EV charging systems(refer to the conceptual schematic shown in Fig.
can be realized in two major categories: stationary and dynamic ways. In station-
ary IPT systems, both vehicle’s assembly power pad and ground assembly’s power
pad are well aligned as well as fixed; however, in the dynamic IPT system, EV
can get charged while moving. Some of recent advances in inductive EV charg-
ing systems are self-tuned IPT power controller with resonant frequency tracking
capability [122] and multi-power level IPT controller [123]. Most of researches in
stationary IPT systems are concentrated on power controller improvement, just a
few of them are focused on the design optimization of power pad geometry and its
configuration. The idea of stationary IPT systems with an intermediary coil is im-
plemented in [I09-111] to achieve improved system efficiency, better misalignment,
zero phase angle, and constant current/constant voltage characteristic for EV’s
battery. Authors of [I12] categorized power pad configurations into distributed
and lumped models, the former, due to elongated configuration is appropriate in
dynamic applications where continuous power delivery is essential. Long-track-
loop power pads|[5, [116] can provide continuous wireless power delivery. However,
this type of IPT systems suffer from low efficiency, low magnetic coupling factor,
and high self-inductance, making driving the primary coil difficult.

The circular pads are not suitable for dynamic air-gaped EV charging systems
which frequently experience misalignment [113], because with the air gap increase,

roughly four times increase in circular power pads geometry can compensate the
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Figure 7.1: The conceptual schematic of IPT roadway-powered track for dynamic
EV charging system

power transfer cut [113] [[14]. To address this issue and improve misalignment
tolerance, Double D-shape coils (DD) is proposed that combines single-sided flux
of double coils [112, [124]. Thorough comparative study carries out in[107] to an-
alyze the merits and demerits of DD and Bipolar Power Pad (BPP). Pries et al
developed a three-phase couplers which improves power density thanks to rotating
magnetic field. The problem with poly-phase multi layer power pads is unbalanced
inductance in different phases[115].

In this paper, design of a lumped bipolar power pads (BPP) is presented for dy-
namic inductive EV charging systems. The main contribution of this paper include
the formulation of a multi-objective optimization design algorithm of BPP using
accurate FEA-based physics models. The cost of materials, power losses, and tol-
erance against the horizontal misalignment are defined as the objective functions
to ensure practical feasibility of the results. The geometry of the BPP are defined
as design variables within the power electronic and electromagnetic constraints.
15 Pareto optimal solutions are obtained NSGA-II based optimization algorithm
coupled with FEMM. The results shows the various tradeoffs that can be made

based on the objectives highest priority
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Figure 7.2: IPT systems consists of two primary couplers (TX1, and TX2) and
two secondary couplers (RX1, and RX2)

Jw(Mp2s1+Mpas2) jw(Mp1s2+Mpas2)

Lp2 Ls2

Figure 7.3: Simplified IPT circuit using FHA method
7.2 Power Calculation in double coils IPT systems

IPT typologies comprised of double couplers have gained more interest due to their
high efficiency for roadway powered applications ([119, [125]).The circuit schematic
of this type of couplers with Parallel-Parallel compensation topology in both pri-
mary and secondary sides is presented as shown in Fig. [7.2] To calculate the
output power in the secondary side, Fundamental Harmonic Analysis(FHA) is
adopted in analyzing circuit (as shown in Fig. around the fundamental reso-
nant frequency.

According to [120], the uncompensated power of a typical IPT system with
single coil can be expressed as follows :

M2I2)
Ly

Py, = Voclsc = wy (7.1)
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where, Py, Voc, Isc, M, L, I,,, and ()2 are the power capacity, open circuit volt-
age, short circuit current, mutual inductance, secondary self-inductance, primary
resonant current, and secondary loaded quality factor, respectively. Likewise, the
output power of double-type couplers (either DD or BPP configurations) can be

calculated by summing the power of RX1 and RX2 using the following equations.

(

VOCl - Wr(Mslpl + Mslp2>]rp1

VOCQ = wT(MSQpl + MstQ)I'I‘pQ

I . = Voc1 _ (Msip1+Msip2)Irpt
scl

wrLs1 Lsy

.., — Yoc2 _ (Ms2p1+Ms2p2) Irp2
sc2 wrLgo Lgo

Py, = Ppx1 + Prx2 = Vocilsc1 + Vocalsco

P =w ((Mslpl+Mslp2)212p1 + (M32p1+Ms2p2)213p2)
su T T

Ls1 Ls2
\

where, w, is the radian frequency, Mj;,; is the mutual inductance between sec-
ondary coil ¢ and primary coil ¢, I, is the short-circuit current of secondary
double coils(RX1 and RX2), Vo is the open-circuit voltage of secondary coils,
Prx1 and Pgrx9 are uncompensated power in secondary double coils, while Psu is
the total uncompensated output.

Equation.([7.2)) is used as the power calculation during optimization process for

objective function assessment.
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Figure 7.4: BPP 3-D FEA model with all the defined parameters
7.3 Multi-Objective Design of BPP coupler for dynamic
IPT systems

Design optimization of BPP coupler using analytical method /equations is almost
impossible due to complexity of IPT systems’ magnetic structure. Also, the elec-
tromagnetic parameters of the magnetic structure cannot be accurately estimated
using classical analytical equations. The design parameters to be optimized are
shielding plate length, ferrite length, overlapping length of double coils. coil width,
inner length of coils, and the number of turn as illustrated in Fig. [7.4] Ferrite
core improves the coupling factor by reducing the flux path and the reluctance
accordingly. Shielding plates reduce the leakage inductance and stray loss. The
design optimization of the BPP is implemented using combined numerical FEA
analysis, and MATLAB script. Three important objectives are considered in the
proposed optimization algorithm to be minimized. A widely used NSGA-II algo-
rithm, which has many applications in power engineering[126] is used to solve the

Multi-Objective Optimization Problem (MOOP).

7.3.1 Objective Functions of MOOP

There objectives are considered for the proposed BPP coupler design optimiza-

tion algorithm. These objective functions are power loss, cost, and tolerance to
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horizontal misalignment (eq.. All the objective functions are explained in fol-

lowing subsections, and parameters of BPP are illustrated in Fig. [7.4l

(Lp7 Wp7 DZ.C: Lf7 Wca Klu N) - min(-Ptota Ot0t7 _Tsd> (73)

Coil Loss

Eddy loss in high frequency application are majorly categorized as skin-effect loss
and proximity effect loss. Using litz-wire can significantly reduce this loss because
the group of bundle woven together makes current flow equal in all strands. The

analytical relation of the coil loss Pg,y for litz wire is derived by [127] as follows:
Peoit = F,I’Rpc (7.4)

where F, is the factor relating the DC resistance to AC resistance which includes
all the coil’s eddy loss. This factor is presented in ([7.5)) which is associated with
frequency (w), 1o as the magnetic constant, N as the number of turns, n as the
number of strands, k as the factor of field distribution in multiwinding coil, p.
as the resisitivity of conductor, and g as the gap between primary and secondary

coils.
nwpgN?*n2d?*ck

F.=1
T 60

(7.5)

Ferrite Core Loss

Steinmetz empirical formula for core power loss P,,.. density is given as follows:
Peore = ke f*By, (7.6)

where, k., a, and b are empirical constants according to the operational frequency

of IPT system. The total loss should be multiplied by core volume v .

Shielding Plate loss

By utilizing impedance boundary condition (IBC) as the boundary, the computa-

tional size of solving the boundary integral equations can be enormously reduced
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[128], as long as the skin depth is significantly lower than the plate size. Using
the expression ([7.7)), the skin depth of aluminium at IPT’s operating frequency

(f = 85kH z) is 0.292mm, which is small and meets the IBC condition.

2

WO,

Oed = (7.7)

where 0. is the coil’s electrical conductivity in (S/m) and p is the magnetic per-
meability in H/m. Correspondingly, the finite element model of IPT system can

be simplified, and the plate loss can be expressed subsequently as ([7.8]).

[ HY rro
Poate = | —H .
plat 20_p (78)

where H is the magnetic field in A/m and o, is the plate’s electrical conductivity

in (S/m). Therefore, the total power loss in the IPT system, from subsections

(7.3.1},|7.3.1, and [7.3.1]), can be expressed as ([7.9):

-Ptot = Pplate + PCoil + PCore (79)

7.3.2 Cost function

The total cost of the components including shielding plate, ferrite cores, and litz-
wire conductor is of great importance in the design process. As given in ([7.10)),
the price of each component is presented for shielding plates, ferrite bars and coils

as the function of the their corresponding geometries.

Ciot = (2W, + 2Dic — k1)(2W, + Dic)dp Cp+ (7.10)
7.10

8(DiC + WC)NC Cc+ NfoLfdf cf

where C,,, C,, and C} are the cost coefficients of the Litz wire, ferrite core and
aluminum plate respectively. All the geometric parameters of the IPT’s power

pad are illustrated at Fig. [7.4]
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7.3.3 Horizontal Misalignment Tolerance

As another major goal of the BPP design for dynamic IPT application, the high
tolerance to misalignment is of great importance. For this aim, in each iteration
of FEA-based NSGA-II algorithm for each individual of population, the uncom-
pensated power (named as Psud) under horizontal misalignment of d=200mm
is calculated using eq[7.2] and then is used to assess the tolerance criterion as

expressed in ([7.11]).

P
Psud

Toy = (7.11)

where, P is nominal power in the well-aligned position of IPT system. The
lower the sensitivity of the factor (Ty4) to horizontal misalignment, the more tol-

erant the BPP design.

7.3.4 MOOP Constraints

There are three major types of constraint defined for MOOP design of BPP which
include geometric constraints, maximum allowable EMF, and power electronic
limitations.

looking into geometric constraint, the design decision variable as shown in Fig.
[7.4 are Dic, W, ki, Ly, N.

These variable values should be within their upper/lower bounds. Regarding
the maximum allowable EMF constraint, in each iteration of MOOP, the EMF of
each design should be always below the maximum electromagnetic field to satisfy
the ICNIRP safety guidelines ( EMF < EMF,,,). In regard to power elec-
tronic limitation, primary/secondary converters are stressed by Volt-Ampere of
primary /secondary coils (S = /Q2 + 1), therefore in each iteration of MOOP
the quality factor (Qs) should be checked to ensure its in permissible ranges
(4 <Q, < 10).

The Proposed multi-objective optimization algorithm flow chat is as shown in Fig.
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Figure 7.5: The proposed multi-objective time-harmonic algorithm using co-
simulation of FEMM software and MATLAB

. The algorithm starts with the definition of the design specifications (P,, I,
and foy), then the initial population of the variables are generated within the
variable constraints. The geometry is built and the electromagnetic physics model
is applied for evaluation of the objective functions (evaluation of fitness) which
should satisfy all the converter, electrical and electromagnetic constraints. New
generation of variables are evaluated until the stop criteria is met. The Pareto

optimal results are saved as the optimal design for the MOOP.

7.4 MOOP Implementation

The MOOP is implemented using NSGA-II algorithm to find optimal geometries
of BPP coupler for 10kW IPT system with the air gap of (¢ = 200mm) as the case
study. Copper, aluminium, MnZn N87 materials are used as the materials for coil,

plate and ferrite bars, respectively. The cost coefficients of the materials (copper,
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aluminium, ferrite bars) are C, = $37600/m* C; = $0.18/cm? C. = $2.04/m.
The operational frequency of IPT system is selected as 85kHz as recommended
in SAE J2954 [129]. The optimization script is developed in MATLAB (with
NSGA-IT algorithm as the optimization solver). For each individual generations,
a 2D-FEA model geometry is built in FEMM via magnetic preprocessor command
set. The 2D FEA model coupled to MATLAB is used to get the electromagnetic
parameters value such as mutual/self inductance, flux density, magnetic potential,
and so on in order to evaluate the loss and tolerance of each design as shown in
the flowchart in Fig. [7.5] The solver stops either when the maximum number of
generations is reached to 1000, or when the average change in the spread of the
Pareto front over the generations is less than le — 3).

After the implementation of FEA-based multi-objective design optimization al-

Table 7.1: Pareto optimal solutions obtained for a design optimization of BPP
couplers for 10kW IPT system

Solution BPP Design Parameters Electromagnetic Parameters Objective Functions

No. # Ly, | Dic | Ly [ We | ki [ N | Map | Maps | Kot | Ly n(%) | Cost($) | Dy(mn
PFS-1 311.33 124.5 99.34 | 21.47 | 30.64 16 7.6 5.31 28 92.23 87.68 112.39 22.44
PFS-2 357.94 | 236.5 231.3 10.03 | 185.15 | 15 20.6 1.57 23.41 189.5 92.07 226.07 283.7¢
PFS-3 290.7 166.1 190.7 14.5 120.6 15 13.9 2.82 27.02 124.2 90.6 177.95 148.92
PFS-4 351.6 233.6 231.6 10.36 186.3 15 19.73 0.61 21.80 | 186.62 | 91.166 | 225.198 260.1
PFS-5 242.25 115.8 222.2 23.3 86 16 11.82 10.71 10.71 | 229.41 94.45 187.43 31.33
PFS-6 352.6 233.2 233.2 10.6 185.1 15 | 20.52 0.96 23.29 | 184.62 91.80 226.29 285.91
PFS-7 310.04 | 180.33 188.1 13.7 128.03 | 14 12.84 3.24 27.86 | 115.54 | 90.01 177.69 137.22
PFS-8 292.7 150.1 161.34 | 18.44 94.4 16 12.52 4.7 30.16 | 114.18 | 90.932 158.53 108.7
PFS-9 274.6 127.2 144.4 20.7 71.2 16 9.73 4.48 30.36 | 93.67 89.18 140.81 72.49
PFS-10 302.9 162.9 172.1 17.5 108.1 15 12.43 3.98 29.6 111.02 90.29 166.53 117.8
PFS-11 | 258.45 88.1 112 28.05 23.9 18 7.16 4.87 32.04 75.17 87.4 113.94 37.73
PFS-12 269.2 104.9 126 26 42.6 17 8.44 5.03 33.16 | 81.24 88.78 126 53.6
PFS-13 359.3 211.4 206.4 19.5 152.5 15 16.25 2.65 27.27 | 138.74 | 90.52 205.91 209.84
PFS-14 271.8 116.7 131.5 20.9 53.4 16 8.86 5.15 32.83 | 85.29 89.47 129.28 56.64
PFS-15 358.4 236.5 231 10.21 185.2 15 | 20.43 1.52 23.24 188.9 91.96 225.97 278.8¢

gorithm, 15 Pareto Optimal Solutions (PFS) are achieved as the optimal BPP
designs as presented in Table[7.1] As it can be seen, the obtained solutions are
non-dominated with respect to each other, meaning that none of them is better
than others in all objective functions. The magnetic mutual inductance of M4,
and M, are added to the Table.; due to identical geometry of RX; and RX,

coils in the receiver, as well as that of T X; and T X, coils in the primary side,
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Figure 7.6: 3D-plot of objective function values of all the solutions along with
Pareto optimal solutions

the inductance matrix has a symmetric feature, therefore, Moo = My151, and
Mpas1 = Mp1s2. The total coupling factor of IPT design with the BPP couplers is
also added to the table, which is defined as k;,;. Moreover, n, and D, which are
the efficiency, and horizontal tolerance of each solution (PFS-#) is also included
in the table. Decision maker can select any of the optimal solutions based on
design preference. For instance, if the cost is of higher priority , the PFS-1 can be
selected. On the other hand, if the misalignment tolerance is of more importance
for the IPT application, the PFS-6 can be opted for, which is tolerant to misalign-
ment as large as 285.91mm .

By taking a thorough look at the optimal solutions, it can be easily seen that with
higher values of overlapping length of coils (k1) and ferrite length (Ly), the toler-
ance of IPT system increases, which unfavorably increases the price, showing the
conflict of objective functions. Another observation from this study shows that
with decrease of the inner length of coils (Dic) and increase of coil surface (W,),
the efficiency of IPT system can reach its maximum value. Fig. is presented
to show the 3D-plot of all three objective functions for all the feasible solutions
found during the optimization process, along with the Pareto optimal solutions
(distinguished from others with red-colored triangles). The MOOP took 7 hours

and 43 min to be completed. During the optimization process, GA updated 158
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generations before finding the final Pareto optimal surface, and, in total 4795 valid

solutions (possible designs) were found and assessed during this long process.

7.5 Validation of the proposed Algorithm

To analyze the Pareto Solutions achieved through multi-objective optimization,
a case study of two Pareto front solutions (PFS-1 and PFS-6) is presented. The
receiving and transmitting pads’ geometries are built with the parameters of PFS-6

and PFS-1 as shown in Figs [7.7 and [7.8| respectively.

T4 T T TX T

Figure 7.7: Validation study: receiver(RX) and IPT track(7X; is set with PSF-6
design

- TX, T X, X

Figure 7.8: Validation study: receiver(RX) and IPT track(7'X; is set with PFS-1
design

The 3D-FEA analysis is carried out for both design in ANSYS MAXWELL,

since the 3D model is much more accurate than 2D. In this case study, the dynamic
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performance of IPT charger in the track is compared for the selected designs. The
two IPT tracks composed of 5-transmitting couplers are shown in Figs[7.7 and [7.8|
in which PFS-1 and PFS-6 designs are utilized in both receiving and transmitting
couplers. The noticeable difference of these two design solutions is that PFS-6 has
larger overlapping width (k1) as well as ferrite length (L;) than PFS-1 (as shown

in Table [7.1)).
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Figure 7.9: Receiver Power and coupling factor with PSF-6 design
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Figure 7.10: Receiver mutual inductance with PSF-6 design
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Figure 7.11: Receiver Power when IPT track is set with PSF-1
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Figure 7.12: Mutual inductance and coupling factor when IPT track is set with
PSF-1 design

The electromagnetic and electrical results are presented when the transmitters
and receiver geometries set according to the PFS-6 design. The plot of the output
power in the receiver (RX) versus receiver location sweep over the IPT track is
shown in Fig. [7.9]. Additionally, the mutual inductance of receiver and its coupling
factor with the transmitters throughout the IPT track are shown in Fig. [7.10]

The green dashed lines in the power plot indicate the positions where the re-
ceiving pad (RX) is in zero misalignment with respect to the transmitting power
pads (T'X;, i=1:5); therefore, the mutual inductance, the coupling factor and ac-
cordingly the power transfers are maximum (10KT) in these locations of the
track, and in the rest of the track, the power transfer falls below the rated charg-
ing level (10KW) due to misalignment.

For comparison purpose, the same scenario is repeated when the couplers param-
eters are set according to the PFS-1 design; and, the power in the receiving power
pad is shown in the Fig. [7.11] and the mutual inductance along with the coupling
factor are represented in the same plot (see Fig. . It is evident that the power
drop is lower when the couplers are set based on the PFS-6 design compared to
that of PFS-1 design. As can be seen from Fig. [7.9] the difference of the max-
imum power (occurring in well alignment) and the minimum power (happening
in maximum misalignment) in case of the PFS-6 design utilization is only 35%,

which is significantly lower than the amount (74%) achieved for PFS-1 design re-
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Figure 7.13: CNC design of the experimental setup according to "POS-6" design
values

ferring to Fig. [7.11] This index (difference of power at the least misalignment
and greatest misalignment) is a good indicator of power transfer capability over
the track, however, one designer may compromise power transfer in favor of cost.
For instance in this case, although, the PFS-1 design has relatively large power
transfer variation as shown, it is very cost-effective design (cost=112.39%) due to
less ferrite bars used in this design compared to PFS-6 which is considerably ex-
pensive (cost=226.29%). This is exactly where the practicality of the proposed
multi-objective design algorithm lies in; that can be of great contribution for de-

signers.
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7.6 Dynamic IPT system based on ”POS-6"arameters

The design parameters of "POS-6" is used to construct the IPT roadway powered
track; which is composed of 5 transmitting BPP couplers juxtaposed with gap of
50mm with respect to each other. The CNC design via sketchup software is used
to build the mechanical structure for mounting IPT track, and secondary mover
that can bear mechanical load as much as receiving coupler weight. The pulley
actuator run by two step motors mounted in either legs of handle can make move-
ment for the pickup along the IPT track. Moreover, for applying misalignment
to the IPT setup, the receiving pickup structure is equipped with a step motor
mounted vertically which can add or remove misalignment. In the Fig[7.13], the
CNC design of setup is shown, this helped us to find the exact dimensions for the
IPT frame based on the available materials in the market before proceeding with
the construction. In the Fig. the experimental setup of the dynamic IPT
system using "POS-6” is presented. The future dynamic tests will be carried out

on this setup.

— - - — ;,.,‘_L —=

Figure 7.14: The experimental setup for dynamic IPT system which is built based
on "POS-6” design values
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7.7 Multi-Level Power Controller Design for Dynamic Wire-
less Electric Vehicle Charging Systems

The global use of electric vehicles (EV) is on the rise[I]. Several technologies for
charging the EVs have been developed over the years namely: plug-in electric
vehicles, static wireless charging systems. The problem with stationary wireless
charging systems (SWSC) is that they should be parked in car garages for a long
time which makes SWSC less acceptable by the society. Furthermore, other issues
of SWSC like high battery size, bulky structure, high electromagnetic emission
speed up the transition from static to dynamic wireless charging, and it brings
up a user-friendly benefit for EVs’ users by the ability to get charged in motion.
Another advantage of dynamic wireless power transfer (DWPT) is less need to
use the large size battery which is a must in static wireless charging systems. To
realize wireless power transfer, there are three major methods: inductive power
transfer (IPT) [1], 9] 130HI32], the capacitive power transfer (CPT)[133], and com-
bination of IPT with CPT systems [4]. IPT technology utilizes magnetic field to
transfer power, and its DC source to DC load efficiency in some applications has
reached to 96.6% [134]. Though the concept of dynamic wireless power trans-
fer (DWPT) is still an emerging one, a couple of solutions have been proposed
to address the challenges faced with DWPT systems. Generally, there are three
major categories for primary coupler configuration for dynamic IPT systems, long-
track-loop transmitters[5], and short-individual transmitters6]. A long-track-loop
transmitter structure has two problems: first, high self-inductance caused by long-
track-loop transmitter can limit the IPT’s resonant frequency, second, low coupling
coefficient of this coil system decreases the IPT systems’ efficiency and makes it
impractical for dynamic IPT systems|D, [, [116]. On the other hand, segmental ar-
ray of couplers as the second configuration is introduced which can be connected

in either parallel or series to the same primary converter. This kind of coupler
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system can solve the high self-inductance problem of the long-loop coupler, how-
ever it can cause power pulsation problem as pickup move away transmitter by
transmitter[9, [105] [135]. To solve this problem, several rectangular transmitter are
composed side by side to form a tracking lane that realizes a continuous dynamic
power transfer [8, 136 137] with zero space between adjacent transmitting cou-
plers. However, this kind of coil configuration wastes transferred energy through
negative coupling created between adjacent couplers, thereby reducing the total
efficiency of the IPT track.

This paper proposes a simple logic control control strategy for DWPT which
tunes the primary resonant current in a real time. A soft-switched bidirectional
single-phase direct ac—ac matrix converter(MC) is employed to apply the proposed
multi-level power controller. The power transfer drop due to the misalignment is
compensated by by multi-level power controller which increases the number of
power transfer level; the number of power transfer level can be regulated from
0— Lewvel to 16— Level according to the secondary pad’s position. In the rest of the
paper, FEA analysis for a dynamic receiver(RX1) pad moving along three road-
embedded pads (7°X; ;—123) is given in section II. The formulation of the proposed
16-discretized current levels for the DWPT is given in section III. The single-
phase direct AC/AC matrix converter(MC) with the multi-level power controller
is illustrated in subsections(A, B, C, and D), and finally simulation results on a

case study is presented.

7.8 Finite Element Analysis(FEA) for DWPT

In Fig. [I.1} a typical IPT system with multiple transmitters array connected in
parallel is shown . This system is composed of power converters, loosely coupled
magnetic structures and compensation components. This dynamic charging sys-
tem is a dynamic contactless EV charging system while they are moving on the

roadway powered tracking lane. Dynamic study of magnetic characteristics is of
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great importance when the receiver pad attached to the vehicle (RX;) moves along
the transmitter coils (7X;,7X5,and T'X3) (as shown in FiglL.1)). The changeover’s
function is to de-energizes an active transmitter coil and energizes the next trans-
mitter coil in specific times. The transition times happen at the efficient point
where the mutual inductance of (RX; and TX;) equals (RX; and TX;,;), this
avoids wireless power transfer from decreasing. FEA is studied for the dynamic
wireless charging EVs using parameters given in the table. [7.2} The electric ve-
hicle’s speed is assumed V' = 20mile/hour, the primary pad diameter, and the
distance between primary pads are considered 700 mm and 200 mm respectively;
accordingly, the time takes for vehicle to cross each transmitter coil surface (T°X;),

and the gap between primary pads are 7.95 ms and 2.27 ms respectively.

Parameter Value/type
Aluminum Shielding Diameter 800 mm
Air Gap 200 mm
Ferrite Diameter 380 mm
Distance between segmented transmitter coils 200 mm
(TX1,TXz,and TX3)
Coils Diameter(RX; and T X;—1.3) 700mm
number of turns 25
Velocity of vehicle 20 mile/h

Table 7.2: Inductive power transfer setup characteristics

FEA analysis is done using ANSYS Maxwell for the DWPT and the results
for mutual inductance and the resonant frequency (using Eq. are represented
in figures and . As it can be seen from results, when mutual induc-
tance gets maximized in complete alignments of RX and T'X;, correspondingly,
the resonant frequency is nominal designed value (85K Hz) in those mentioned

positions.
1 R
L,C, 4L2

(7.12)

Wy =
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(b) resonant frequency as RX moves all the way from TX; to T'X3

Figure 7.15: FEA study for dynamic wireless power transfer
7.9 Proposed Control Methodology based on resonant cur-
rent discretization

A series-series topology is recommended topology, first, because, in this config-
uration, the design of compensation tanks is independent of the coupling and
secondary load changes, second, primary current tuning is easy in this topology
compared to other typologies. The major problem of dynamic charging systems
is how to address the coupling rate’s change in wireless EV charging systems as
vehicle moves along transmitter pads. The output power given in equation
clearly explains that the resonant frequency, secondary side quality factor, mu-
tual inductance, and load could significantly affect the output power in dynamic
charging system.

M2
Py = wsL—prQs. (7.13)

Theoretically to compensate these reductions, the primary resonant current

should be regulated at every location on track real-time. Considering the sec-

119



ondary side-battery specification as Py, = 24 KW, the reference of primary reso-
nant current can be calculated using Eq. to deliver fixed power Py, = 24kw
in each position on the roadway IPT. As it is shown in Fig[7.16] the reference
primary resonant current (blue plot) with considering the fixed delivered output
power(24KW) all across the roadway(7X;,7 = 1 : 3) is calculated as continuous
current signal(blue plot), and is discreteized using 16-different levels(red plot).
In the next section, the current controller which can produce these 16-different

current level is designed and explained.

Derledrlreas. Aldeers e virma, )

5
T oL 1% Faodim iy

Figure 7.16: The depicted 16-discretized reference levels of the primary resonant
current for IPT-roadway having three transmitters (7X;,i =1 : 3)

7.9.1 Control Logic Design

The section presents the design steps for the proposed controller using simple logic
circuits with the theoretical formulations of the power transfer. The magnitude of
primary resonant current can be regulated by the number of the energy quantum to
be transferred from the primary resonant tank to the secondary side. The control
circuit is designed this way that, the primary resonant current is considered as
a clock signal (CLK')(high for positive values, and low for negative values). The

controller design (as shown in is the same as what presented at chapter3. 3.2}
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Figure 7.17: Proposed control of DWPT for matrix converter for primary current
regulation according to pickup side position

therefore the excessive explanation will not be provided accordingly with only some
few adjustments to make it applicable for AC-AC matrix Converter. It is worth to
note that the values of multiplexres’ selectors bits((mg, m1, ma) and (ng, n1, n2))
are selected in a real time way corresponding to the pickup location. Location
vs power level number is used as a reference look-up table which is included in

control loop as shown in the Fig[7.17

7.9.2 Matrix Converter power controller logic

The same switching logic of direct single-phase AC/AC matrix converter proposed
in [I06] is used in this paper for energy injection/regeneration modes; the sign of
both input voltage (V;,) and primary resonant current is employed as a logic for

energy injection when S1 and S4 conduct at the same time, and opposite signs
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of the these signals is used for regeneration mode S1 and S4 conduct at the
simultaneously.

The outputs of two mentioned multiplexres as a negative half-cycle pulses and
positive half-cycle pulses combined with input voltage signal are used to define
the gate signals of switches (51,52,53, andS4). For more detailed explanation
about single-phase soft-switched AC-AC MC converter used in this paper, refer

to [106].

7.9.3 output power Calculation for IPT as function of se-

lected level

Fundamental harmonic approximation (FHA) is used to calculate the output
power according to the specified power level. As explained with thorough de-
tails in reference([I38]), the output power is calculated as function of m and n,

which shows the output power relation when transfer power level is L = m + n.

P
m2wM

(7.14)

where, m number of positive half-cycles and n number of negative half-cycles,
D = (m+n)/16 is duty cycle, Vg is battery voltage,V;, is input grid AC voltage,

w is resonance frequency.

7.10 Simulation and Result Analysis

Dynamic wireless power transfer as shown in fig. is modeled using combined
MATLAB and ANSYS MAXWELL software to simulate the vehicle moving on em-
bedded transmitters, this study is carried out to show the impact of the proposed
multi-level power controller on dynamic wireless power transfer. The specifica-
tions of a DWPT for the simulation are presented in table[7.3] The Fig.4a, shows

the the AC 60HZ input voltage’s cycles as vehicle moving (RX;) over T X3
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Figure 7.18: ANSYS combined with MATLAB simulation results as RX; moves
all the way from TX; to T' X3

surface. In all the simulation results given in figure [7.18] the red plot shows the
results obtained with the proposed primary resonant current regulation method
on the DWPT, and the blue plot shows the results of studied DWPT with the
constant primary current reference. The constant primary current reference is
assumed (I = 479A), as with this reference current, the delivered output power
of P,,; = 24kw to the secondary can be possible just in complete alignment of

pads. Figure 4b clearly shows the P,,; = 24kw in almost all roadway-powered
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Table 7.3: Specifications of the simulation for the dynamic IPT system

Parameter Value
Grid voltage (Vi_n) 208V
IPT system operating frequency at zero misalignment 20 kHz
Compensation capacitors (Cp, Cs) 20.38 vF
Battery voltage (V}) 100 V
Battery capacity (Cj) 24 kWh

WPT using the proposed real-time regulation of primary resonant current. how-
ever, with the fixed current control, the transferred output power decreases almost
in all parts of track except in alignment locations. Figure 4c¢ shows that the pri-
mary resonant currents is tuned in all locations by the multi-power level controller
applied on DWPT; in locations other than alignments, the resonant current is rel-
atively increased to compensate the lower coupling values. In other words, the
multi-level power controller starts with 16th level of energy injection which means
the power transfer happens in all positive and negative cycles; however, as vehicle
moves toward the center of transmitter pad, the coupling rate increases, as a result
the primary current reference decreases. The power level gradually decreases and
reaches to 1st level at the complete alignment positions ( according to the plot at
t1 = 0.035,t, = 0.1,t3 = 0.163) , and the power level again starts increasing from
1st level to 16th level when vehicle moves forwards, this is repeated as EV moves
across either of transmitters. Figure 4d shows the battery current installed in ve-
hicle. The battery Current of receiver (red plot) is kept fixed at about 250A with
the use of the proposed multi-level power controller, however the battery current
(blue plot) with the constant reference of primary resonant current method varies

due to coupling change.

7.11 summary

A multi-objective optimization algorithm to find the optimal geometries of BPP
coupler is proposed and implemented. The parametric optimal design of BPP

is carried out through scripting in MATLAB interfaced with FEMM software.

124



In each iteration of NSGA-II algorithm for all generation of variables, the corre-
sponding 2D-FEA model is created in FEMM software; the loss, and tolerance
as objective functions are evaluated correspondingly. For practical feasibility, the
cost of each design is also considered as another objective function in the MOOP.
Finally, 15 Pareto optimal solutions were achieved for 10kW IPT system used as a
case study. Two of the Pareto optimal solutions were further analyzed to validate
the proposed algorithm. The achieved optimal solutions gives the designer a wide
range of optimization results for IPT EV application . As a future work, the IPT
roadway powered track will be constructed for dynamic EV application following

"PFS-6” geometries.
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CHAPTER 8
FPGA-BASED IPT POWER CONTROLLER

8.1 Introduction

Inductive Power Transfer(IPT) systems have taken more attention recently for
charging applications including Electric Vehicles, scooter, electric aircraft, wheelchair
and so on. This emerging technology has become marketable by different auto-
manufacturers, which shows the pace of advance and progress of it. Most of
advancements in IPT systems have been carried out on power transfer controller,
and switching logic improvement. The necessity of designing multi-level converter
which could change the IPT power level in a wide range is always sensed. This
variable power level can make the wireless charger usable in different applications
from a KiloWatt (such as scooter, wheelchair etc) to tens of KiloWatt such as EV.
As an example, users may want to get their different devices charged using only
one wireless charging system, this highlight the importance of having user-friendly
adjustable IPT charging level controller.

Due to inherent dynamic of IPT systems, the constant power delivery to the
secondary coupler is hard to achieve unless adaptive IPT power controller to be
used. Among many dynamics, misalignment [I39] [140], load variation[I41] are
much significant which makes IPT system run in off-tuned condition; leading to
efficiency reduction as well as power transfer drop. Specially, for inductive EV
chargers in dynamic operation (in motion), frequent misalignment experience is
unavoidable as EV moving across IPT track comprised of array of multiple lumped
couplers[124], [142]; leading to extreme coupling factor variation. To make up the
load variation, different compensation topologies are introduced in different inves-
tigations including double-sided LCC [4], double-sided LCL [5], LC/S [6], S/LCC
[7], S/CLC [8], and S/SP [9]; which resulted in appealing misalignment tolerance

characteristics. Some other researches have proposed impedance network match-
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ing to maximize the power transfer rate [143]. In [144], the impedance matching
network in the secondary side is emulated using the phase shift control applied in
the secondary converter. recent investigations are shifted toward slef-tuned multi-
power level IPT controller that lead to adaptive adjusting of the power level to
make up the power dips in misalignment conditions|[123] 145] 146]. The self-tune
capability in these researches are realized through the resonant frequency-tracking
design.

In this chapter, 32-Power level power controller synthesizable in HDL platforms
such as FPGA will be explained. Some other challenges of switching such as how to
add deadtime between upper and bottom switches of each leg of a high frequency
AC-AC matrix converter will be discussed. finally the experimental results a long

with Modelsim simulation results will be shown to evaluate the proposed system.

8.2 Multi-Level Power level controller for AC-AC Matrix
Converter

IPT systems for bidirectional operation require two series common-source switches
in each module (SW;_1.4) as shown in Fig. The shown topology can be con-
nected to the main grid without any need of DC conversion or DC interface;
reducing the cost as well as increasing the reliability of the IPT charging system.
As shown in Fig. [8.1] only measurements of primary resonant current (I,) and
main AC voltage measurement (V) are required. The Sign function is applied
on measurement signals which results in S, = Sign(Vac) and S; = Sign(I,) and
inputted into the IPT power controller (in this case FPGA digital platform). The
Matrix converter directly converts from AC 60Hz into high resonant frequency
using primary full bridge inverter. The IPT power controller will be discussed in
two major sections which are multi-power level resonant frequency-based power

controller design and switching logic design.
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Figure 8.1: Conceptual Picture: AC-AC Matrix Converter and IPT system

8.2.1 Resonant Frequency-based Power controller Design

In this section, the controller is designed to adjust the charging level of IPT system
over the control frequency which is considered sixteen times of the IPT resonant
frequency (fer = 16 X fres). As can be seen from Fig, using the four dip
switches for negative half cycles (IV;), the frequency of S; can be divided down by
1—]“6 factors (k = 1,2,..16). On the other hand, the four dip switches for positive half
cycles (P;) are defined as bits to divide frequency of the signed resonant current(.S;)
in positive half cycles. It is worthy of note that in the digital controller which will
be discussed later, S; is defined the same as clk;,.

The algorithms ?? and ?? are written in VHDL script version (referring to
the appendix), count2(i) , count22(i), count3(i) and count33 are signals with size
of 4-bit length that are synthesized using clk,, clks,, count0, count0, countl and
countl (Vi € [0...3]). Where, clk;,, count0, and count1 are the sign of resonant
current, count number of negative half cycles and count number of positive half
cycles respectively. The simulation is carried out using Modelsim and Quartus

Prime Lite Edition, and the signals are as shown in Fig. 8.2
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Figure 8.2: The simulation results for the signals count2(i), count22, count3 and
count33

By applying the AND, OR, and NOT Boolean logic operations on the obtained
count2(i) , count22(i), count3(i) and count33, various number of pulses from one

to 16 pulses for either positive and negative half cycles of clk;, are synthesized.

Iy B T MCNELS & M PaE L C LR L

Figure 8.3: Count4(t) (V¢ € [0...15]) which contains ¢ + 1 pulses in negative half
cycles

Signals count4(t) and countb(k) (V ¢,k € [0...15]) are synthesized in such a
way that extract L., =t +1 and Lp,s = k+ 1 number of pulses in either positive
or negative half cycles. As can be seen from Figs. and , count4(t) and
count5(k) are 16-bit length signals which contain varying pulse number from 1

to 16 pulses in either negative half cycles of C'LK or positive half cycles. As an
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Figure 8.4: Count5(k) (k = 0 to 15) which contains the (k+1) pulses in positive
half cycles

example, count4(6) and count5(6) keep 7 pulses out entire 16 pulses in clk;, and
clk;, respectively, and eliminate the remaining pulses as illustrated in Figs.

and [3.4] respectively.

Table 8.1: Switching states based on signed voltage and signed current signals,
and zero active modes

| Mode | Type | Sinj | Su(Vac >0) | Se(ires >0) [ SW1 [ SW2 | Sw3 | Swa |
1 Injection 1 1 1 count5(t) 0 0 count5(t)
2 Injection 1 0 0 count4(t) | count4(t) 0
3 Injection 1 0 1 0 count5(t) | count5(t) 0
4 Injection 1 0 0 count4(t) 1 1 count4(t)
5 zero Injection. 0 1 1 0 1 0
6 zero Injection. 0 0 0 1 0 1

8.2.2 Switching logic

The switching logic is defined to allow power flow from the grid to the vehicle
(Sinj)- As can be seen from Table, there are six possible operation modes;
among them, four are power injection modes and two are zero injection (free
oscillation) modes. Power flow direction in the four energy injections is set to be
from Grid to Vehicle (G2V). Therefore, the output voltage and resonant current

signs will be same (both signs will always be either positive or negative). As it can
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be seen from the table|8.1jand Fig8.5, when the voltage is positive and the current
sign is high; or when the voltage is negative and the current sign in low, then the
switches SW1 and SW4 conduct, and the switching gate signals of SW1 and SW4
are assigned on either count5(k) or count4(t) signals respectively. The charging
level in positive half cycles(Ly,s) and negative half cycles (L.,) are specified based
on values of dip switches P; and N; which are defined as the power level selectors

in the FPGA Pinout.

Tf;
_E )
Vac<0  D—

SW,

G2V: Active State

Zero State

Zero State

Figure 8.5: Equivalent circuit operations with active and zero states for Grid to
Vehicle operational mode

On the other hand, when the voltage is negative and the current is in its posi-
tive half cycle or when the voltage is positive and the current sign in negative, then
the switches SW2 and SW3 conduct, and, the switches SW1 and SW4 conduct,
and the switching gate signals of SW2 and SW3 depending on the resonant current
direction are assigned on either count5(k) or count4(t) signals respectively. How-
ever, in zero switching states, the converter output voltage is set to zero (shorted).

This means that, in positive half cycles uper switches which are SW1 and SW3

131



conducts and for negative half cycles bottom switches (SW2 and SW4) conduct;
and the switching gate signals depending on the resonant current direction are

assigned on either C' LK or C'LK signals respectively.

8.3 Power and Voltage Calculation using Fundamental Har-
monic Analysis

To calculate the power transfer rates in different mentioned levels, Fundamental
Harmonic Approximation (FHA) method is used. Applying the FHA method,
the fundamental component of converter’s voltage is derived at the resonance

frequency w as follows (equation (8.1))):

327
w o
Véom = E/o Ve sin(wt) dt (8.1)

where V3% ~is the output voltage of the primary AC/AC converter, w is the
resonance frequency, and V™ is the converter’s fundamental harmonic compo-
nent. Considering L,,s and L., as energy injection signals in negative and positive
half-cycles of resonant current respectively; the output voltage can be rewritten
in a discrete way as shown in Egs. and when either input AC voltage

is in positive or negative half cycles:

(

FVae (AEUT oy QT s L

w w

Vae T cpc€m oLy

w

Véon = (8.2)
VAC >0

0 otherwise
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Vo = (8-3)
Vaic <0
0 otherwise

\

Where V¢ is the input AC supply voltage, the L,,s and L,., denote the
energy injection pulse number in resonant current’s positive or negative half cycle;
And, the converter’s output voltage Vsc are in all these active states. Since the
resonant frequency( fres) is extremely higher than the frequency of the input AC
voltage (fres(90K Hz) > fac(60Hz)), therefore, input voltage magnitude (Va¢)
over the control frequency (fer = 16 X fr.s) can be considered constant. This
means assuming the constant magnitude of input AC voltage in the first and
second terms of Eqgs. and is correct. Calculation of converter output
voltage over the control frequency can be achieved based on either Eq. or
, and both give the same formulation; we have used Eq. in this case.

As the third term of Egs. and , resonant converter operates in zero

state which means that IPT operates in free-oscillation mode. By substituting Eq.

(8.2) in (8.1) and expanding it, equation can be achieved:

2j=b~

Lpos
Z/ Vacsin(wt) dt
- 2(j—)m

w
Vé’onv = (
167 pm -
(8.4)

Lneg 2im
+ Z; Lm)w —Vacsin(wt) dt)
Equation (8.4) can be simplified to equation ({8.5)) as follows:

(Lpos + Lneg)‘/AC
8w

VéOTL’U = (8.5)

As defined earlier, D = (Lyos + Lpey)/32 can be substituted in equation (8.5 and
simplify it as expressed in equation .

4
vcl'(mv - ;DVAC (86)
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To calculate power transfer rate for this system, the fundamental harmonic of pri-

mary resonant current is calculated using equation (8.5 and expressed in equation

1
py - Vi _ (L Vi o

Req 4 Req

IPT Power
Controller

Primary Resonant
Converter

o

Figure 8.6: Dynamic IPT setup comprised of 5 bipolar transmitting couplers and
a receiver

AC-ACMatrix [J] 1= —
Converter Sign (v) and Sign (ires) Cicruits
and peak detectors

Figure 8.7: Resonant high frequency converter with FPGA-based IPT power con-
troller
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Table 8.2: Technical specification of IPT system Set up

Parameter Value
Gap distance 200 mm
transmitter pad diameter 352 mm
Primary and Secondary Compensation capacitors (Cp, Cs) 82 nF
Primary/Secondary self inductance (Lpos, Ls) 38.3 uH
AC Input voltage (Vac) 120 V
Input AC frequency (fac) 60 Hz
IPT designed resonance frequency (fr) 90 kHz

where R., (shown in Fig. is the equivalent resistance reflected to the primary,
because at resonant frequency, the secondary series compensation capacitor and
secondary inductance cancels out each other. Then the output power can be
presented as,

Lo o (Lpos + Lineg)Vie

P=-R,I> =
9 e 3272 Reg

As it can be seen from Eq. (8.8)), and L., the L,,s as the energy injection pulses

(8.8)

have direct relation to power transfer rate. As can be seen from 3d plot shown
in Fig[8.8 the output power is in its maximum when the total energy injection is
32 (Lpos = 16 and L,., = 16). Additionally, the power transfer is also dependent
of load, and can be varied with load change, this means the proposed adjustable
charging level can be of great functionality to keep the the power transfer rate

fixed under load variation.
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Figure 8.8: 3-d plot: output power vs energy injection in positive half cycle(L,os)
vs energy injection in positive half cycle(Lye,)
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Figure 8.9: Switching signals when the multi-power level controller is set to operate
in total level of 5 (L., = 3 and L,,s = 2) (a) Dip switches for power level selector
for positive are set P3P,PiPy = ”70001” (b)Dip switches for power level selector
for negative are set N3Ny N1 Ny = 70010”

8.4 Experimental Validation for the multi-power level con-
troller with Zero states

This setup is also equipped with two different DC motors which can move the
secondary all across the IPT track, and further DC Motor is installed in the
receiver side which produces lateral misalignment system(referring to the Fig.
As shown using lables in the Fig[8.7, the PCB board is comprised of AC-AC high
frequency converter, FPGA-based IPT power controller, gate drive circuit, peak
detector circuit, and sign() circuits. Experimental results are achieved for different
values of power selectors (IV; and P;) -which in total can adjust from 0 (no charge

mode) to 32(full charging level)- to verify the power regulation capability of the
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Figure 8.10: Power level controller is set to operate in total level of 9 (L,., = 5 and
L,.s = 4) (a)Power level selector for positive are set P3P Py = 70101 (b)Power
level selector for negative are set N3 No N1 Ny = 701007

proposed IPT power level controller.

In the Figl8.9, the IPT charging level is set at 5 by considering 3 energy
injection in negative half cycles, and 2 energy injection at positive half cycles
(Lpeg = 3 and Ly,s = 2). For this mean, the dip switches defined as power level
selectors are set as follows: P3P, PPy = ”70001” and N3Ny N1 Ny = ”0010”. As can
be seen from Fig. [8.9a] two energy injections happen during positive half cycles;
accordingly, the Switches SW1 and SW4 conduct, while in the remaining 14 half
cycles of the control frequency (fer = 16 X fres) , the free-oscillation (non injection
) happen and the Switches SW1 and SW3 conduct. Moreover, referring to the Fig.
[8.9D], three energy injections happen during negative half cycles; accordingly, the
Switches SW2 and SW3 conduct, and 13 free-oscillation (non injection ) happen

during the remaining half cycles of control frequency, and Switches SW2 and SW4

137



-

on: rre : :
CE L I o L R ] P EL DT i oL R J I Bl
. oo gy fes e e f A k :
< I bt bra T -:.-.Im 4§ HL b

o f T ———
|8 eneray injection pulsesin positiv
"""" cycles as SW1 and SW4 condu

SR T
n
0]
= o 4
L i 714
I =2y

Gate Signal of  Resonant Current Gate Signal of  Gate Signal of
SWi W.

(b)

Figure 8.11: Power level controller is set to operate in total level of 17 (L., = 8
and L,,s = 9) (a) Power level selector for positive are set P3Py PPy = 701117
(b)Power level selector for negative are set N3Ny Ny Ny = 710007

conduct. It is evident from Figs[8.9a] and [8.9D] that during energy injection time
intervals, the resonant current magnitude increases and reaches up to the peak
value of 4.15A and during the zero injection time interval, the current magnitude
start decreasing.

In the Fig[8.10] the IPT charging level is set at 9 by considering 5 energy injection
in negative half cycles, and 4 energy injection at positive half cycles (L., = 5 and
L,os = 4).For this mean, the power level selectors are set as follows: PsPoP Py =
701017 and N3NoN1Ng = 70100” . As can be seen from Fig. 4 energy
injections happen during positive half cycles; accordingly, the switches SW1 and
SW4 conduct, and 12 free-oscillation (non injection ) happen in the remaining half
cycles of control frequency; and the switches SW1 and SW3 conduct. According

to the Fig. five energy injections happen during negative half cycles; and
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Figure 8.12: Power level controller is set at 23 (L., = 11 and L,,s = 12) (a) Power
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the switches SW2 and SW3 conduct. Moreover, 11 free oscillation pulses (non
injection) happen during the rest of control cycle; and the switches SW2 and
SW4 conduct. Again, it is evident that over the the resonant current magnitude
increases during injection time, and reaches up to 7.6 A , however, it decreases
during the free oscillation time interval.

In the Fig[R.11], the IPT charging level is set at 17 by considering 8 energy
injection in negative half cycles, and 9 energy injection at positive half cycles
(Lpeg = 8 and L, = 9).For this mean, the power level selectors are set as follows:
P3P,P Py = 701117 and N3NoNiNg = 71000 . As can be seen from Figs. [8.13a
and [8.13B] 8 energy injections happen during positive half cycles, and 9 energy
injections happen during negative half cycles respectively. And, the resonant

current magnitude increases up to 8.85 A.
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Figure 8.13: Power level controller is set at 29 (L, = 14 and L,,s = 15) (a) Power
level selector for positive are set P3P, PPy = 711017 (b)Power level selector for
negative are set N3NoN; Ny = "11107

As another experimental test, the IPT charging level is set at 23 by setting the
negative energy injection at eleven, and positive energy injection at 12 (Lje, =
11 and L,,s = 12). Accordingly, the power level selectors are set as follows:
P3P,P Py = 710107 and N3NoNiNg = 710117, As can be seen from Figs.
and [8.12b] 11 energy injections happen during positive half cycles, and 12 energy
injections happen during negative half cycles respectively. And, the resonant
current magnitude increases up to 11.45 A.

In the Figl8.13 the IPT charging level is set at 29 by considering 14 positive
energy injection pulses, and 15 negative energy injection pulses by assigning the
power level selectors on P3P, Py Py = 71101" and N3Ny N{ Ny = 71110”. The result

obtained as shown in Figs. [8.13a] and [8.13b] verify the accurate performance of

the proposed controller. And, the peak resonant current magnitude has increased

up to 12.5 A. As the final experiment regarding the performance validation of
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the proposed controller, the IPT charging level is set at the maximum charging
level(32) by considering 16 positive energy injection pulses as well as 16 negative
energy injection pulses (L., = 16 and L,,s = 16); this is applied by setting
the defined input dip switches in the FPGA board at PsP,PiPy = 711117 and
N3NyNi Ny = 711117, As can be seen from the Figs. [8.14a] and [8.14b] controller

force the converter to operate only in active states over the all 32 half cycles control

frequency. And, the resonant current magnitude increases up to 13.45 A.
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Figure 8.15: Efficiency plots at different power transfer levels
8.5 efficiency analysis of the proposed multi-power level

IPT system

As explained, the primary converter is a single-stage matrix AC-AC converter
connected to a 60-Hz single-phase supply controlled with the proposed multi-
power level controller. And, in the receiver side, the diode rectifier is used for DC
conversion. The Grid-to-Battery efficiency (ng2p), the AC-AC resonant converter
efficiency (ncony.) and rectified secondary power under various power transfer levels
are shown in the same plot referring to Fig. [8.15, The experiments are carried
out in low power range due to power supply limitation in the lab, however, it is
expected to see higher efficiency if these are replicated in rated power for all power
levels; the reason behind this is due to relatively lower switching loss, ferrite loss
(eddy loss, proximity loss), and plate loss in high power range. As can be seen
from Fig. , the ng2B), Noonw., and the secondary rectified power (P,.) increase
as IPT’s power transfer level increases, which reaches up to 91.135% at level=32.
The low power efficiency of the charging system in lower charging level is because
of the increased free oscillation counts, and decreased number of energy injections;

in other words, free oscillation results in conduction loss as the resonant current

flows through the short-circuited LC which increases loss.
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8.6 summary

In this chapter, new multi-level IPT power controller is proposed which only
uses current sensors to produce different power transfer level.Using Bolean opera-
tors(AND,OR,Not,..), 16 power transfer levels for positive and 16 different power
levels for negative half cycle of resonant current are designed; which in total can
provide 32 different IPT power levels. Moreover, it was shown that creating dead-
time between upper and bottom switches of the leg by turning off all the switches
can cause unwanted reverse power. New switching logic is presented which not
only solve the issue but also give more power control regulation capability for IPT
systems. IPT power controller and switching logic are validated using simulation

as well as experimental results.
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CHAPTER 9
CONCLUSIONS AND FUTURE WORK

Inductive Power Transfer(IPT) systems have taken more attention recently due
to its superior robustness, reliability and safety in comparison with the existing
methods. This technology is applied widely as bio-medical implants, material han-
dling, transportation systems. IPT charging applications are widespread in differ-
ent range of power such as Electric Vehicles, scooter, electric aircraft, wheelchair
and so on. This emerging technology has become marketable by different auto-
manufacturers, which shows the pace of its advancement and progress. The re-
searches has been concentrated on improving IPT systems’ performance improve-
ment in both static and dynamic operational modes. Most of the advancements
of IPT systems have been carried out on power transfer level controller, optimal
magnetic design of wireless charging stations for dynamic as well as stationary ap-
plications, resonant HF converter topologies, compensation configuration, design
of various controller for addressing IPT related isssues, and impedance network
matching strategies. In this dissertation, many of above mentioned aspects of
IPT systems for EV charging application are thoroughly discussed, evaluated and
correspondingly controllers proposed.

In chapter second, a sensoreless technique based on resonance frequency deviation
is introduced to detect conductive foreign objects in charging areas. The proposed
method can be implemented on self-tuning controllers that use the IPT-system res-
onance frequency for switching frequency generation, therefore, this eliminates any
need for extra sensors or structures. The FOD method can be applied either in
low-power mode (standby) or in operational mode. Furthermore, the primary res-
onance current is introduced as the complementary signal to address the proposed
FOD method’s weakness to distinguish between the smaller conductive objects
and vehicle positional variation. It is shown that the primary resonance current

increases more for a misalignment case than FOI. The proposed FOD method is
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applied on the IPT system to detect a 5-cent coin and a beverage can, and the
results have shown that the FOD method is fast in detection of larger conductive
objects (as tested on the beverage can) than smaller size conductive objects (as
tested on the 5-cent coin). Experimental tests have further shown that the lower
the detection speed, the greater the detection area, as a result, the smaller foreign
objects detection can be realized.Also, a couple of experimental verification is done
for discrimination of FOI from misalignment for a wide range of overlapping res-
onant frequencies, and the results have shown that the primary resonant current
deviation is an effective way to differentiate these two scenarios.

In chapter three, the power-frequency model is used to implement VIC in IPT
systems. An IPT multi-power level controller is designed using logic circuit gates
which can produce 16-discretized power transfer levels in total. It is shown that
VIC implemented via the firmware programming on microcontroller provides the
appropriate power transfer level in a real time manner based on the grid frequency
fluctuation. The IPT multi-power level controller accordingly regulates the quan-
tum number of energy injection based on the power level set by the VIC. This
allows the IPT EV system to appear as a high inertia load to the grid. Ex-
perimental results derived in an actual small-scale power grid(LabVolt system)
verified that when frequency either increases or decreases, the proposed VIC sets
IPT system either on higher or lower level respectively. The main advantages of
the proposed are as follows: 1) Instead of user-defined power reference values, the
[PT power reference is selected by VIC; contributing to grid stabilization 2) Sim-
plicity and ease of implementation of multi-power level controller 3) the primary
high frequency converter benefits from resonance frequency tracking capability
due to the synchronization of switching operations with the resonant current and
4) The proposed VI IPT controller benefits from soft-switching operations (both
ZCS and ZVS).
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In chapter four, a new switching technique for single stage AC-AC matrix con-

verter is proposed. Unlike conventional carrier-based PWM techniques, it em-
ploys predetermined switching vector to eliminate unnecessary switching such as
shoot-through, and reduce THD as well as conduction loss. The proposed method
improves the performance of IPT system in power regulation by adjusting the
conduction angle in active state. This method modulates the power transfer level
over a constant switching frequency when there is no load variation or misalign-
ment, furthermore, it can always provide resonance condition in IPT system as
the switching frequency is synchronized with resonant current. A simulation study
carried out clearly showed the self-tuned performance of the proposed converter
in tracking the IPT power reference.

In chapter five, an online parameter estimation method that can simultaneously
determine the magnetic coupling coefficient and the load at the secondary has been
introduced. The proposed method is developed based on the analytical formula-
tions for the magnetic coupling, battery charging current and battery voltage that
are expressed in terms of primary side measurements and system specifications.
The proposed method is simulated and experimentally validated and the results
are presented. The simulation and experimental results verify that the proposed
method can accurately estimate the magnetic coupling factor, secondary battery
charging current and voltage in inductive charging systems simultaneously in real-
time. The developed method can find immediate applications for the development
of adaptive controllers for static and dynamic inductive charging systems.

In chapter six, the 3D-FEA model of DD and BPP coupler (being the most effec-
tive topologies) for dynamic IPT EV chargers is thoroughly investigated. It was
shown that BPP power pads outperform DD power pads in all respects such as
electromagnetic compliance, better misalignment tolerance performance, higher
coupling factor, and greater power transfer capability.

In chapter seven, a multi-objective optimization algorithm to find the optimal

geometries of BPP coupler is proposed and implemented. The parametric opti-
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mal design of BPP is carried out through scripting in MATLAB interfaced with
FEMM software. In each iteration of NSGA-IT algorithm for all generation of vari-
ables, the corresponding 2D-FEA model is created in FEMM software; the loss,
and tolerance as objective functions are evaluated correspondingly. For practical
feasibility, the cost of each design is also considered as another objective function
in the MOOP. Finally, 15 Pareto optimal solutions were achieved for 10kW IPT
system used as a case study. Two of the Pareto optimal solutions were further
analyzed to validate the proposed algorithm. The achieved optimal solutions gives
the designer a wide range of optimization results for IPT EV application . As a
future work, the IPT roadway powered track will be constructed for dynamic EV
application following ”PFS-6” geometries.

In chapter eight, new multi-level IPT power controller is proposed which only
uses current sensors to produce different power transfer level.Using Bolean opera-
tors(AND,OR,Not,..), 16 power transfer levels for positive and 16 different power
levels for negative half cycle of resonant current are designed; which in total can
provide 32 different IPT power levels. Moreover, it was shown that creating dead-
time between upper and bottom switches of the leg by turning off all the switches
can cause unwanted reverse power. New switching logic is presented which not
only solve the issue but also give more power control regulation capability for IPT
systems. IPT power controller and switching logic are validated using simulation

as well as experimental results.

9.1 Future Works

e Power Transfer Capability Improvement of IPT System using Ad-
justable Inductor.
The coupling coefficient of the power pads and load conditions are sensitive
to changes in the environment, component aging and temperature drifts,

which dramatically decrease the power transfer capabilities of the system.
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Reducing the sensitivity of the WPT system to variations can be alleviated
by designing matching networks that provide loose coupling between the
transmitting and receiving sides. To improve power transfer of IPT system,
recent research studies has introduced different methods which are frequency
tuning, compensation networks impedance matching, and post regulation
DC-DC conversion [147H152]. Utilizing frequency tracking method to mini-
mize the dependency of the IPT system to distance, misalignment and load
variations has been discussed in this dissertation for power transfer regu-
lation. However, the frequency tracking method can only be practical for
small ranges, as the allowed frequency range is narrow. The future work is to
place adjustable inductor in both primary and secondary with a control that
guarantee the phase difference of 90 degree phase shit between the compen-
sation tank voltage and primary or secondary voltage. This 90 phase shift
using the adjustable inductor can provide continuous tuning of the operating
frequency to the resonant one, and adjusts both the transmitter’s and re-
ceiver’s matching networks such that the best power transfer conditions are
obtained for any given combination of distance, displacement misalignment

or component values.

Bidirectional DC-DC converter design for secondary side of IPT
EV charging station

The secondary rectified voltage in IPT systems has very wide range of vari-
ation depending on the compensation topology employed (parallel-parallel ,
series-series, parallel-series, series-parallel, LCC-parallel, LCC-LCC, ). Ad-
ditionally, the power transfer direction can be either V2G or G2V. Therefore,
design of bidirectional DC-DC converter to step down the highly variable DC

level to battery requirement is new challenge.

Self-tuned IPT power Controller using estimated parameters of

secondary side The online estimation method of IPT secondary side pa-
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rameters using primary side measurements is proposed in this dissertation,
this method can estimate charging current and voltage, and the coupling
factor only using the primary resonant current, primary compensation volt-
age and primary input voltage. The application of this estimation method
for online adjustment of power level can be of great use in IPT system. As
future work, the estimated parameters can be used for power reference gen-
eration in the existing IPT power controller, his can help to regulate power
level with respect to the estimated parameters. Especially, the proposed
IPT power level controller using the estimated parameters of secondary can
be a great functionality in dynamic IPT application as the coupling varies

constantly.

Power Factor Correction converter Topologies in IPT EV Battery
charger

Corporation of electric vehicle (EV) to the recent transportation may per-
suade adverse impacts on overall power quality. The power quality situation
can be even worsen in case of inductive IPT chargers, therefore, the power
factor correction converter has become vital to the researchers due to pres-
ence of electromagnetic interference noise with high frequency content in
wireless EV charging stations. Basic power factor correction converters are
mainly boost, interleaved boost, buck-boost which allow wide range of load
and line variation, however,they all suffer from considerable conduction loss.
Therefore, the proposed future work for PFC stage converter in IPT systems
is non-isolated bridgeless DC-DC converter scch as Cuk and SEPIC (Single

Ended Primary Inductor Converter).

Control Method to Minimize the Negative Inter Coupling of Trans-
mitters in IPT track in Dynamic Application
The IPT track made up of several lumped discrete transmitting couplers

suffers from cross coupling between couplers; as the equivalent mutual in-
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dutance could make the IPT system to operate in the detuned condition
as pickup is moving across the track. As the future work, a comprehensive
design of compensation tank considering the self coupling of transmitting

coupler can improve power transfer capablity all over the track.

Living Object Detection Methods in IPT Systems by Detection of
the Capacitance Between the Transmitter Structure and Ground
In this dissertation, metal object detection based on resonant frequency de-
viation is proposed and evaluated. Using FEA analysis, it was shown that
metal object intruded into the IPT system can cause significant change in
the primary self-inductance and accordingly in the resonant frequency. How-
ever, the resonant frequency tracking method can be effective for detection
of living object intrusion. As future work, another method based on the
estimation of equivalent capacitance between transmitter and receiver mag-
netic structures should be utilized. The reason for this incidence is the
high amounts of water inside the living bodies which will affect the elec-
tric field distribution once intruded into power transfer area. In the pro-
posed method, the equivalent capacitance of primary pad with respect to
the ground - mainly impacted by living object intrusion- is used as part
of a circuit to synthesize a pulse wave. Since the equivalent capacitance
change can cause frequency change of the pulse wave, therefore, the pro-
posed detection method can work for any kind of objection intrusion with

any properties.
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