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Abstract: Dynamic wireless charging (DWC) systems enable electric vehicles (EVs) to receive energy
on the move, without stopping at charging stations. Nonetheless, the energy efficiency of DWC
systems is affected by the inherent misalignments of the mobile EVs, causing fluctuations in the
amount of energy transmitted to the EVs. In this work, a multi-coil secondary-side inductive link
(IL) design is proposed with independent double-D (DD) and quadrature coils to reduce the effect of
coupling fluctuations on the power received during misalignments. Dual-sided inductor–capacitor–
capacitor (LCC) compensation networks are utilized with power and current control circuits to
provide a load-independent, constant current output at different misalignment conditions. The LCC
compensation components are tuned to maximize the power transferred at the minimum acceptable
coupling point, kmin. This compensates for the leaked energy during misalignments and minimizes
variations in the operating frequency during zero-phase angle (ZPA) operation. Simulations reveal
an almost constant output power for different lateral misalignment (LTMA) values up to ±200 mm
for a 25 kW system, with a power transfer efficiency of 90%. A close correlation between simulation
and experimental results is observed.

Keywords: DD-DDQ coils; dynamic wireless charging; LCC compensation circuit; misalignment
tolerance

1. Introduction

The growing interest in utilizing green energy solutions is motivating large-scale adop-
tion of electric vehicles (EVs), being an environmentally friendly alternative to gasoline-
operated vehicles and offering a lower carbon footprint [1,2]. With this increasing penetra-
tion of EVs into the transportation markets worldwide, several studies have been conducted
on the design and implementation of different EV charging solutions. Comprehensive and
multi-objective charging infrastructure planning frameworks are proposed in [3–5], while
the effects of integrating EVs into the power grid are studied in [6–8]. From a driver’s
perspective, an assessment of the impacts of different EV charging systems on the driv-
ing patterns of EV users is reported in [9], while EV charging coordination strategies are
discussed in [10–13], aiming to achieve different grid-related and driver-related objectives.

At the heart of these different studies on EV charging infrastructure planning and
energy management, a high-efficiency EV charging system is assumed to be implemented.
Different EV charging system designs are studied in the literature, including both wired and
wireless EV charging systems, to address the increasing demand for EV charging energy.
Wired charging, also known as plug-in charging, involves a direct physical connection
between the EV and the charging power source, which requires hardware compatibility
and effective electrical isolation [14]. Wireless chargers, on the other hand, utilize magnetic
coupling to enable wireless power transfer from a transmitter charging pad to a receiver
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pad fitted at the bottom of EVs. This improves the safety and convenience of the charging
process, and is expected to contribute to at least a 15% increase in the EV adoption rates,
as announced in [9]. Wireless charging also paves the way for developing electrified
roadways that enable EVs to receive energy during their motion, forming a dynamic
wireless charging (DWC) system [15,16], as illustrated in Figure 1. On these roadways,
transmitter pads are placed along the designated charging lane(s) to transfer energy to EVs
during their motion. This on-the-road charging then eliminates the EV charging downtime,
and indirectly allows EV battery downsizing by offering on-the-move battery recharging
opportunities [17,18]. In this way, DWC addresses concerns on energy availability and
range anxiety by allowing EVs to compensate for the energy consumed during their
journeys and to extend their driving range without stopping at public charging stations.

AC/DC + 

PF  

correction

DC/High 

frequency AC + 

Compensation 

network

Figure 1. Outline of a dynamic wireless charging system with a roadway-powered electric vehicle.
Reproduced with permission from Ref. [19]. 2022, IEEE.

Nonetheless, on-the-move EV charging introduces a number of design challenges due
to the inevitable variations in the alignment between the transmitter and receiver coils
during the EV motion. As illustrated in Figure 1, the DWC system consists of segmented
power pads that are placed along a designated charging lane and are connected to the
utility grid through different power conversion stages [19]. As the EV moves along this
lane, power is transferred using alternating magnetic fields through the air gap between
the base of the EV and the charging pads in a resonant inductive power transfer (RIPT)
process, forming a wireless inductive link (IL). During the EV motion, the amount of power
transferred through the IL fluctuates during the misalignments between the transmitter and
receiver pads due to the associated coupling fluctuations [20,21]. Nonetheless, the power
received on the EV side needs to be rectified and regulated before being stored in the EV
battery, to avoid degrading the EV battery’s performance and lifetime. Hence, optimal
coil design and compensation network tuning are both required to resonate the IL at the
operating frequency of interest for different coupling conditions. This minimizes the losses
through the input impedance of the IL and maximizes its power transfer efficiency during
misalignments. Furthermore, power and current control circuitry are required on both sides
of the IL to ensure a constant current supply to the EV battery, despite coupling variations.

1.1. Related Works
1.1.1. Coil Geometry

Several studies investigated the impact of coil design and geometry on the perfor-
mance of the IL in wireless EV charging systems and provide qualitative [22,23] and
quantitative [24–26] comparisons between different coil designs, particularly the four main
designs shown in Figure 2. This is because the magnetic flux distribution between the
coils depends on the winding structure of the coils, which impacts their power transfer
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capability [27,28]. The winding structure of the coils classifies them into non-polarized
and polarized coils. Non-polarized coils, such as rectangular (D) and circular coils, ex-
change power through the perpendicular component of the magnetic field between the
two coils and generally require large coil sizes to increase the power transferred across
large air gaps [26,29–31]. Polarized geometries, on the other hand, namely the double-D
(DD), double-D quadrature (DDQ) and bipolar coils, utilize the parallel components of
the magnetic field for power transfer, which provides higher coupling across large separa-
tion distances between the primary and secondary sides [25,32,33]. However, the authors
in [34–36] report significantly low coupling values during misalignments, and hence poor
misalignment tolerance, between primary- and secondary-side DD coils due to the inherent
null coupling point [37]. This motivates the utilization of multi-coil structures such as the
DDQ and bipolar coils to leverage on the individual advantages of each coil geometry while
offering additional design degrees of freedom to overcome their disadvantages [38,39].

Figure 2. Different coil geometries used in the EV charging IL: (a) Rectangular (D), (b) double-D
(DD), (c) double-D quadrature (DDQ), and (d) bipolar coils. Adapted from Ref. [27]. 2021, MDPI.

1.1.2. Compensation Networks

Studies into the design of compensation networks classify them into basic and hybrid
topologies [22,23], based on the number and connection of the capacitors and inductors
forming the compensation network. Basic topologies consist of a single capacitor, which
may be connected in series or in parallel on either side of the inductive link, hence the
names series–series (SS), series–parallel (SP), parallel–series (PS) and parallel–parallel (PP).
However, according to [40,41], SP, PS and PP are seldom used in wireless EV charging
systems due to their large input impedance and their load-dependent capacitor tuning,
while SS networks offer load-independent operation and are hence suitable for wireless EV
chargers [42–44].

The authors in [35] propose an algorithm for designing optimal coils that maximize
the AC power transfer efficiency of the IL in DWC systems at 30% and 50% lateral mis-
alignments using series-compensated and DD primary and secondary coils. Nonetheless,
acknowledging the shortcomings of series compensation in maintaining resonance of
the IL during misalignments [45], hybrid compensation topologies, including inductor–
capacitor–capacitor (LCC) and inductor–capacitor–inductor (LCL) compensation, are uti-
lized in [46–51] and offer additional degrees of freedom to design load-independent induc-
tive links. The authors in [52] utilize primary side LCC compensation while maintaining a
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series capacitor as a compensator on the secondary side. Their proposed LCC-series com-
pensation offers a constant voltage (CV) output to the EV battery at lateral misalignments
up to 75 mm from the perfect alignment position, while maintaining a constant operating
frequency, with a decreasing DC efficiency as misalignment increases. It is noted that the
amount of misalignment is typically measured as the net displacement from the central axis
of the coil along the length of the EV, as in [52], or as a percentage from the coil dimension to
the right or left of its axis, as in [35]. LCC-series compensation is also utilized for improving
the misalignment tolerance of DWC systems in [53–56]. The authors in [16,51,57,58], on the
other hand, utilize LCC compensation on both the primary and secondary sides, to benefit
from its load-independent output current and provide a constant current supply to the EV
battery at different misalignment conditions.

1.1.3. Integrated DWC Designs

In addition to coil design and compensation network tuning, different power and
current control circuits are proposed in the literature to mitigate the effect of variations
in the coupling and load conditions. The authors in [59] utilize a dual loop primary side
controller to regulate the primary side current and compensate for the reduction in the
transmitted power at 150 mm misalignment, while preventing primary current overload.
Secondary-side controllers are implemented in [60] by detecting the frequency of the re-
ceived AC voltage and auto-tuning the secondary compensation components to resonate at
that frequency. Dual-side control loops are proposed in [16,61,62] to control the switching
of the semiconductor devices used to operate the inverter and rectifier circuits on the
primary and secondary sides, respectively. This helps adjust the current levels based on the
detected coupling variations. In [16], dual-side current controllers are used for adjusting
the input and output currents of an LCC-LCC compensated system to improve its mis-
alignment tolerance by transferring higher rates of energy to the EV in motion. A complete
design for an EV RIPT system is proposed in [33] with a multi-coil DDQ secondary side,
offering a constant 15 kW charging power at 85 kHz along the travel direction, with a
lateral misalignment tolerance range of ±200 mm. In addition, a cascaded, two-stage
secondary-side receiver is proposed in [63] to improve the impedance matching range
by utilizing two isolated secondary-side paths. The authors in [50] propose alternating
coil geometries for DWC lanes to improve the coupling profile with the secondary-side
coils. Furthermore, comparative reviews on the design and tuning of EV DWC systems are
reported in [56,64,65].

1.2. This Work

Acknowledging the different components of DWC systems and the design considera-
tions addressed in the existing literature, this work proposes a multi-coil secondary-side
inductive link (IL) design with independent DD and quadrature coil tuning and dual-sided
LCC compensation networks. The proposed design aims to minimize fluctuations in the
received power during misalignments and ensure resonance operation at a single operating
frequency to avoid frequency bifurcation. In particular, the main contributions of this work
are as follows:

• Expand on the earlier work by the authors in [19] by providing a comprehensive
description of the proposed design of a high-efficiency RIPT system for EV DWC
using a multi-coil DDQ receiver structure. In the proposed design, the DD and Q
components are connected to separate LCC compensation and regulation circuits to
offer additional design degrees of freedom for optimal tuning.

• Propose a minimum-coupling-based tuning of the LCC compensation networks on the
primary and secondary sides while designing the corresponding power and current
control loops. This helps improve the system’s misalignment tolerance by maintaining
zero-phase angle (ZPA) operation, constant output current and maximum received
power at different misalignment conditions.
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• Study the variations in the output AC power and AC-AC power transfer efficiency at
different misalignment levels for a downscaled experimental prototype to validate the
proposed design against simulation results.

The rest of this paper is organized as follows: Section 2 describes the design method-
ology followed in this work and the different steps taken to develop the proposed mis-
alignment tolerant DWC system. Simulations conducted on MATLAB/Simulink are then
outlined in Section 3, followed by details of the experimental prototype in Section 4. The pa-
per is finally concluded in Section 5.

2. Materials and Methods

The main objective of the proposed design is to mitigate the expected fluctuations in
the received power during the inevitable misalignments during the EV motion to maximize
the energy delivered to the EV battery from on-the-move DWC systems. This work focuses
on the design of the compensation components, the rectification and regulation circuitry,
and the associated primary and secondary-side control loops to achieve this objective. De-
tails of the inverter design are presented in earlier work by the authors in [19]. The AC/DC
conversion, power factor correction and high-frequency inverter circuits are assumed to
be designed for maximum operational efficiency and are not included within the scope of
this paper.

Acknowledging the different IL designs described earlier, a multi-coil, DDQ receiver
structure is selected to be implemented at the bottom of EVs to couple with DD transmitter
pads. This architecture extends the coupling range of the IL by shifting the null power
point further away from the coil axis in comparison to a DD-DD IL design, as detailed
in [27]. In addition, a primary DD pad helps reduce the complexity of the primary side
circuitry. The DDQ secondary-side receiver is designed such that the corresponding DD
and quadrature components are connected to separate compensation, rectification and
regulation circuitry. As a result, it is assumed that the secondary side has two separate,
yet overlapping, coils, and is referred to as a multi-coil secondary side for the remainder
of this work. Each rectangular sub-coil has a length l and width w, where l is along the
longitudinal axis of the EV and w is along its lateral axis. This is illustrated in Figure 3.

C
o

il
 l

en
g

th
, 

l

Coil width, w

EV front side

Figure 3. Outline of the secondary-side DDQ charging pad.

The first step in designing a misalignment tolerant DWC system is to set a benchmark
for the maximum allowable lateral misalignment position. This is because correcting for lat-
eral misalignments using compensation network tuning and control loops is only possible
as long as there is a partial overlap between the primary and secondary charging pads. This
circuit-based correction, however, becomes infeasible as the EV deviates significantly away
from the primary coil. In this case, mechanical correction strategies need to be adopted.
Nonetheless, this work focuses on improving the power transferred during partial mis-
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alignments. Accordingly, the design criteria for the maximum misalignment tolerance of
the proposed system is set to 50% of the coil width, w. Furthermore, it is assumed that
DWC is utilized by EV drivers when their battery state-of-charge (SoC) is between 20%
and 90%, which defines the constant current (CC) charging mode of Li-ion batteries used
in EVs [16,66,67]. Hence, the current controller is designed to maintain a constant current
supply to the EV battery despite fluctuations in the received AC power. The EV battery
is modeled using a first-order Thevenin equivalent circuit, as in [16,68]. The EV battery
pack is assumed to consist of two parallel units, each consisting of n = 96 cells with a
nominal voltage of 3.8 V each. The first-order Thevenin equivalent circuit of this battery
pack is presented in Figure 4, where Vo represents the open circuit voltage, Ro models the
linear behavior of the battery charging and discharging, and R1 and C1 model the transient
behavior of the battery, respectively. An outline of the proposed WPT system is shown
in Figure 5 including the EV battery model. The specifications of the remaining system
components are detailed in the following subsections.

Figure 4. Schematic of the EV battery module consisting of two parallel-connected modules, each
with n = 96 cells.

Ip

Figure 5. Circuit schematic of the proposed RIPT system for EV DWC.

2.1. LCC-LCC Compensation Design

Due to its high tolerance to coupling and load variations, the LCC compensation
topology is selected for the primary and secondary sides. Earlier works in [16] describe
the design details for LCC compensation design for a single secondary coil structure.
This is extended into the multi-coil design using the following equations, noting that the
equivalent series resistances (ESRs) of the compensation components is assumed to be
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negligible. The subscript p denotes the primary side while the subscript si denotes the
secondary side with i = 1, 2 representing the secondary DD and the secondary quadrature
coils, respectively. The variable ω = 2π f represents the angular frequency of the system.

VinvAC =

(
jωLcp +

1
jωCcp

)
Icp −

1
jωCcp

Ip, (1)

2

∑
i=1

jωMpsi Isi =

(
1

jωCcp
+

1
jωCp

− jωLp

)
Icp −

1
jωCcp

Icp, (2)

jω
2

∑
i=1

Mpsi Ip =
2

∑
i=1

((
jωLsi +

1
jωCcsi

+
1

jωCsi

)
Isi −

1
jωCcsi

Icsi

)
. (3)

Lp is the self inductance of the DD primary coil, whereas Ls1 is the self inductance of the
secondary DD coil, Ls2 is the self inductance of the secondary Q coil and Mpsi is the mutual
inductance between the primary coil, p, and each of the secondary coils, si. Lcp and Lcsi

are the primary and secondary-side compensation inductors, respectively, Ccp and Ccsi

are the primary and secondary parallel compensation capacitors, and Cp and Csi are the
primary and secondary series compensation capacitors, respectively. VinvAC is the input AC
voltage into the primary compensation network, which is related to the input DC voltage
using VinvAC = 2

√
2

π VinDC, and Ip and Isi are the primary and secondary-side currents,
respectively. The AC voltage output at the secondary side, VLAC , is the summation of the
two voltage outputs of the compensation networks at each of the secondary side coils. This
is calculated as

VLAC =
2

∑
i=1

(
1

jωCcsi

Isi −
(

jωLcsi +
1

jωCcsi

)
Icsi

)
. (4)

To ensure that maximum power is transferred across the IL, the system must be
tuned for resonance operation, at the desired operating frequency, f0 = ω0

2π . In this work,
this is selected to be 85 kHz to fall within the range of 71–90 kHz recommended by the
Society of Automotive Engineers (SAE) for wireless EV chargers [69]. To achieve resonance,
the reactive power of the system, dissipated in the self inductance and capacitance of the
coils and compensation components, must be zero, resulting in a purely resistive input
impedance, Zin, at the primary side. The expression for the input impedance is as follows.

Zin = j
(

ωLcp −
1

ωCcp

)
+

2

∑
1

1
ω2Ccp[(ωMpsi )

2ω2RLAC C2
csi

+ j(A− B)]′
, (5)

where
A = ωLp −

1
ωCp

− 1
ωCcp

, (6)

and
B = ωCcsi (ω

2Lcsi Ccsi − 1)(ωMpsi )
2. (7)

RLAC is the AC equivalent load resistance, calculated using RLAC = 8Rbat
π2 . The output

power of system is defined as the power across the AC equivalent load, RLAC , which is
expressed as

PRLAC
=

1
ωLcp

N

∑
i=1

Mpsi

Lcsi

VinvACVLAC . (8)

From (8), a direct proportionality is observed between the output power and the
mutual inductance. Nonetheless, the values of Lcp and Lcsi must be selected to maximize the
output power given the expected values of Mpsi . By setting Im(Zin) = 0 at ω = ω0, a zero-
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phase angle (ZPA) operating condition is achieved. The ideal values of the compensation
components are then calculated using

ω0 =
1√

LcpCcp
=

1√
Lcsi Ccsi

, (9)

1
ω0Ccp

= ω0Lp −
1

ω0Cp
, (10)

1
ω0Ccsi

= ω0Lsi −
1

ω0Csi

, (11)

and are found to be independent of the mutual inductance, Mpsi , or the load conditions,
RLAC . This confirms the advantage of utilizing LCC compensation in developing robust,
misalignment tolerant systems. Nonetheless, while designing for Im(Zin) = 0 at ω0
achieves ZPA operation, it is essential to ensure that this ZPA condition occurs only at ω0
to avoid frequency bifurcation. Bifurcation is the condition in which ZPA occurs at more
than once resonance frequency, which usually takes place in light load conditions [70,71].
For SS-compensated systems, limitations on the maximum allowed coupling are sometimes
imposed, as in [70], to avoid this condition. However, with the added capacitors and
inductors in LCC compensation, the values of Lcp and Lcsi are related to ω0, Mpsi and
the output power in (8). Hence, this offers additional tuning parameters to eliminate the
bifurcation phenomenon at the desired output power level, P∗LAC

, without limiting the
maximum coupling factor required, using

Lcp|P∗LAC
=

√
kZPALpVinvACVLAC

ω0P∗LAC

, (12)

and

Lcsi |P∗LAC
=

√
kZPALsi VinvACVLAC

ω0P∗LAC

, (13)

where kZPA is the coupling coefficient at the desired tuning point to achieve ZPA. The cou-
pling coefficient is related to the mutual and self inductances of the primary and secondary
coils, using the general expression, k = M√

Lp Ls
. In this work, the ZPA tuning point is

selected to be at the minimum allowed coupling coefficient, which is the value of k at
the maximum allowed misalignment position for the system at hand. Given the coil di-
mensions in Table 1 and the 50% misalignment tolerance criteria, the maximum desired
misalignment tolerance position in this work is ±0.5w. Hence,

kZPA = kmin = k±0.5w, (14)

where

k±0.5w =
Mps1 + Mps2√
Lp(Ls1 + Ls2)

∣∣∣∣∣∣
±0.5w

. (15)

k±0.5w is the least acceptable coupling point at the maximum tolerable lateral misalignment
of ±0.5w. This is extracted based on the net effective coupling between the primary and
secondary sides, which is calculated using the net mutual inductance between the primary
coil, p, and the secondary DD and quadrature coils, respectively, divided by the square root
of the product of their respective self inductance. The conditions in (14) and (15) guarantee
that the ZPA condition occurs for all k > kmin to transfer maximum power over the desired
coupling range and avoid frequency bifurcation.
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Table 1. Geometric specifications of each D coil used in this work.

Parameter Value

Surface area per D coil l × w 600× 400 mm2

Number of turns, N 13
Wire diameter, d 4 mm
Edge-to-edge spacing, s 6 mm

As a final step towards LCC network tuning, the switching losses in the semicon-
ductor devices of the inverters are considered. Studies in [51,72] reveal that designing
the compensation components for pure ZPA operation introduces switching losses in the
MOSFET devices. As a result, the authors in [73,74] recommend that the system is tuned
for zero-voltage switching (ZVS) instead, to turn on the MOSFETs at a negative current
by introducing a slight phase lag between the input current and the input voltage. This is
achieved by designing the values of the compensation inductors to incorporate an offset
current value, calculated as

Io f f set ≥
4CossVinDC

td
, (16)

where Coss is the output capacitance of the MOSFET and td is the dead time. The required
offsets in the inductance values are defined as

∆Lp =
1
4
× Lcp +

I2
o f f set ω2

0 (Lcs1 + Lcs2) L2
cp

V2
LAC

, (17)

and

∆Lsi =
1
4
× Lcsi +

I2
o f f set ω2

0 Lcp L2
csi

V2
LAC

. (18)

However, the values of the primary and secondary inductor coils depend on the coil
construction, and hence, are difficult to tune during the circuit operation. Instead, the ZVS
effect is introduced by tuning the compensation capacitors as

CpZVS = Cp + ∆Cp, (19)

and
CsiZVS

= Csi + ∆Csi , (20)

where

∆Cp =
ω2

0 ∆Lp C2
p

1−ω2
0 ∆LpCp

, (21)

and

∆Csi =
ω2

0 ∆Lsi C2
si

1−ω2
0 ∆Lsi Csi

. (22)

2.2. Dual-Side Control

In order to ensure reliable operation of the RIPT system, control loops need to be
implemented on both the primary and secondary sides to deliver a stabilized output power
profile over the desired misalignment tolerance range. These are explained as follows.

2.2.1. Primary-Side Control

The high-frequency inverter output voltage, VinvAC, is modeled as a sinusoidal wave-
form, which is the fundamental component of the square waveform voltage. By adjusting
the duty cycle of the semiconductor devices, the inverter attempts to track the maximum
power point at different misalignments. Two closed-loop proportional–integral (PI) con-
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trollers are implemented. The first controller adjusts the phase shift, φ, between the inverter
arms by controlling the duty cycle, θ = 180− φ, and the magnitude, Vm, of the fundamental
signal, using

Vm =
2
√

2
π

VinDC sin
θ

2
. (23)

The second PI controller compares the inverter output current, Iinv, with the primary
side rated current, Imax, to avoid excessive current flow through the coils and protect the
semiconductors from current overloading. The comparison between current amplitudes
generates an error signal, emag. emag denotes the amplitudes of the right and the left
switching control signals, Sr and Sl , respectively, at the switching frequency, fs. ephase is
the phase of the Sr signal that generates the required phase shift between the two inverter
arms. Then, by comparing the switching signals, Sr and Sl , to a triangular waveform with
frequency fs, the gating signals are provided to the MOSFET devices to achieve the desired
power and current control. These primary side control circuits are shown in Figure 6.

PI Controller 𝑺𝑳(𝒕) = 𝒆𝑴𝒂𝒈 𝒔𝒊𝒏(𝟐𝝅𝒇𝒔𝒕)
Switching 

circuit of the 

Left arm

eMag

Iinv

Imax 

PI Controller

PMax

𝑺𝑹 𝒕 = 𝒆𝑴𝒂𝒈 𝐬𝐢𝐧 𝟐𝝅𝒇𝒔𝒕 + 𝒆𝑷𝒉𝒂𝒔𝒆∅𝑷

Switching 

circuit of the 

Right arm

∅𝑷

𝒆𝑷𝒉𝒂𝒔𝒆

S1

S2

S3

S4

+
-

-
+

PinvAC

Figure 6. Primary-side current and power control circuits. Reproduced with permission from Ref. [75].
2022, IEEE.

2.2.2. Secondary-Side Control

Receiving a regulated output DC power to charge the EV battery pack is mandatory
for a reliable system. An AC/DC rectifier for each secondary coil is implemented, followed
by an LC filter connecting the two output voltages from the two secondary coils to the EV
battery, as outlined in Figure 4. A controllable rectifier is selected to deliver a continuous
DC power using pulse width modulation (PWM) [76], by rectifying the received AC voltage
and regulating the output DC current. The objective of the secondary-side controller is to
ensure a constant DC charging current with minimum variation to operate in a constant
current (CC) battery charging mode. A closed-loop PI controller generates an error signal,
erec, by comparing the DC output current, Idc, with the desired charging current, Ibatmax.
erec modulates the switching control signals of the MOSFETs. The switching signal is set
to provide a 90◦ phase shift to the bridgeless boost rectifier circuits connected to each
secondary coil using the control loop shown in Figure 7.

PI Controller 𝑺𝑹𝒆𝒄(𝒕) = 𝒆𝑹𝒆𝒄 𝒔𝒊𝒏(𝟐𝝅𝒇𝒔𝒕 + ∅𝑹)
Switching 

circuit of the 

Rectifiers 

MOSFETs

eRec

IDC

IbatMax 

S5+S7

S6+S8

+
-

Figure 7. Current control circuit for the secondary-side rectifier. Reproduced with permission from
Ref. [75]. 2022, IEEE.
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3. Model Simulations

The RIPT system in Figure 5 is modeled on MATLAB Simulink on an Intel core i7,
2.4 GHz machine. The system is designed to provide a max power of 25 kW at 85 kHz
with a DC input voltage of 500 V. The geometric specifications of each D coil within the
DD-DDQ IL are adapted from an earlier work in [27] and are summarized in Table 1.
The corresponding coupling profile of this IL at different lateral misalignments is shown in
Figure 8 based on finite element analysis (FEA) of this DD-DDQ IL. Based on the values
in Table 1, the surface area of each D coil is 600× 400 mm2. Accordingly, the surface area
of the DD transmitter pad and the DDQ receiver pad is 600× 800 mm2 for each pad. This
area allows the receiver pad to fit within the clear area at the bottom of a typical sedan
EV. Nonetheless, in case of electric power trucks and semi-trailers, the proposed charging
pad design can still be utilized by arranging multiple receiver pads along the longitudinal
dimension of the vehicle. The aggregate received energy by the multiple receiver coils can
then be rectified and regulated by independent AC-to-DC conversion circuits to charge
the corresponding EV battery. Nonetheless, the presented simulations and experimental
verification are based on a single receiver pad consisting of two secondary-side coils,
namely DD and Q coils.

By studying the coupling profile in Figure 8, a ‘negative’ coupling factor is observed
between the primary DD and secondary DD coils as misalignments increase. This is
due to the changes in the direction of the magnetic field lines as the secondary coil is
laterally displaced. Nonetheless, as demonstrated by the middle curve showing the net
effective coupling between the primary DD and the secondary DDQ coils, the use of
the quadrature coil helps reduce this negative coupling by maintaining the polarization
direction of the magnetic field lines to maximize the secondary-side induced voltage. This
further highlights the advantages of utilizing a multi-coil, DDQ secondary-side receiver.
Using the geometric specifications of each D coil from Table 1, the value of kmin is set to
the coupling value at ±0.5w = ±200 mm. The values of the compensation components
are calculated based on the self-inductance, ESRs and coupling coefficients at ±200 mm,
according to (9)–(15), acknowledging the ZVS condition in (16)–(21). These are recorded in
Table 2 along with the other parameters of the Simulink model. Furthermore, in order to
confirm ZPA operation, the phase of the input impedance of the system is plotted as shown
in Figure 9.
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Figure 8. Coupling performance of the DD-DDQ IL used in this work. Adapted from Ref. [27].
2021, MDPI.
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Table 2. Simulink model parameters.

Component Symbol Value

Rated power Pmax 25 kW
Input DC voltage VinDC 500 V
Input DC current IinDC 50 A
Nominal DC battery voltage Vbat 350.14 V
Battery charging current Ibat 71.4 A
Primary-side compensation inductor Lcp 19.45 µH
Secondary-side DD compensation inductor Lcs1 18.98 µH
Secondary-side Q compensation inductor Lcs2 13.321 µH
Primary-side parallel comp. capacitor Ccp 180.25 nF
Secondary-side parallel DD comp. capacitor Ccs1 184.72 nF
Secondary-side parallel Q comp. capacitor Ccs2 62.319 nF
Primary-side series comp. capacitor Cp 23.365 nF
Secondary-side series DD comp. capacitor Cs1 25.499 nF
Secondary-side series Q comp. capacitor Cs2 55.862 nF
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Figure 9. The input impedance (Zin) phase plot.

In Figure 9, k1 is the coupling between the primary DD and the secondary DD coils,
while k2 is the coupling between the primary DD and the secondary quadrature coils.
The plots in Figure 9 together with the DD-DDQ IL coupling performance in Figure 8 reveal
that the LCC-LCC circuit with model specifications in Table 2 is able to avoid frequency bi-
furcation and maintain resonance at the desired operating frequency over the desired range
of misalignments, up to 200 mm displacement from the perfect alignment position. The sim-
ulated output AC power and the power transfer efficiencies are plotted in Figures 10 and 11,
respectively, for the two tuning conditions: kZPA = kmin and kZPA = kmax.

As shown in Figure 10, tuning at kZPA = kmin following the design criteria in (14)
and (15) provides a low power fluctuation range of around 1.1 kW from 23.6 kW at per-
fect alignment to 22.5 kW at ±200 mm of lateral misalignments. In contrast, tuning at
kZPA = kmax shows a reduction in received power with more than 7 kW, from 23.8 kW
at perfect alignment to 17 kW at 200 mm of misalignment. This confirms that the pro-
posed tuning criteria offers a more stable output power profile and delivers higher power
levels during misalignments, which proves the superior misalignment tolerance of the
proposed system.
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Figure 10. Simulation results showing AC output power for the system designed at Pmax = 25 kW,
for kZPA = kmin = 0.21 and kZPA = kmax = 0.28.
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Figure 11. Simulation results showing AC-AC power transfer efficiency, for the system designed at
Pmax = 25 kW, for kZPA = kmin = 0.21 and kZPA = kmax = 0.28.

The AC-AC power transfer efficiencies reported in Figure 11 demonstrate a similar
behavior for both tuning conditions. The DC results are also plotted in Figure 12, showing
a lower charging power with a lower efficiency compared to the AC case. This can be
resorted to the losses in the semiconductors of the two rectification circuits connected to
the secondary-side coils. The maximum DC output power is 21.75 kW at perfect alignment
and 21.71 kW at ±200 mm lateral misalignments. The DC-DC power transfer efficiency
levels fluctuate within 85–86%, which is a relatively stable performance. The superiority
of the proposed design is further confirmed by comparing the simulation results of the
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proposed system to those reported in the literature for other wireless charging system. This
comparison is summarized in Table 3.
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Figure 12. Simulation DC output power and DC-DC power transfer efficiency for the system designed
at Pmax = 25 kW and kZPA = 0.21.

Table 3. Simulation performance comparison of the proposed system with similar works in the
literature (based on simulation results only).

Criteria [30] [77] [50] [16] This Work

Frequency 85 kHz 85 kHz 85 kHz 85 kHz 85 kHz
Compensation LCC-LCC LCC-LCC LCC-Hybrid LCC-LCC LCC-LCC
IL design D-D DD-DDQ DDQ-DDQ DD-DDQ DD-DDQ
Number of secondary coils 1 1 2 1 2
Power rating 1.4 kW <150 W 384 W 40 kW 25 kW
Max LTMA tolerance (mm) - 0–150 - 0–200 0–200
AC power fluctuation - - 2% 3% 5%
AC efficiency at 0 LTMA - - - 92% 95%
AC efficiency at Max LTMA - - - 95% 90%
DC power variation 2.9% 52% - - <2%
DC efficiency 89.8% 84% 90.3% - 85%

4. Experimental Verification
4.1. Prototype Construction

In order to verify the performance of the proposed system, an experimental prototype
was constructed with a DD-DDQ IL and the proposed compensation, rectification and
control topologies explained earlier, as shown in Figure 13. This prototype aimed to verify
the advantages of using a multi-coil secondary structure to mitigate the lost power at high
misalignments by maintaining reasonable coupling values at ±200 mm displacement from
the perfect alignment position while eliminating the power null point as long as there
was an overlap between the transmitter and receiver pads. In addition, the prototype
demonstrated how the primary side controller was essential to increasing the efficiency
of the system by controlling the duty cycle of the inverter arms. The IL was constructed
following the specifications in Table 1, as shown in Figure 14. The air gap distance was
set to 150 mm to allow sufficient coupling between the primary and the secondary coils.
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Due to experimental limitations and the need to operate within safe power levels, the pro-
posed system was downscaled to operate at 6.5 W at the 85 kHz resonance frequency.
The primary side consisted of a pulse generator used to generate a square wave signal at
an 85 kHz frequency. An Arduino Uno was used for this purpose to generate two inverted
signals with a specific dead time between them to ensure safe conduction of the MOSFETs.
A high-frequency DC/AC inverter was then connected in the form of an H-bridge inverter
consisting of 4 IRF N-Channel type MOSFETs. The MOSFET ratings were selected to allow
the downscaled system to operate as desired. Free-wheeling diodes were also connected
to each MOSFET device to enable high-frequency operation, together with other resistors,
capacitors and diodes. A Toshiba TLP250H gate driver was connected to each MOSFET
gate to overcome the high-side MOSFET operation issue. The circuit construction of the
H-bridge inverter is shown in Figure 15 and complete details of the hardware specifications
are presented in [19].

Figure 13. Prototype of the RIPT system implemented in this work to verify the proposed design and
simulation results. Reproduced with permission from Ref. [19]. 2022, IEEE.

(a) (b)

Figure 14. Coils used in the construction of the IL: (a) Primary side DD coil, (b) secondary-side DD
and quadrature coils.
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Figure 15. The H-bridge square wave inverter used in this work. Reproduced with permission from
Ref. [19]. 2022, IEEE.

The secondary side consisted of two separated LCC compensation circuits, each
connected to a separate uncontrolled H-bridge rectifier. High-performance, fast recovery
diodes from IXYS cooperation were used in this work. A regulation capacitor was connected
to each rectification circuit to regulate the output voltage, which was then connected
to a resistive load of 85 Ω representing a simplified first-order model of an EV battery.
The compensation and rectification circuits are shown in Figure 16. The values of the
compensation components were then recalculated for the downscaled system, as shown in
Table 4. The simulations were repeated using the values used in the experimental prototype
in order to enable a fair comparison between the simulation and experimental results.

Table 4. System parameters of the experimental prototype of the RIPT system.

Parameter Symbol Value

Rated power Pmax 6.5 W
DC input voltage Vin 10 V
Operating frequency f0 85 kHz
Primary-side compensation inductor Lcp 10.5 µH
Secondary-side DD compensation inductor Lcs1 16 µH
Secondary-side Q compensation inductor Lcs2 11 µH
Primary-side parallel comp. capacitor Ccp 300 nF
Secondary-side parallel DD comp. capacitor Ccs1 243 nF
Secondary-side parallel Q comp. capacitor Ccs2 380 nF
Primary-side series comp. capacitor Cp 20 nF
Secondary-side series DD comp. capacitor Cs1 27 nF
Secondary-side series Q comp. capacitor Cs2 51 nF
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Figure 16. The hardware implementation of the compensation and rectification circuits for the
secondary-side DD and Q coils. Reproduced with permission from Ref. [19]. 2022, IEEE.

4.2. Results and Discussions

The experimental output power and the simulation results of the corresponding model
are reported in Figure 17, while the corresponding AC-AC power transfer efficiencies are
reported in Figure 18, at both 25% and 50% duty cycles. A close agreement is observed
between the output power results at 25% duty cycle, particularly at 100 mm displacement
from the center. A discrepancy is observed, however, between the output power results
at 50% duty cycle. A difference of about 15–25% is observed between the simulation
and experimental efficiencies is observed in Figure 18, although the overall pattern is
maintained. In order to further investigate these differences between the simulation and
experimental outcomes of the 6 W system, the simulation and experimental results of the
secondary-side-induced voltages at perfect alignment, i.e., 0 displacement, and at 100 mm
and 200 mm lateral displacements, are explicitly reported for different inverter duty cycles
in Tables 5, 6 and 7, respectively.
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Figure 17. Output power of the simulation and experimental 6 W design at 25% and 50% duty cycles.
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Figure 18. AC-AC efficiency of the simulation and experimental 6 W design at 25% and 50% duty
cycles.

Table 5. Experimental and simulation results at full alignment with different inverter duty cycles.

0 mm Experimental Simulation

Duty Cycle VDD V VQ V VDD V VQ V

25% 12 0.26 11.3 0.2
50% 15.7 0.6 15 0.3
75% 11.7 0.25 11.25 0.17

Table 6. Experimental and simulation results at 100 mm lateral displacement with different inverter
duty cycles.

(±100 mm) Experimental Simulation

Duty Cycle VDD V VQ V VDD V VQ V

25% 11.3 3.65 10.7 1.07
50% 13.8 5.2 14.5 1.5
75% 10.9 3.5 10.5 1.08

By comparing the results in Tables 5–7, the simulation and the experimental voltage
levels are observed to be closely matched at no misalignment and up to ±150 mm of lateral
misalignment. The differences are mainly caused by the inability to accurately implement
the exact coil dimensions and air gap distance as those reported in [27] to exactly replicate
the coupling performance. The variation in coupling performance causes a variation in
the induced current in both the DD and quadrature coils. This explains the differences
observed in Figures 17 and 18. The difference in the induced current is also due to the
low power rating of the prototype against the relatively high resistive load of 85 Ω used at
the output.

Nonetheless, by offering a non-zero received voltage at±200 mm lateral misalignment,
the experimental prototype satisfies the key requirement of an improved misalignment
tolerance for the proposed DD-DDQ-based IL design. Furthermore, the results reveal that
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at the 50% duty cycle, the inverter provides the highest output voltage values for both the
experimental and simulation results. These experimental results demonstrate that, as the
misalignment increases, the voltage received on the Q coil increases, which compensates
for the reduced voltage received at the DD coil. Hence, lower fluctuations are expected in
the DC voltage delivered to the load over a wider range of lateral misalignments. However,
further enhancements in prototype implementation are still required to further enhance
these results to closely resemble the simulation outcomes in terms of output power and
current as well as in the received voltages at higher lateral misalignments.

Table 7. Experimental and simulation results at 200 mm lateral displacement with different inverter
duty cycles.

(±200 mm) Experimental Simulation

Duty Cycle VDD V VQ V VDD V VQ V

25% 1 5.1 7.2 2.85
50% 1.5 6.5 10 4.01
75% 1 5.4 7.18 2.86

4.3. Cost Analysis

The estimated cost of implementing the downscaled experimental prototype in Figure 13
is summarized in Table 8.

Table 8. Estimated costs of implementing the proposed experimental prototype.

Component Quantity Unit Price
(USD)

Total Price
(USD)

Transmitter pad 1 100 100
Receiver pad 1 150 150
MOSFET devices 12 5 60
Diodes 8 2.5 20
TLP250H Gate drivers 4 40 160
Compensation components 9 2 18
Other accessories 1 30 30

Total 538

As demonstrated in Table 8, the construction cost of the prototype receiver pad is 1.5×
that of the transmitter pad, due to the additional Q coil appended to the secondary-side DD
coil. Furthermore, the total cost of the electronic components required for constructing the
compensation, rectification and regulation circuitry is comparable to the coil construction
costs. However, it should be highlighted that the coils used for this prototype are con-
structed for demonstration purposes and do not include ferrite or shielding layers which
are expected to contribute significantly to the cost of the charging pads.

In today’s electric vehicle market, the cost of upscale charging pads has reached re-
markable levels, with some offerings soaring to as high as USD 2300 [78]. This upward trend
in pricing reflects the advanced technologies and features embedded within these premium
charging systems. Nonetheless, while the initial investment may seem substantial, it is
crucial to recognize the potential benefits. Integrating DWC systems to enable on-the-road
EV charging is expected to significantly increase the total mileage these vehicles can cover
on a single charge [18]. Moreover, it is worth noting that the optimization of the system’s
components holds the promise of mitigating the overall cost burden. As manufacturers
refine and streamline the production processes and technology, these improvements have
the potential to reduce the overall expenditure, thereby making upscale charging systems
more accessible to a wider range of consumers and further accelerating the adoption of
electric vehicles. Furthermore, it can be noted that the majority of the control circuits are
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situated on the transmitter side of the proposed system, whereas the vehicle side is expected
to be more cost-effective. This cost advantage on the vehicle side may serve as an enticing
factor for customers, potentially promoting the widespread adoption of this technology.

5. Conclusions

In this work, a high efficiency, misalignment tolerant RIPT system is proposed for
utilization in EV dynamic wireless charging applications, using a multi-coil secondary
structure. The proposed RIPT system is tuned to resonate at the minimum-allowed cou-
pling point, to receive the maximum transferable power during misalignments between
the primary and secondary charging pads. Using a parallel connection for each of the
secondary-side coils and connecting them to separate compensation and rectification cir-
cuits is proven to mitigate coupling variations during misalignments, and hence deliver
stable high power with high efficiency. In addition, using double-sided LCC compensation
circuit ensures that the system works at resonance at a single switching frequency for
different lateral misalignments. The system is initially modeled and simulated for 25 kW
operation at 85 kHz and is compared to similar systems in the state-of-the-art literature.
The proposed system design demonstrates a stable output power profile at a wide range of
lateral misalignments, up to ±200 mm from the perfect alignment position, at a high power
transfer efficiency. In order to further validate the performance of the proposed system,
a downscaled prototype is implemented and its results are verified against a corresponding
simulation model. Output voltage results reveal a close correlation between the simulations
and experimental results, although certain discrepancies are observed in the received power
due to variations in the induced current levels.

In addition to the proposed electrical solution for improving the misalignment toler-
ance of DWC systems, further research is required to develop practical and cost-efficient
misalignment detection and correction solutions. These are expected to increase the energy
delivered through the wireless charging system and improve the wireless power transfer
efficiencies at larger lateral misalignment values. Furthermore, acknowledging the signifi-
cant road construction efforts and costs associated with the implementation of DWC lanes,
detailed socio-economic analyses are required to optimize the deployment plans of DWC
systems within future smart cities.
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Nomenclature

DWC Dynamic Wireless Charging
ESR Equivalent Series Resistance
EV Electric Vehicle
PWM Pulse Width Modulation



Sustainability 2024, 16, 567 21 of 24

RIPT Resonant Inductive Power Transfer
SoC State-of-Charge
ZPA Zero Phase Angle
ZVS Zero Voltage Switching
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