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Abstract: Dynamic inductive power transfer (DIPT) systems as well as static inductive power transfer
(SIPT) systems are typically implemented with H-bridge inverters with resonant compensation
networks to control and limit the charging current. However, contrary to SIPT, DIPT implies inherent
displacements, in the travel direction, as well as the already expected misalignments (vertical and
lateral). The challenges imposed by this feature have an impact on the selected compensation network.
Typical single-coupling resonant topologies SS, SP, PS, PP, LCL-S and LCL-P are considered. In this
work, a double-coupling SSS topology is proposed for DIPT applications to overcome the limitations
of classical topologies. A resonant converter topology with natural current and voltage limitation
under misalignment conditions is preferable. This paper performs a finite element analysis (FEA)
simulation of the magnetic coupler (MC) in order to extract the coupling factor and self and mutual
inductances as a function of the electric vehicle (EV) movement. The MC parameters are used
to build a model in MATLAB/Simulink with coupling variation in order to assess the converter
behavior under misalignment conditions. The simulation and experimental results demonstrate the
applicability of the double-coupling SSS topology for DIPT application by exhibiting safe converter
operation under the full range of coupling and load operation (full to no-coupling and full to no-load).

Keywords: dynamic inductive power transfer (DIPT); electric vehicle; resonant power converter;
magnetic coupler

1. Introduction

The current growth of electric vehicles (EVs) on the road leads in particular to the need
for batteries to store the required electricity to power the EV. Different battery technologies
are used in EV applications. Table 1 summarizes some of the main characteristics of
different battery technologies [1]. It is possible to see that Lithium (Li)-based technologies
are preferred nowadays for EV applications since they present the highest energy density
and power density, which is desired to achieve higher EV autonomy with lower weight
and have a relatively high efficiency and number of life cycles, increasing battery life.

One way to charge the batteries is using wireless power transfer (WPT) systems,
in particular inductive power transfer (IPT) systems. Several WPT/IPT companies and
research groups have been studying and developing different WPT systems for static
and/or dynamic applications and for different power levels, from regular EVs to higher
power buses. Table 2 lists some research groups and companies working in IPT solutions
for EVs. Witricity is an MIT-based company composed by scientists that demonstrated
nonradiative energy transfer back in 2007. Witricity acquired Qualcomm Halo, a spin-off
company from Auckland University that holds the majority of intellectual property of
IPT technology. The ENRX group has solutions for heavy-duty vehicles in both static and
dynamic conditions up to 180 kW. WAVE by Ideanomics ensures an up time above 95% in
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transportation buses with their 250 kW IPT systems. The Swiss-based Brusa company offers
a 11 kW static charger, whereas Wiferion was recently acquired by Tesla to incorporate IPT
technology into their fleet. Therefore, it is clear that IPT is considered a hot topic of research,
and it has several challenges to overcome. These include maximum power transfer and
power transfer capability, tolerance to misalignments, power ratings, and the respective
resonant compensation network required. Hence, in particular, dynamic IPT systems are a
hot research topic.

Table 1. Different battery technology characteristics [1].

Type Energy Efficiency [%] Dens];:tr;e{{%’h /g Den:i?;’[evl;’ /gl Life Cycles Self-Discharge
Pb-Acid 70-80 20-35 25 200-2000 Low
Ni-Cd 60-90 40-60 140-180 500-2000 Low
Ni-MH 50-80 60-80 220 <3000 High
Li-Ton 70-85 100-200 360 500-2000 Medium
Li-Polymer 70 200 250-1000 >1200 Medium

Table 2. Commercial and research groups using IPT technology.

Company Output Power [kW] Application Vehicle Type
Witricity 11 Static EVs
Brusa 11 Static EVs
ENRX 100 Static EVs and Buses
ENRX 180 Dynamic Buses
WAVE 250 Static Buses
Research Groups and Universities
University of Coimbra/IT 1-3 Static/Dynamic EVs
University of Auckland 1-11 Static/Dynamic EVs
ETH 50 Static Buses
ORLN 120 Static EVs and Buses
KAIST 180 Dynamic Buses

IPT can be divided into static (SIPT) and dynamic (DIPT), whether the electric vehicle
(EV) is static or in motion during the charging process [2]. The main goal in SIPT is to
achieve maximum power transfer for a specific range of load variation (R, = V,/1,),
considering constant coupling, i.e., ability to fully charge the battery (from State of Charge
S50C = S0Cpiy, — S0Cyuax) in constant current (CC) mode or constant voltage (CV) mode.
The ideal power transfer conditions are found with a perfect alignment between the
transmitter and the receiver at nominal current (at maximum coupling). Even if small
misalignments are considered, the power transfer can be relatively high [3]. Conversely,
DIPT allows charging the EV in motion, decreasing the stop-charging time, eliminating the
range anxiety associated to EVs, and also avoiding queuing at charging stations.

Typically in IPT systems, the maximum power transfer is achieved at perfect align-
ment, which means that transmitter and receiver pads are perfectly aligned. If there is
a misalignment between the pads, perhaps due to the way the EV is parked relative to
the transmitter pad, the coupling factor decreases, which implies lower power transfer
capability. In SIPT, it is considered that, once the EV is parked, it does not move, so the
misalignment, if it exists, remains constant during the charging process, affecting the power
transfer capability and thus the charging time. Considering this constant misalignment,
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it is possible in SIPT applications to implement misalignment compensation techniques,
even before the charging process starts, to minimize the misalignment effect [4]. Contrary
to static operation, in dynamic IPT operation, inherent displacements occur due to the EV
movement in the travel direction. This means constant variation of the coupling factor
as the EV moves above each transmitter pad. Adding to this, also lateral and vertical
misalignments are expected depending on the driver’s ability to drive following the charg-
ing lane, as well as the road conditions such as bumps and holes along the road. This
means that the inherent movement in DIPT affects the power transfer capability even if the
perfect trajectory of the charging lane is followed. If the EV deviates from this trajectory,
for example, laterally, the coupling factor decreases, reducing the power transfer to the EV.

DIPT systems can be classified according to the transmitter pad configuration into
distributed or lumped magnetic structures [5,6]. Distributed magnetic structures include
elongated tracks that ensure a continuous power transfer with a constant coupling factor.
The large inductance of the track, however, reduces the overall coupling factor and requires
higher voltage levels to drive the necessary transmitter current. Additionally, compliance
with the ICNIRP guidelines on human exposure leakage magnetic field levels is only
achieved at wider distances [2]. Lumped DIPT systems, on the other hand, consist of
multiple discrete segmented transmitter pads placed along the roadway where the power
transfer to the vehicle occurs. The size and geometry of these transmitter pads are similar
to SIPT systems. However, given the continuous movement of the vehicle, the coupling
factor varies between a null and maximum value, and load levels can have similar patterns
(no-load and full-load).

While SIPT systems are extensively analyzed in the literature with already available
commercial solutions, DIPT systems still present challenges related to the vehicle’s move-
ment. The MC coupling factor as well as load value are changing, and consequently,
the impedance at source terminals is also changing. Therefore, a converter topology and
compensation network should be selected in order to keep primary-side current and
voltages values manageable, not exceeding maximum specified ratings. Although some
literature refer briefly the acceptable solutions [7-12], there is still room for the analysis and
optimization of the feeding system in terms of compensation topologies for DIPT.

Figure la presents the transmitter placed on the roadway, represented in red and
green, and the receiver onboard the EV, represented in blue and purple. The gray rectangles
represent the ferrite cores in the receiver pad, used to improve the MC coupling factor.
Figure 1b depicts the mutual inductance Mg, evolution as a function of vehicle movement
and the point at which it achieves its maximum value, corresponding to the point of
maximum achievable coupling and a perfect alignment between the EV receiver and
transmitter pad. Additionally, this figure presents the side view of the MC pads in the
perfect alignment position and the off-board power supply. The y axis depicts the EV
movement in the travel direction. The x axis refers to lateral misalignments relative to
the trajectory of movement, and the z axis represents vertical misalignments, which are
commonly referred to as airgap, if the height of the EV varies due to bumps or holes in
the roadway, for example. Both these misalignments can affect the power transfer. As the
EV moves, the mutual inductance presents a characteristic bell-shaped blue curve as in
Figure 1b.

Natural EV displacement in DIPT implies considering the full range of bell-shaped
characteristic curves, typically obtained for mutual inductances or coupling factors Mrygx
and kryry (Where kryry = \/]\% ), respectively [13]. Due to the inherent EV movement,
coupling variations kg, are expected, where Tx and Rx refer to transmitter and receiver
pads, respectively. Coupling factor kryry is always proportional to the value of the mutual
inductance Mryry. Thus, random SoC levels may affect the converter power transfer,
and so will the inherent coupling variations.

IPT systems use resonant converters to improve power transfer capability with Series
(S) or Parallel (P) compensations, for example, which can be used in either the transmitter
or receiver sides, forming a single-coupling system. The preference for single-coupling SS
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resonant configuration for SIPT systems is due to two main intrinsic characteristics [14].
The first characteristic is natural frequency independence of both transmitter and receiver
compensation circuits to mutual coupling and load variations. As a result, the natural
frequencies depend only on the self-inductance and capacitance of the passive components
on each side. The second characteristic is the operation of the H-bridge inverter with zero
phase angle (ZPA) between output voltage and current, which means resonant operation.
This is achieved when the switching frequency matches the natural frequency of both the
transmitter and receiver compensation circuits. However, under no-load or no-coupling
conditions, the transmitter current rapidly exceeds the nominal ratings if there are no
detection mechanisms or control protections [15,16]. In [5], the authors used a system to
detect the vehicle’s position and avoid a total decoupling scenario.
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Figure 1. DIPT system pads placement. (a) Typical pads placement on the roadway and onboard of
the EV, (b) Single-coupling topology, and (c) Double-coupling topology.

Similar detection solutions are presented in [17], but they require additional hardware.
The work in [18] presents an estimation detection algorithm without additional hardware,
based only on electric quantities available in the transmitter side to regulate the H-bridge
inverter. The failure of EV detection systems, which use additional hardware or estima-
tion algorithms, reduce the system reliability and can compromise the integrity of the
transmitter hardware.

Despite other single-coupling solutions that are envisioned in the literature, the SS
configuration remains the option that gives total mutual inductance and load independence
of the natural resonance frequency, while achieving the highest level of power transfer.
Although it has appointed limitations, SS topology can still be applied for DIPT if a
second magnetic coupler (isolation transformer) is placed between the HF inverter and
the transmitter pad. In this case, a resonant topology with an additional mesh is obtained
and the circuit is referred to as a double-coupling topology, as presented in Figure 1c. This
additional MC solves the previously mentioned SS topology limitations and simultaneously
allows galvanic isolation. Galvanic isolation is necessary to prevent dangerous ground
loops, which can compromise the safety of the users in the vicinity of the transmitter pad.
It helps to prevent electric shock hazards, as it creates a physical barrier between the HF
inverter and the IPT system [6,19-21].

An additional requirement for IPT systems is a resonant topology with the ability to
generate a constant magnetic field during the time in which the vehicle is passing over the
transmitter pad. This implies having a constant current it, feeding the transmitter pad
(coupling- and load-independent) [19,22].

Furthermore, safety operation is a key aspect in IPT systems. It will be demonstrated
in the following sections that the choice of the resonant converter topology has an impact on
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the system operation and power transfer capability. This is evident from the different gain
functions characteristics obtained for the different compensation networks under study.
Dynamic operation demands additional requirements due to the variable MC coupling.
This brings new challenges from the control and safety points of view, since current and
voltage values can increase drastically in certain operating conditions. Therefore, using
a resonant topology with natural behavior that already limits current and voltage below
safety values is preferable.

Considering the classical SS configuration limitations for DIPT, this work validates the
use of a double-coupling SSS configuration that disregards the usage of detection systems.
This double-isolation system limits the input current under no-load and no-coupling
conditions. The double-coupling topology with series configuration also exhibits natural
resonance independence from mutual inductance and load variations, while exhibiting,
at the same time, load-independent voltage-source characteristics and allowing a constant
current feeding the transmitter pad of the MC [23,24].

This paper started with Section 1, where the requirements for dynamic IPT operation
were described, highlighting the existent differences between static and dynamic charg-
ing systems. Section 2 below analyzes single-coupling compensation network topologies,
assessing their capabilities for dynamic operation under different load and coupling condi-
tions. This analysis includes a broad range of compensation networks, primary-side S, P, or
LCL compensations and secondary-side S or P compensation. Section 3 demonstrates the
applicability of a single-coupling SS configuration with an extra magnetic coupler, referred
to as double-coupling SSS configuration, which not only meets the dynamic operation
requirements but also ensures galvanic isolation. In Section 4, the simulation results are
presented and analyzed. The experimental results are presented in Section 5 for the double-
coupling SSS topology and are compared with simulation and theoretical analysis. Finally
the conclusions are presented and discussed in Section 6.

2. Single-Coupling Resonant Networks for DIPT Systems

The power transfer capability depends on the load levels and converter operating
conditions. The compensation network is a key element and is used in order to reduce
switching losses and increase the overall system efficiency. Contrary to SIPT, DIPT coupling
variations affect the power transfer due to the inherent EV movement.

2.1. DIPT System Description

To implement a DIPT system, multiple transmitters are used to form a charging lane
on the roadway [9,25,26]. A typical DIPT pad placement is presented in the top part
of Figure 2, where multiple transmitter pads are embedded on the roadway. A mutual
inductance between each transmitter and the receiver is referred to as My;gy, Where
i=1,2,3,...refers to each transmitter Tx and Rx refers to the receiver pad placed onboard
the EV chassis.

Receiver pad (EV displacementL

Perfect alignment
Mrxiry = Mmax

| R

Tx1 Tx; Tx3 Roadway

Transmitter pads L—-‘

M M Mrrs Mryarx Mryarx No-coupling
Imax =
Full-coupling

Min o

EV displacement

Figure 2. DIPT EV displacement impact.
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A Bipolar pad (BPP) topology is selected, since it allows high tolerance for lateral
misalignments [3]. The reference to BPP is related to the MC coils shape and relative
position, as in Figure la. Three consecutive transmitter pads, represented in red and
green, are spaced at distance P, and one receiver pad, represented in blue and purple, is
considered in this analysis. The gray rectangles represent the ferrite cores in the receiver
pad, used to improve the MC coupling factor. As the EV moves in the y axis, the energy is
transferred from each consecutive transmitter to the receiver. This means that the coupling
will follow the bell-shaped pattern that will be repeated in a consecutive way, as shown
in the bottom part of Figure 2. If two consecutive transmitters are close enough to each
other and are simultaneously energized, the energy transferred to the receiver may be a
contribution of these two transmitter pads. Thus, higher distances between consecutive
pads lead to points where there is no coupling between any transmitter and the receiver,
leading to a no-power-transfer situation. This means that the peak of the Mr,;r, curves
in Figure 2 will be closer or further apart, depending on the distance P, which implies a
decrease or increase of the minimum achievable coupling between the transmitters and
the receiver.

The distance between pads needs to be carefully chosen in order to achieve a certain
amount of energy transfer, i.e., energy transfer per km. Furthermore, an increase of the
EV speed decreases the time of power transfer between each transmitter and receiver,
decreasing the maximum energy transfer capability in a DIPT charging lane. Hence,
the EV maximum speed will affect the number of pads needed and the total length of the
energized DIPT lane. Moreover, lateral and vertical misalignments will contribute to a
lower transfer capability.

In order to assess the applicability of using a specific resonant compensation circuit to
dynamic IPT systems, it is necessary to follow a methodological approach. The theoretical
analysis starts with considering the electrical circuit of each resonant topology. Kirchhoff’s
laws are applied to obtain the different equations in the circuit, assuming the circuit is in
steady-state and uses first harmonic approximation (FHA). By rearranging the different
mesh equations, it is possible to find voltage and current gain equations, as well as the
impedance equations, in different places of the circuit, i.e., the reflected impedance and the
input impedance equations, which will be discussed further. This, in the end, will depict
the behavior of a certain topology and its applicability on dynamic IPT systems.

2.2. Circuit Considerations and Definitions

Each compensation network circuit is designed to operate at resonance, meaning that
the filter natural frequency f is equal to the inverter switching frequency fs, i.e., fo = fs.
At resonance wy = w (Where wy = 27tfg and w = 27f;), the imaginary part of the input
impedance Z;, is zero; thus, Z;,, presents only the real part, behaving as a resistor. When
the converter operates at resonance, maximum power transferring capability is achieved,
leading to higher overall efficiency. Operating at resonance leads to ity and ig, having a
sinusoidal waveform, although the converter is fed by a square wave voltage. This implies
that only the fundamental component of the input voltage, v;, 1 (1), is responsible for the
power transfer to the secondary side, which means using the FHA.

Uinn = Vboc—— COS( )/ (1)
s

where Vpc is the DC bus voltage, n is the nth harmonic, and « is the H-bridge inverter

phase-shift (PHS) angle between 0° and 180°.

The different resonant networks are modeled with dependent voltage sources and
circuit impedances, as shown in Figure 3. An AC equivalent resistor R is typically connected
at the output of the secondary-side compensation network, which represents the full-bridge
diode rectifier and batteries, where R = %Ro. Current i;,, is the input current, it, and igy
are the primary or transmitter and secondary or receiver side currents, respectively, ig and
vR are the current and voltage in the equivalent output resistance R, respectively.
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Figure 3. Typical resonant converter topology with dependent voltage sources model and impedances.

Inductors L1y and L, correspond to the primary and secondary sides’ self-inductance,
respectively, and M = Mryry = MgyTy represents the mutual inductance between the
primary and secondary side of the MC. If a comparison is made with an equivalent trans-
former model, the MC parameters can be obtained using: Lty = Lixp + L, Lrx = Liks + Lm
and Mrygry = Ly (for unitary transformer ratio), where Lj;, and Ly represent the trans-
former primary- and secondary-side leakage inductances, respectively, and L, represents
the transformer magnetizing inductance. Cr, and Cg, correspond to the primary- and
secondary-side resonant capacitances, respectively, and are placed on the primary and
secondary compensation network as in Figure 3. SS, SP, PS, and PP topologies are built by
having a resonant capacitor Ct, or Cr, connected in series or parallel with the primary- or
secondary-side coils in the primary- or secondary-side compensation network blocks in
Figure 3 [27]. Topologies LCL-S and LCL-P have an extra inductor L;,, added in series with
the source v;,. These are the single-coupling topologies analyzed in this work.

Secondary-side impedances are represented by Zs.c,, where y stands for a secondary-
side S or P compensation. Voltage UryTy = —jwMRpyTxirx represents the secondary-side
voltage reflected to the primary side and represents the voltage at the terminals of Z,,¢,.
The reflected impedance is a relation between vg,ry and ity and can be obtained using
Zyefy = VRxTx/ Ix. The primary-side voltage reflected to the secondary side is represented
by vrxry = jwMrxRxiTx- Zinxy, also in Figure 3, represents the primary-side impedance,
where x stands for a primary-side S, P, or LCL compensation. The input impedance is a
relation between v;,, and i;, and can be obtained using Z;;;,, = Vin/ Lin.

2.3. Impedance Definitions and Resonant Operation

Table 3 presents the reflected impedances Z,,,, and Table 4 presents the input impedances
Zinxy for the various topologies in study. Generic expressions can be used in any load and
coupling condition, whereas tuned expressions are only valid in the tuned condition. The
tuned condition is the one that is selected for the converter design considering maximum
energy transfer capability, perfect alignment, which means maximum mutual inductance
or coupling, and nominal load. This implies setting the natural resonance frequency of the
system f( equal to the converter switching frequency f;. Therefore, for DIPT applications due
to the perpetual coupling variation, it is necessary to use the generic equations to assess the
circuit behavior.

2.3.1. Secondary-Side Topologies
These are defined as Zs.s = jwLry + —L_ 4 Rand Zyop = jwLry +

1
]‘UCRx ijRx+% '

For tuned and generic conditions, Z,.r, equations are shown in Table 3, considering

1
bRx - (A]/(A]Rx and wa - \/ﬁ
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Table 3. Reflected secondary impedances—Generic and tuned conditions.

Generic Tuned Conditions (at b, = 1 Secondary Side Resonance)
Real Imag Real Imag Observations
, X ) - Voltage source characteristics
M2 R “ LR’MTxR’C(@q) - Null reflected reactance

ZrefS AL o1

2
bR;\‘

2 Af2
X ) MTXR;\‘ 0
Ly w? (- —1)2+R? R - Primary-side compensation
Rx

- not affected

- Current source characteristics
- Reflected reactance Mt gy

2M2 . R M2, w(R2B2 (1-12 )—w?I2)  M2,.R woM2
Z w TxRx TxRx Rx Rx Rx TxRx _ TxRx - de endent
refP RII-B3 ) +w?La, Lrx (RE(1-12 2 +?L2,) L2, Lks P ! )
- Primary-side compensation
- affected by MRy

Table 4. Resonant network input impedances—Generic condition.

Real Imag Observations

Zinss

[2,@? (- —1)2+R? wCry

- Voltage source characteristics

- No-load/no-coupling: I;;, — o

- Load/coupling: limits I;;, at high values
- ¢z, coupling- and load-independent

W LreMi g, (7~ =1)
Rx

2
sz%xRxR bTx71+ 1 g 5
L} w (gfl) +R
x

v
th

Zinsp

RZ(1-13, 2 +w13, wCry

- Current source characteristics

- Load/No-load: limits I,

- Coupling/no-Coupling: limits I,
- ¢z, varies with load and coupling
- ¢z, load-independent at Miyqx

b%.\'71 M%'XRXW(RZb%Qx(lib%{x)iwzl‘%{x)

w?M3 o R
L L (RE(T—03, 2+ w2 LR,

Zinps

- Needs input choke inductor

- Voltage source characteristics

- No-load/no-coupling: Vj,, — oo

- Load/coupling: limits V;,

- ¢z, varies with load and coupling

ﬁ (jWLTx+ZrefS>

ﬁ +jWLTx+Zv‘efS

Zinpp

- Needs input choke inductor

- Current source characteristics

- No-load/no-coupling: Vj,, — oo

- Load/coupling: limits Vj,

- ¢z, varies with load and coupling

e (jwLrs+Zrep)

f‘*’?Tx
W"’]WLTX'FZ;'#P

ZinLcLs

- Additional L;;, in the resonant network
- Voltage source characteristics

- No-load /no-coupling: I;, — 0

- Load/coupling: limits I;;,

- ¢z, coupling- and load-independent

= (jwLrx+ Zrefs)

. wC.
WL, + 25—
] in /wén +jwLlre+Zyess

ZinLCLP

- Additional L;,, in the resonant network
- Current source characteristics

- No-load /no-coupling: limits I;;,

- Load/coupling: limits I;;,

- ¢z, varies with load and coupling

7ty wLrs+Zregp)

jwL;, + .
JWkhin iwéTX+]wLTX+meP

2.3.2. Primary-Side Topologies

. . . 1
These are defined as Z;;;x, and can be calculated using Z;,s, = jwLry + e + Zyerys
Zinpy = - 1 T and Zj,rcry = jwLi, + %, as in Table 4, where
y JOCT o v JoCTt 7

all configurations are specified for generic conditions, considering b, = w/wry and

WTy = 4.
x V L7y Cry

Considering Table 3, if the secondary side is operating at resonance, therefore, in tuned
conditions, wry = w, which implies that bg, = 1, and the reflected impedance is simplified
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as ZyefTuned- For secondary-side S compensation, the imaginary part of Z,,¢s is null. In
this condition, the load viewed from the primary side is only the real part of the reflected
impedance, which depends only on Mt,ry and R. This means that load variations affect
the input impedance module but not the phase angle (same resonant frequency). Null
reactance implies that the tuning of the primary side is independent of the secondary side.
ZPA (zero-phase angle) operation is achieved in the primary side, independent of load and
coupling conditions.

For a secondary-side P compensation, the imaginary part of Z,,¢p is not zero, and the
reflected reactance is coupling-dependent. The primary-side compensation will therefore
be influenced by this reactance.

If variations of self-inductances are admitted, the tuned condition is lost, and tuned
equations are no longer valid, which implies the use of generic equations.

The resonant capacitors values are calculated in order to tune the converter at reso-
nance. To achieve secondary-side resonance, the value of Cr, needs to compensate the
effect of L. For the primary-side resonant capacitor Cr,, a similar approach is followed.
The goal is to determine Cr, to compensate the imaginary part of the input impedance.
Nonetheless, depending on the resonant network, the reflected impedance from the sec-
ondary side can be different from zero; thus, to achieve a resonant system, Cr, needs to
compensate both the effect of L1y as well as the imaginary part of Z,,,.

For SS, SP, PS, and PP topologies, this analysis is well-studied in the literature [28] and

. : : _ 1 __1 _ 1
the following equations can be used: CRXW = e Cragg = L Cragp = = (hr%) ’
X

2
M
LTxf LRy

. )
M2R 2(1. _ M2\?
(425 o (1 2)

2.4. Impact of Compensation Networks in DIPT Systems

— Lty —
Craps = I ,and Cry,, =
(71% ) +wL7,

The previously established generic equations will govern the behavior of the converter.
Displacements can lead to high current and voltages in the converter primary side, so
converter design and topology are important aspects for conceiving the DIPT system.

Two limit operation conditions will be verified, no-coupling (absence of receiver)
and full-coupling conditions. In the no-coupling condition, kryry is zero (M, ), and
for full-coupling condition, the perfect alignment between receiver and transmitter, kTyry,
achieves its peak value (M,x). However, for the full-coupling condition, two different
operation conditions may occur, charging and no-charging. Charging happens when the
batteries are partially charged (low SoC), and no-charging happens when the batteries are
fully charged (SoC — 100%). The no-charging situation may also occur when the coupling
is low (krxry — 0). This implies low induced secondary-side voltage and consequently
no polarization of the rectifier diodes, leading to no-charging. Curves obtained from the
equations in Table 4 allow for the depiction of advantages and disadvantages for each
topology as presented.

2.4.1. MC Characterization

The BPP pads’ dimensions are based on the analysis in [3] for a real-size EV appli-
cation. In this work, for small-scale experimental implementation the dimensions in [3]
are reduced by a scale factor of 2 in every dimension. The primary pad is composed of
two overlapped coils (red and green in Figure 1). Each coil has 10 turns and 190 x 195 mm
(x,y) outer dimensions each, achieving an overall outer dimension of 280 x 195 mm. The
secondary pad has the same dimensions, but ferrite cores are added. It has two sets of
two 193 x 28 x 16 mm ferrite cores (N87 material), centered in the pad and spaced 30 mm
apart (overall core dimensions 186 x 86 mm (x,y)). The distance between transmitter pads
P; is 300 mm (approximately 1.5x the pad width of 195 mm).

Finite element analysis (FEA) software Flux by Altair is used to characterize the MC in
terms of self and mutual inductances, considering one transmitter and one receiver pad. In
order to obtain the full characterization when the EV enters until it leaves the transmitter,
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a simulation scenario is considered for an EV displacement (y axis), from —250 mm to
250 mm with an increment of 50 mm, where position 0 mm correspond to the alignment
position between the receiver and the transmitter. A 40 mm airgap between the transmitter
and receiver is considered, without lateral misalignments.

From FEA simulations, the self-inductances for the transmitter and receiver pads are
Lty = 37.52 yH and Lg, = 51.47 uH, respectively. The mutual inductance and coupling
factor between the transmitter and receiver, Mt,gr, and kr,gy curves, as function of the EV
displacement are presented in blue in Figure 4.

The simulation starts with a receiver at position —250 mm which means no cou-
pling between the transmitter and receiver, whereby Mryr, and kryr, equal zero. As the
EV moves, the peak coupling corresponds to the position of perfect alignment with the
transmitter, at position 0 mm.

20 ~ ~ ~ ~ 0.4

16 |

Flux Simul
= LCR meter

Flux Simul
= LCR meter

N_ " 0.35

12+

0.1

Coupling factor krxrx
o
N

Mutual inductance Mgy [tH]
(o]

0
0—300 -200 -100 0 100 200 300 -300 -200 -100 0 100 200 300
EV displacement [mm] (a) EV displacement [mm] (b)

Figure 4. Simulation and experimental results. (a) Mutual inductance and (b) Coupling factor as
function of Y misalignment.

2.4.2. Assessment of Compensation Network Behavior

The goal is to assess variations of DIPT compensation networks under load, no-
load, and coupling variations (displacement). A similar analysis can also be performed
considering a different MC topology.

Figure 5 presents the input impedance, Z;,,,, module and phase angle, as function of
MRy, for the different analyzed topologies. Figure 6 presents the transconductance and
voltage gain curves as function of Mryry, Gi; 0, and Gygo,,, respectively. All solid lines
are referred to nominal load R while the dashed lines refer to 3R. In the x axis, the value
of Muax represents the maximum Mryry value, obtained at perfect alignment condition
(peak value in Figure 4). All topologies are designed considering the same MC parameters,
input voltage v;,, and load R.

100 . . . . . . — i
p— N 80 p—
% 8 oz B
c — c oA —_—
= 80| - A R Y %
T — o \ —
3 D 08 —pp & W —pPP
8 60 {06 ---PP g 20 RS ---PP
£ ' 0.4 —ILCL-§| | & Ny —LGL-S
8 50+ v 0.2 - ==LCL-S s (== = == =LCL-Si~
= ! 0 b = LCL-P| | g e LCL-PH]
S 40tk \ 0 4 8 12 16 2 LCL-P € 0t . ) LCL-P
g_ \ 4 e ~ 5
E 30r x padie 3 40 F A
- \ PR IS )
g. 20 | s = = ~ d 0
g % L 5 -60 S~
10 | S~ o £ "
|- '—:: === -80 1415 16 17 18] = == m-|
0 = + 1 1 oy 1 1 1 1
0 5 10 15 \ 20 25 30 35 40 0 5 10 15 \ 20 25 30 35 40
Mutual inductrg?:ce, M [uH] (a) Mutual inductrgar:ce, M [uH] (b)

Figure 5. Input impedance as function of the mutual inductance: (a) Module and (b) Phase angle.
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Figure 6. Voltage and current gains as function of the mutual inductance: (a) Transconductance

G and (b) Voltage transfer function Gy,q,,

1TxUin

From Figure 5, for low /no-coupling conditions, Z;,ss tends to zero, leading to high
primary-side currents, which can cause converter failure, while Z;,sp tends to a low value
different from zero, limiting the primary-side current. For primary-side P topologies,
Ziyps — oo generates high primary-side voltages, which can cause converter failure, while
Ziypp tends to a relatively high value, which can limit the primary-side voltage but to very
high values, also leading to converter failure. This leads to the exclusion of SS, PS, and
PP for DIPT. For primary-side LCL topologies, Z;,,; c1s tends to a high value (pink curve
in Figure 5a), resulting in very low primary-side currents, while for Z;,; cr p, it is limited
(yellow curve in Figure 5a), with i;, tending toward a nonzero value. This means that,
for LCL-S topology, the primary-side current tends to zero in no-load and no-coupling
conditions, which corresponds to a safe operation, reducing converter losses. For SP and
LCL-P, having a controllable primary current between maximum safe operating values
may be advantageous.

From Figure 5b, the ¢z, analysis shows that LCL-S allows ZPA, meaning resonance
operation throughout the operating range of load and coupling, while SP and LCL-P
resonance depends on both load and coupling values. Based on the FHA, i;, should be
sinusoidal and in phase with the v;,. Nonetheless, if a full-bridge inverter is used to feed
the resonant circuit (square wave voltage), the obtained current waveforms will depend on
the topology. For SP topology, both i;,;, and it, are sinusoidal; however, for primary-side
LCL topologies, ity is sinusoidal, but i, is not, which means the converter shall not be
at resonance even in perfect alignment thus, ZPA is not verified. An adjustment can be
made to the inverter phase-shift angle of 120°, in order to reduce the THD, improving the
converter overall efficiency [29].

From the transconductance gain in Figure 6a, only PS, LCL-S, and LCL-P allow a con-
stant current it, feeding the transmitter pad, independent of load variations (overlapped R
and 3R curves), in the coupling range of operation. From Figure 6b, it is possible to see that
LCL-S topology can achieve CV mode due to load-independent voltage gain (overlapped
R and 3R curves), in the coupling range of operation.

The compensation topology should provide a natural controllable primary-side current
and voltage below maximum rating values without affecting the converter. Based on the
analysis, assuming the same MC parameters and input voltage level, SS, PS, and PP will
lead to converter failure in the case of no-load and no-coupling operation. Since this is a
natural occurrence in DIPT, they can be immediately excluded. Regarding SP topology,
it allows high power transfer without compromising converter safe operation (when
compared to SS null input impedance at no-coupling condition). Nonetheless, for low-
and no-coupling conditions, i;, will be higher than at the full-coupling condition. This is
undesirable since these coupling conditions will happen the majority of the time, due to the
EV being above the transmitter pad only for a short period. Primary-side LCL topologies
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achieve constant transmitter current i,. Nonetheless, LCL-P resonant operation is affected
by mutual and/or load variations, allowing relatively low power transfer. Although
operating at resonance at maximum coupling, the remaining operating range is only at ZCS
(zero-current switching) mode, which can lead to voltage spikes in the resonant inverter.
LCL-S may be a possibility due to ZPA, although at the cost of relatively low power transfer.
Nonetheless, this topology does not allow galvanic isolation between the HF inverter and
the MC transmitter pad, which is an important issue in EV charging systems.

3. Double-Coupling Resonant Network for DIPT System

Considering the advantages of the single-coupling SS topology, such as resonant
compensation circuit simplicity, high power transfer, load- and coupling-independent
resonant operation, an extra magnetic coupler (isolation transformer) is added to the SS
circuit. This extra magnetic coupler provides galvanic isolation between the inverter and the
MC transmitter pad and simultaneously limits the current i;, to predefined values, whereas
ijnss — oo. Considering series compensation in the additional circuit mesh, the double-
coupling SSS is obtained. The new magnetic coupler (MC1) has a constant coupling factor,
whereas the second MC (MC2) exhibits the well-known bell-shaped curved, discussed in
the previous sections. The intrinsic characteristics and advantages for DIPT applications of
the series-series-series (SSS) configuration will be subsequently analyzed.

3.1. Circuital Analysis

Figure 7a illustrates the equivalent model of a double-coupling SSS, for the fundamen-
tal harmonic, where the magnetic couplers are identified as MC1 and MC2. The equivalent
voltage supply (V;,,) is connected to the transmitter coil of MC1 by means of a series ca-
pacitor, C,. The receiver coil of MC1 is also connected with a series capacitor Cry, to the
transmitter coil of the MC2. On the vehicle side, the classical series compensation network
is used, with capacitor Cg,.

Coupling mode Off-board side i On-board side

TRx gy C

i Iix L1x I;’th\l:x Lrx Rx ir
‘<t %Q VIxRx R %) VR

—
Zin Zegp| Primary  Secondary Zret ‘ Transmitier  Receiver
Isolation Transformer (MC1) Magnetic coupler (MC2)
()
No-Coupling mode
in it Irx L
Vin In tuned conditions:
— . 0. M,
Zin Zretpy | Primary  Secondary ZrefRx Transmitter refb I+ Irx
Isolation Transformer (MC1) Magnetic coupler (MC2)

(b)

Figure 7. Equivalent circuit model of a double-coupling SSS configuration in [23]: (a) Coupling mode
and (b) No-coupling mode.

By applying Kirchhoff’s circuit laws to the SSS equivalent circuit, the following equa-
tions are obtained:

Vin = 7’11711 +jw<(La - 1/(wzca)>ju - Mabjh>/ (2)

0= (ry +rr) Iy + jw((Ly + L1y — 1/ (0?*Crx)) Iy — Mapla — MrralRy), 3)

0= (R+ rRx)TRx + jw((Lry — 1/(w2CRx))TRx - MTxRbe)/ 4)
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where L, and L; are the self-inductances of MC1 and Lt, and Ly, are the self-inductances
of MC2. The subscript in the variables indicate to which side the variable is related,
where a and Rx stand for MC1 primary and MC2 receiver sides respectively, while b and
Tx stand for the intermediary side (MC1 secondary and MC2 transmitter). The mutual
inductances M, and Mg, quantify the magnetic link of the MC1 and MC2, respectively.
The parameters 7, 13, 11y, and rr, denote the equivalent resistance of each pad and they
include the Joule and iron (if applicable) losses. The capacitors’ values are given by
Co=1/(w?-L,),Cryx = 1/(w§ -(Ly+ L1y)), and Cry = 1/(w12{x - Lry), where w,, wy,, and
wRy are the angular resonant frequencies of the resonant tanks. Solving (2) to (4) provides
the current equations that accurately define the SSS model:

_ V.
li= (5)
’ (Zﬂ + Zrefb)
o My
Iy=Iry=1——, 6
’ * qu + Zrefo ©
7 7 < JwMrxRry
Igy = Ig = I, —————, 7
Re = IR =17 =70 @)

where Z,, Z;,, and Zg, are the equivalent impedance values of the resonant tanks in the
transmitter, intermediary, and receiver sides, respectively, and they are given by

Za = ta + jwLs(1—1/b2), (8)
Zy = (rp +17) +jw(Ly + Ly ) (1 — 1/52), ©9)
ZRy = TRy + jwLre(1 —1/b%,). (10)

The variables b, by, and bg,, described in (11), are relation factors between the system
angular operating frequency w and the angular resonant frequencies of the transmitter
(wya), intermediate (wy), and receiver (wgy) resonant tanks. A unitary relation factor at the
fundamental frequency means w = wy, while a relation lower than 1 means w < wy, where
the subscript x represents different sides, a, b, or Rx.

by =w/w,s by =w/wy bry=w/wWgx- (11)

A double-coupling system has two reflected impedance values, as illustrated in Figure 7a.
The reflected impedance from the receiver side onto the intermediary side (Z.f,, ) is
equivalent to a single-coupling IPT system, discussed in Section 2 (Zy,,. = Zefs in
Table 3). The reflected impedance from the intermediary side onto the transmitter side
(Zyef,), on the other hand, is given in (12).

Zp < Vim Moy (Zr tR) (12)
“f T, Zy(Zre + R) + W?M2_g

Assuming an ideal and perfect tuned system, (12) can be simplified into the equation
described in (13). The value of Z,, s, in such conditions, is purely resistive and the value of
R is simply affected by a factor of M2, / M7 ¢

M%iR
Zyefy = Ve + ;0. (13)
TxRx
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3.2. Load, No-Load, and Coupling Impact for the SSS Configuration

A distinctive characteristic of DIPT systems is the displacement of the EV over a
transmitter pad in a short amount of time, resulting in a bell-shape coupling variation of the
MC?2, as already illustrated in Figure 2. Consequently, the SSS configuration must perform
adequately under the two limit operation conditions previously identified, no-coupling
(absence of receiver) and full-coupling.

3.2.1. No-Coupling Mode

During the EV absence, it is important to ensure that the inverter current is kept
at the lowest possible value, thus minimizing the system losses. Moreover, I;;, should
decrease/increase naturally, within acceptable range, to avoid risks of over-current in the
overall circuitry.

The absence of receiver leads to a null induced voltage V g,y and the remaining circuit
corresponds to a classical SS resonant configuration, as illustrated in Figure 7b. As such,
and assuming that w, = w, = w, the value of Z;,ss at the fundamental frequency will
be large, according to the function depicted in Table 4. However, the impact of the odds
harmonics of Vj, in I, must be taken into account and their value minimized by ensuring a
high Z;,ss at those frequencies. Figure 8a shows the amplitude of Z;,ss as a function of the
frequency for different self and mutual inductance values in MC1, and the corresponding
3rd, 5th, and 7th harmonic frequencies are marked as well. The solid lines identify a k,;, in
MC1 equal to 0.6 with different self-inductance values (ranging between 20 pH and 60 pH).
The dashed lines, on the other hand, correspond to k,, = 0.9 with the same self-inductance
values of the solid lines. All curves exhibit inflection points that mark the transition from a
capacitive to inductive impedance of Z;,,. Until this inflection point, the reflected capacitive
reactance is predominant in comparison with the inductive reactance of the transmitter
network (when w > wy, the LC network is inductive). The analysis of Figure 8a results in:

(i) The use of an MC1 with larger self-inductance values results in higher |Z;,ss| values
at the harmonic frequencies, and consequently, it reduces the corresponding current
component values;

(i) The increase of k;;, moves the inflection point closer to the harmonic frequencies.
Therefore, high coupled MC1 will exhibit larger 1, values due to the harmonic values,
especially the 3rd and 5th components.

One way to mitigate the impact of the 3rd harmonic component is by simply operating
the H-bridge inverter with a 60° angle instead of 0°. In this way, the amplitudes of V},, of
the 3rd and 9th harmonics are null, as illustrated in Figure 8b. Therefore, MC1 can have
higher k,;, values since the 3rd component has no impact in the final value of I,.

60 —k =0.6, L =L =20uH " ‘ ‘

a b 5" harmonic 7" harmonic

50, |—k,, =06, L =L, =40uH /

B |
g V[Tt " /

Z30F Y ook, =09, L=, =0uH i

T | 4ok, =09, L =L, =80.H /

206 3 harmonie / 4

80 100 120 140 160 180
frequency [kHz]
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Figure 8. Cont.
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Figure 8. Plots of (a) Amplitude of Z;, 55 as a function of frequency for different k;;, and L, = L,
values, and (b) RMS values of odd harmonics in V;,, as a function of «.

3.2.2. Coupling Mode

The vehicle’s passing over the transmitter pad of the MC2 initiates the charging process
of the EV battery pack. In this scenario, the equivalent model corresponds to a double-
coupling SSS configuration, as illustrated in Figure 7a. A more detailed mathematical
analysis was carried out in [23] with special emphasis on voltage and transconductance
gain functions. The transmitter current of MC2 (I1,), described in (6), in tuned conditions
is simplified into

Tros = gk 19

According to (14), I, depends on the H-bridge inverter voltage, w, and mutual

inductance of MC1. Therefore, the SSS configuration acts as a constant current source in

the intermediary resonant network, with little effect under the load and MC2 coupling

variations.

The current passing through the inverter, given by (5), in tuned conditions is de-
scribed by:

= _ ViaMi g,

I,1= 15
a1l MghR ( )

According to (15), the power transferred to the load is dependent on the mutual
inductance values ratio of MC2 and MC1 as well as the the H-bridge inverter voltage.
Since M, is approximately constant and Mgy decreases due to the movement of the EV,
the value of I, ; is limited naturally by the intrinsic characteristics of the SSS configuration.
Furthermore, in a charging scenario with a coupled vehicle but with the batteries fully
charged (R = o0), I,7 is also limited, as the equivalent circuit model matches the no-
coupling mode (SS configuration).

To summarize, the main features of the SSS configuration are as follows:

¢ Current source characteristics in the intermediary network (I);
* Load-independent voltage source characteristics between output/input voltages
(VR/ Vin);
e  Load/no-load: limits I;;,;
*  Coupling/no-coupling: limits I;;,;
*  ¢Zj, coupling and load-independence.
The main characteristics of the different resonant topologies analyzed are summarized
in Table 5, highlighting the main features and behavior of each compensation network and
its suitablity for DIPT applications.
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Table 5. Comparison of the analyzed resonant configurations. Green and red colours refer to pros
and cons, respectively, of a topology considering DIPT application and, yellow colour means not
suitable for DIPT.

Parameter\ Topology SS SP PS PP LCL-S LCL-P SSS
Independence on __Transmitter Yes No No No Yes No Yes
Lryry and Ry Receiver Yes No Yes No Yes No Yes
Zero coupling allowance Not allowed Allowed Not allowed Not allowed Allowed Allowed Allowed
Decreases with
Decreases displacement but Increases Increases Increases Increases .
Total impedance with limited to with with with slightly with Igicsrelaascfzsrr\{\élrt?
displacement value different displacement  displacement  displacement  displacement P
from zero.
Load independent output at Voltage and Voltage and Voltage and
resonance e . Only voltage Only current Only voltage Only current s
Coupling No Yes Yes Yes No Yes No
Resonance Yes, but load
affected by Load No independent Yes Yes No Yes No
at Myax
(1) Requires a
smaller
receiver coil (1) Galvanic
self-inductance - isolation.
Current source characteristics
Other advantages @ Tt'ﬂ:r;gi\llel at the transmitter pad input. i(rzlgegr%ﬁitgtlte
Not suitable resonant circuit Not suitable Not suitable coil current.
for DIPT. supplies the for DIPT. for DIPT.
__ stable current.
Requires
i additional
Other drawbacks ];g;l:ggigct Additional .inductor rel'atively isolation
blocking to classical topologies. transformer and
: resonant
capacitor.

4. MC Model and Simulation Results

The DIPT system is simulated using MATLAB/Simulink in order to emulate its
behavior under different EV displacement and load conditions as in Figure 9 for a double-
coupling SSS topology. To emulate the Mr,r, behavior under EV displacement, MC2
is modeled using the MC model as in Figure 10, where vg,rs —jwMRyTyiry and
UTxRx = JWMTyryiTx. Controlled voltage sources are used to achieve the effect of Mrygy

variation, with v,y = —MRxTxd;% and vTyry = MTyRx d;Tt". The MC2 parameters L1,
and Lg, are kept constant and a mutual inductance profile between the transmitter and
receiver pad is considered via a 2D lookup table (with the values from Figure 4a) in the
block Position — Mutual inductance, in Figure 9. The block has two inputs, Speed [km/h]
and Initial position [mm]. The first input is the EV speed and the second input is the initial
position of the onboard receiver pad, relative to the transmitter pad. An initial position of
0 mm represents perfect alignment between receiver and transmitter pads, as in Figure 1b.
It has two outputs, Mutual inductance [LH] and Position [mm], which correspond to the
EV position and correspondent Mg, at that position. The second added MC (MC1) is
simulated using a Mutual Inductance block with the parameters L,, L;, and M.

The different parameters are presented in Table 6. To minimize the input current
harmonics according to the analysis in Section 3, the MC1 coupling is selected to be
kup = 0.72 in the SSS circuit.

Discrete |_pridge inverter
Tss.

?ﬁ

o
xI
[

Vdc

T e r”‘wrk e e T

Transmitter side compensation

Isolation Transformer (MC1)

JRE—y S
Magnetic Coupler (MC2)

[ > ED< 5 A
+ TG —eaA\ -3 et o dr]]
CRx T

T, LRx rRx
X LTx @ VRXT® VTxRx § Co I Ro

(= > [ma >

-

Initial Position [mm]

Speed Mututal Inductance /
P ututal fndu MTXRx [uH] E

Speed [km/h]

Initial Position Position

Displacement [mm]

Position -> Mutual Inductance

Figure 9. MATLAB/Simulink simulation model for the double-coupling SSS topology.
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Figure 10. Equivalent circuit for variable mutual inductance model simulation implementation.

The simulation assumes a constant EV speed during 180 ms with the coupling varia-
tion, according to Figure 4, and a load step at 90 ms, from R, = 2.4 () to open-circuit. The
coupling factor starts to increase at —200 mm (20 ms in Figure 11) and the instant 90 ms
corresponds to the perfect alignment position of 0 mm in Figure 4. The results in terms of
primary- and secondary-side voltages and currents are presented in Figure 11 and confirm
the expected theoretical analysis for the classical single-coupling SS topology and for the
double-coupling SSS topology. For the classical SS topology, i;, = ity due to primary-side
series connection. For the no- and low-coupling situation, the current tends to a high value,
limited by the wires series resistance and tends to a minimum value at full coupling, which
corresponds to 90 ms (corresponding to 0 mm in Figure 4).

Theoretically, from Figure 5a, Z;;, — 0, which leads to i;;, — oo, exceeding maximum
current rated values. Conversely, for double-coupling SSS topology, both the input current
i;; and the intermediate current iT, are always kept under maximum values.

It is important to say that these results assume similar conditions in terms of input
DC bus, MC2, and load R,. No dedicated design is made, however, from this analysis it is
already possible to assess the adequate behavior of the double-coupling SSS configuration
for DIPT applications.

Table 6. Simulation and experimental prototype parameters.

Parameter Values
Vie 100V
fs 20 kHz
PHS 180°
L, =41.78 uH; r, = 0.11 Q
e L e
k., =072

Ly =457 uH; rry = 0.11 Q
Lry = 57.45 uH; rgy = 0.11 Q

MC2 Mryry = [O — 16.68 uH]
kTxry = [0 — 033]
C, = 1.46 uF
Resonant capacitors Cry =783.3nF
Cry = 1.1 uF
Co 100 uF

R, 240
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Figure 11. Simulation results for currents and voltages as function of the time with variable coupling
and load step for the classical SS topology (a,c,e) and for the double-coupling SSS topology (b,d,f).

5. Experimental Validation

A small-scale prototype of a DIPT system, presented in Figure 12, was built and used
to validate the previous analysis, considering the specifications in Table 6, for the double-
coupling SSS topologies. The top picture depicts the transmitter and the receiver pads
as well as the secondary-side resonant capacitor. The bottom picture depicts a structure
with the transmitter and receiver pads (MC2) to emulate EV displacement, controlled with
a step-motor. The transmitter side resonant components are placed under the structure and
are connected accordingly to the double-coupling SSS (MC1, C,, and Cry). On the right
side, the DC bus is generated via a rectifier fed by an autotransformer and the electrical
grid. The H-bridge inverter uses C3M0065090D SiC MOSFETs controlled with a DSP from
Texas Instruments TMS320F28335 and gate drivers PT62SCMD12 from CREE/Wolfspeed.
Tektronix oscilloscope and voltage and current probes are used to obtain the experimen-
tal results. The receiver is connected to the secondary-side resonant capacitor in series,
followed by an high-frequency full-bridge rectifier and resistive load R,. The magnetic
couplers MC1 and MC2 characterization is made using an LCR Meter BK PRECISION 889A.
For MC2, the mutual inductance and coupling, Mtyryx and kryxry, curves as function of the
EV displacement were previously presented in Figure 4, where the blue curves represent
the simulation results from FEA analysis and the red curves represent the experimental
results measured with the LCR meter.

Transmitter and receiver pads (MCryrx) Voltage and Oscilloscope for

data acquisition PC for

displacement
control

Full-bridge
rectifiers

el | —
B ) } L Auto-
MC,p and resonant capacitors Resistive load 4
— transformer

Figure 12. Experimental setup with 1 transmitter and 1 receiver pad with double-coupling SSS topology.
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Variable coupling and full-load

The experimental results for the double-coupling SSS topology showing the behavior
under EV displacement and the operation under full- and no-coupling and full- and no-load
conditions are presented in Figure 13. The yellow and blue waveforms represent the input
voltage and current, v;, and i;,, respectively. The pink waveform represents the output
voltage v, at the load terminals R, and the green waveform represents the intermediate
current i, = ity in the resonant capacitor Cry.

No-coupling

Figure 13. Experimental results with 1 transmitter and 1 receiver pad for double-coupling SSS
topology. (a) Full-coupling and full-load, (b) Full-coupling and no-load, (c¢) No-coupling, (d) Variable
coupling and full-load, (e) Variable coupling and no-load, and (f) Variable coupling and load step
from full-load to no-load condition. v;, [100 V/div] CH1 (yellow), i;;, = i, [20.0 A/div] CH2 (blue),
v, [20 V/div] CH3 (pink), and i, = i1, [50 A/div] CH4 (green). (a—c) Time [20 us/div], and (d—f) Time
[1s/div].

Figure 13a presents the results with full-coupling condition for full-load (R, = 2.4 Q)
and Figure 13b presents the results with full-coupling condition for no-load (R, = ).
Figure 13c presents the results for no-coupling. Both the input current i;,, and transmitter
current it, are always limited under these conditions. As expected, the impact of the
square wave harmonic content v;, leads to a non-sinusoidal input current i;,,, confirming
the theoretical analysis in Section 3. Under the no-coupling condition, without vehicle,
i;, stabilizes at a certain value different from zero, in this case around 5 A, which ensures
safe converter operation in the low- and no-coupling conditions as desired. Moreover,
ity remains approximately constant, in this case, around 24 A, independent of coupling
and load, which is the feature expected for the double coupling SSS topology. At the
full-coupling and full-load condition, v, (and consequently i,) tends to the maximum value,
and for no-coupling, it tends to zero.

Considering variable coupling, shown in Figure 13d, it can clearly be seen that v,
exhibits the expected bell-shaped behavior and that i;, and it, are limited throughout the
operating range. The output current i, will have the same waveform as the output voltage
o, since a resistive load is used to emulate the EV battery pack. Considering the no-load
condition as in Figure 13e, i;, and ity remain limited throughout the operating range and v,
will represent the charging of the output capacitor at the rectifier output and the i, will be
zero (no-load). Figure 13f presents the results with variable coupling and considering a load
step from R, = 2.4 () to open-circuit (no-load condition). The expected behavior can be
seen, as in the simulation results in Figure 11, where ;, and ity are kept limited under full
operating range, for full- and no-coupling and for full- and no-load conditions, making the
double-coupling SSS topology a solution for DIPT applications, while providing additional
galvanic isolation between the HF inverter and the MC2 transmitter pad, compared to
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single-coupling topologies. This is advantageous for DIPT systems, since it improves the
users’ safety.

The input current i;,, is not sinusoidal due to the v;,, harmonics (square wave voltage),
although this effect can be minimized if the inverter phase-shift angle is adjusted to 120°,
allowing for the reduction of the current THD, improving the converter overall efficiency,
as analyzed in Section 3 [29]. With the receiver movement in the y axis, there is power
transfer and the primary-side currents are limited throughout the operating range. If lateral
misalignments occur, the same behavior is expected for both topologies, since the MC
mutual inductance and coupling factor will exhibit the same bell-shaped curve behavior as
in Figure 2. However, the maximum achievable coupling Mr,r, decreases with the lateral
misalignment, resulting in lower power transfer.

In order to evaluate the methodology, the theoretical (mathematical calculations),
simulation, and experimental results are presented in Table 7.

Table 7. Theoretical, simulation, and experimental results, and respective errors.

Theoretical Simulation Experimental Error Error
Results Results Results Simul. vs. Theor. Exp. vs. Simul.
Ly 16.36 A 15.18 A 1458 A 7.2% 3.9%
Full-coupling and o 0
full-load condition  Tx 2543 A 2294 A 23.96 A 9.8% 4.5%
Vo 48.33V 4752V 41.60 V 1.7% 12.5%

The results are presented considering full-coupling and full-load steady state condition.
It is possible to verify that the error between simulation and theoretical results is below
10% for the different values I;;,, IT,, and V,. Notice that the mathematical equations use
FHA while the simulation model includes the harmonic content of the square wave input
voltage, v;,, and the influence of the output rectifier. Therefore, the obtained errors are
considered reasonable. For the experimental results relative to the simulation model, a
maximum error below 15% is obtained, which validates the analysis presented.

6. Conclusions

This paper compares different resonant topologies for DIPT application. Due to the
dynamic motion of the EV, the impact of coupling and load variations in the converter
operation are analyzed, considering the same DC bus, MC, and load parameters. Com-
pared to SIPT systems, DIPT systems have additional requirements regarding the selection
of the compensation network, particularly due to no-coupling and no-load intermittent
conditions, while ensuring a safe converter operation. Thus, using a resonant topology with
natural behavior which already limits current and voltage below safety values is preferable.
Additional control techniques could be added to improve converter operation and power
transfer. Since, in DIPT, the EV is moving at a certain speed, the coupling variation can
happen rapidly, which means that a very-high-speed controller would be needed. Two
controllers would probably be needed, one placed onboard, responsible for the control of
the energy delivered to the batteries, and the other one placed off-board, responsible for
transmitter side current and voltage control. This adds complexity to the system regarding
the need for additional communication layers and sensors, which could be avoided if the
converter topology exhibits natural safe behavior.

Regarding the commonly used SS topology in SIPT, although it has load-independent
resonant operation, in DIPT application it will give a non-controllable input current. PS
and PP topologies will have a similar characteristic but in terms of input voltage, making
them unsuitable for DIPT applications. Adding to this, they would need an extra large
choke inductor in the DC bus to achieve current source characteristics in the inverter
to feed the primary-side P circuit. LCL-S, LCL-P, and SP topologies are suitable for DIPT
systems, but nonetheless present some limitations. For low- and no-coupling conditions,
using SP topology will result in the input current higher than at full-coupling condition,
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which is undesirable since these coupling conditions will occur often. For LCL-P topology,
resonant operation is affected by both coupling and load variations and has relatively
low power transfer. Operation in ZCS mode can lead to undesirable voltage spikes in the
resonant inverter. LCL-S topology allows ZPA operation, but it presents relatively low
power transfer and the input current is not sinusoidal when the converter is fed by a square
voltage source. To overcome some limitations of previous topologies, a double-coupling
SSS topology is proposed for DIPT application. Similar to the classical SS topology, it
allows load-independent resonant operation while limiting primary-side currents under
no-load and no-coupling conditions. It allows safe operation under the whole operating
range of load and coupling, from full- to no-load and full- to no-coupling conditions,
making it suitable for DIPT applications. It allows a relatively simple design due to
the use of simple series compensation networks and ensures inherent galvanic isolation
between the inverter and the transmitter pad due to an extra magnetic coupler or isolation
transformer. Considering the obtained results in this work, it is possible to conclude that
the experimental results relative to the theoretical ones present an error below 10%, and
for the experimental results relative to the simulation results, the error is below 15%, thus
validating the presented analysis.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Alternate Current

BPP  Bipolar Pad

CcC Constant Current

Ccv Constant Voltage

DC Direct Current

DIPT Dynamic Inductive Power Transfer
EV Electric Vehicle

FEA  Finite Element Analysis

FHA  First Harmonic Approximation
HF High-Frequency

IPT Inductive Power Transfer

MC Magnetic Coupler

P Parallel

PP Parallel-Parallel

PS Parallel-Series

SIPT  Static Inductive Power Transfer
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S Series
SpP Series-Parallel
SS Series-Series

SSS Series-Series-Series

THD  Total Harmonic Distortion
WPT  Wireless Power Transfer
ZCS  Zero Current Switching
ZPA  Zero Phase Angle

ZVS  Zero Voltage Switching
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