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Abstract: Along with the technology boom regarding electric vehicles such as lithium-ion batteries,
electric motors, and plug-in charging systems, inductive power transfer (IPT) systems have gained
more attention from academia and industry in recent years. This article presents a review of the state-
of-the-art development of IPT systems, with a focus on low-voltage and high-current electric mobility
applications. The fundamental theory, compensation topologies, magnetic coupling structures, power
electronic architectures, and control methods are discussed and further considered in terms of several
aspects, including efficiency, coil misalignments, and output regulation capability. A 3D finite element
software (Ansys Maxwell) is used to validate the magnetic coupler performance. In addition, a 2.5 kW
400/48 V IPT system is proposed to address the challenges of low-voltage and high-current wireless
charging systems. In this design, an asymmetrical double-sided LCC compensation topology and a
passive current balancing method are proposed to provide excellent current sharing capability in the
dual-receiver structures under both resonant component mismatch and misalignment conditions.

chedck for Finally, the performance of the proposed method is verified by MATLAB/PSIM simulation results.
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In addition to the rapid development of renewable energy sources, electric vehicle
propulsion systems are becoming increasingly popular in recent years as essential solu-

1. Introduction
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cannot be used as a substitute for all kinds of ICE vehicles [2]. Research institutions and
industry have been addressing the bottleneck of battery and charging technologies for

decades and have achieved considerable progress.

In the last two decades, the lithium-ion (Li-ion) battery has dominated the modern EV
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chargers (OBCs) [4]. However, conductive charging could be extremely dangerous under
certain circumstances such as wet weather conditions, or near gas stations due to sparking
while plugging and unplugging [5]. Moreover, the autonomous features of EVs are limited
due to charging via a wired connection.

Wireless power transfer (WPT) is a promising alternative method for battery charging
that does not require a physical cable connection. Hence, the inconvenience and hazards
caused by conductive charging are eliminated. Although the original concept of WPT
was first introduced by Nicola Tesla in the early 20th century when he conducted the first
experiment in which a light bulb was powered wirelessly by high-frequency AC [6], it took
a century for WPT technology to become technically mature and applicable in practical
scenarios. There are two types of WPT technologies that are widely used in EV systems,
namely inductive power transfer (IPT) [5] and capacitive power transfer (CPT) [7,8]. While
IPT uses coupled coils to transfer the power by a time-varying magnetic field, CPT transfers
power through the electric field generated by coupled capacitors [9]. Among the attractive
advantages of IPT is that a single transmitter can feed multiple receivers, despite the system
efficiency being subjected to the position of the loads or receivers [10]. Multi-receiver IPT
systems have more than one receiving coil and a single transmitter. Such systems are
convenient to supply multiple devices simultaneously. In a multi-transmitter system, a
single receiver is fed by multiple transmitters. Many studies considered such systems for
the dynamic charging of EVs [11,12]. The stationary IPT system is the main subject of this
review paper. The IPT system is generally divided into two categories: closely coupled
and loosely coupled. In closely or tightly coupled IPT, the coupling coefficient is greater
than 0.5 and the magnetizing inductance is higher than the leakage inductance [13]. By
contrast, the magnetizing inductance is lower than the leakage inductance in a loosely
coupled IPT system, which has a coupling coefficient of less than 0.5. A schematic block
diagram of a typical IPT is described in Figure 1, where the transmitter side is supplied
by an AC grid and converted to a DC with the help of an active power factor correction
(PFC). The transmitter coil is energized, and impedance is matched by a high-frequency
inverter (HFI) and a compensation network. On the receiver side, the receiver coil is
placed under the vehicle body, the distance between the transmitter and receiver coil is
called the airgap or transfer distance. The induced AC voltage on the receiver side is
compensated and converted to DC charging voltage/current by a secondary compensation
and rectifier stage. In recent decades, IPT systems for high-voltage 420 V battery EVs
have been the main design objective and investigated by numerous publications covering
various design aspects, including improving efficiency, output regulation capability, coil
design compensation networks, and control strategies [14-17].

Transmitter side unit Receiver side unit
r—— " 777/ 7 7/ | [ ————— 7777 |
r——
® ®
AC DC FYYys M Yy ya AC Battery
1|l Il L =
DC AC T | | T DC
_—
Active rectifier HF inverter Primary ~ Magnetic coupling ~ Secondary Rectifier

with PFC

Compensation by air gap Compensation

Figure 1. Block diagram of inductive power transfer for electric mobility systems.

1.2. Research Motivation on IPT Systems for Low-Voltage Applications

In urban transportation systems, the transition to low-voltage lithium-ion battery
electric vehicle applications such as automated factory logistic vehicles and small-sized
urban EVs has accelerated in recent years. As shown in Figure 2, low-voltage IPT systems
can be found in a wide range of applications such as light electric vehicles (LEVs), golf
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cars, forklifts, electric bikes/motorbikes (E-bikes/motorbikes), Automated Mobile Robots
(AMRs), Unmanned Aerial Vehicles (UAVs) and Automated Guided Vehicles (AGVs).
According to the market study, micro-EVs have a USD 8.32 billion market share, which
is projected to increase to USD 22.11 billion in 2029 as predicted in [18]. Therefore, the
micro-EV market is a fast-growing market. Details of a few light-duty EVs working at low-
voltage drive trains used for urban mobility off-road applications, and outdoor applications
are listed in Table 1. Light electric vehicles (LEVs) are typically equipped with a 48 V
battery pack widely employed in urban transportation for last-mile delivery and service
applications.

Light Electric Vehicles (LEVs,
Golf cars, Forklift)

Electric Bike, E-motorbikes, Unmanned Aerial Vehicles
E-scooters (UAVs)

Low Voltage
WPT

Applications

Automated Mobile Robots
(AMRs)

o )0
Figure 2. Applications of low-voltage WPT in the mobility sector.

Table 1. Details of different light-duty EVs available in the current markets.

Battery Battery .
Motor . Range Max Speed Weight Country of
LEVs Ref. Voltage Capacity Use .
(kW) W) (KWh) (km) (km/h) (kg) Origin
Citroen Urban
AMI [19] 6 48 5.5 75 45 485 mobility France
?er.‘a““ [20] 13 58 6.1 100 80 450 Urban France
wizy mobility
GEM e2 [21] 5 48 8.9 100 40 517 Urban UsA
mobility
E-Z-GO
Liberty [22] 8.7 56.7 6.8 NA 31 408 Golf Cart USA
Italcar-nev Urban
2S5 [23] NA 48 NA 120 50 N/A mobility Ttaly
Italcar
Attiva [23] 3 48 NA 36 22 N/A Golf Cart Ttaly

fleet.6
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Table 1. Cont.

Battery Battery

Motor . Range Max Speed Weight Country of
LEVs Ref. Voltage Capacity Use .
(kW) ) (kWh) (km) (km/h) (kg) Origin

Polaris ,

Ranger EV [24] 22 48 149 60-70 40 799 Off-road USA

Club Car [25] 24 48 NA NA 30 410 Golf Cart USA

Electric

SolidHub .

GSE2500/5 [26] 115 48 34 N/A 15 4000 Forklift UK

Carver One [27] 4 48 54 100 45.0 330.0 Urban — \jotherlands
mobility

Microlino [28] 125 N/A 14.0 230 90 530 Urban Switzerland
mobility

Wauling Urban .

Mini BV [29] 20.0 90 9.2 120 100 665 mobility China

Toyota C + Urban

Pod [30] 9.2 177.6 9.1 150 60 680 mobility Japan

Squad Urban

Mobility [31] 4.0 N/A 6.4 100 45 350 - Netherlands
mobility

Solar

Tilting Urban

Triggo EV [32] 15 48 14.0 140 90 530 mobility Poland

Eli Zero [33] 40 7 5.8 80 40 398 Urban USA
mobility

The 48 V electric powertrain system is expected to be a promising urban mobility

solution due to its numerous advantages as follows [34,35]:

From the design perspective, 60 V is considered the upper limit of DC to be safe to
touch; and 48 V is safe to touch, hence ground return through the body is possible.
Safety and protection requirements are reduced drastically. Further, it is safe to
handle the vehicle during any accidents and HV-trained technicians are not needed
for maintenance.

In a 48 V battery, more cells are connected in parallel compared to the high-voltage
cells, it is easy to balance the cell voltage and this improves the available energy
content.

Auxiliary components such as turbochargers, intercoolers, HVAC pumps, and EPS
motors for 48 V that have already been developed for HEVs can be used.

No need for additional converters for the auxiliary equipment.

This voltage level helps to produce better-quality components cost-effectively and
reduces overall system costs.

Nevertheless, 48 V drive train systems encounter several difficulties as follows [36-38]:

It demands a larger amount of current, resulting in higher power losses for the same
power level as the high-voltage drive train.

Cables with a larger diameter are needed, routing of cables inside limited space will
be challenging.

Maximum speed is limited for a 48 V drive train.

The 48 V system efficiency is low compared to high-voltage systems.

In intralogistics and modern manufacturing processes, Automated Guided Vehicles

(AGVs) are the most flexible transport systems due to their ability to move freely through
areas and production facilities. Thus, WPT is a necessary technology for AGVs to operate
automatically and continuously without human interventions [39,40]. Depending on the
applications, AGVs are also equipped with 24 or 48 V batteries [41].
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1.3. Paper Contribution and Structure

As mentioned above, a large variety of IPT technical and review articles, mostly fo-
cusing on the high-voltage and high-power IPT system for EVs applications have been
published over the years [17,42-45]. However, the literature still lacks in-depth reviews,
analyses, and updates on compensation topologies, control techniques, and power elec-
tronic architectures. Moreover, IPT applications of low voltage and high current have
received less attention in the literature. The main contribution of this review paper can be
summarized as follows:

(1) This paper intends to provide a review map of compensation selections, control
strategies, and power electronic architectures of IPT technology aiming for low-
voltage and high-current applications. In which challenges and trends are identified
and discussed.

(2) A design concept is proposed as a case study with the verification of Ansys Maxell
software and simulation results. In this paper, a high step-down 400 V/48 V IPT
system is proposed to address two main issues:

o  Firstly, high-current stress on the receiver side and output rectifiers can be re-
duced due to the proposed asymmetrical compensation structure for the dual-
decoupled coils (BP) and LCC-LCC compensation configuration.

e  Secondly, the passive current sharing technique is used to significantly improve
current balancing between two sets of receiver coils (BP), resonant tanks (LCC-
LCC), and output rectifiers under resonant component tolerance and misalign-
ment scenarios. The resonant capacitor and inductor in each receiver are con-
nected in parallel without requiring extra components or control loop design.

As illustrated in Figure 3, this paper is organized as follows: In Section 2, the most
popular magnetic coupler structures are briefly outlined and simulated using FEA soft-
ware. Section 3 delivers a review map including single element, multi-element, and hybrid
resonant compensation topologies. Section 4 examines control strategies and power elec-
tronic structures to provide an overview of the benefits and drawbacks of each control
methodology corresponding to each PE architecture. Section 5 identifies the challenges in
designing low-voltage and high-current IPT applications specified for LEVs and AGVs.
Afterward, the potential solutions are reviewed and discussed. In Section 6, the design
example of a 2.5 kW, 400/48 V IPT system is proposed with the selection of a magnetic
coupler structure, design method of compensation network, and PE architecture suitable for
LEVs applications. In addition, a passive current balancing technique for a dual decoupled
receiver coil system is proposed to address the misalignment tolerance issue. Section 7
is about the further discussion and future works. Lastly, conclusions are presented in
Section 8.



Energies 2023, 16, 2953

6 of 42

Section 1: —» 1.1. Overview

. » » 1.2. Research Motivation
Introduction

— 1.3. Paper structure

\ 4
Section 2: 2.1. Coil pad structures
Magnetic Coupler Pads —E: 2.2. Comparison
Y . .
- — 3.1. Single Element Compensation Networks
Section 3:

» 3.2. Multi-Element Compensation Networks

A A

Compensation Networks

— 3.3. Hvbrid Compensation Networks

) 4
Section 4:

—» 4.1. Auxiliary DC-DC Converters

» 4.2. Phase Shift Angle Control

A4

Power Electronic Architecture
& Control methods

— 4.3. Frequency Modulation Control

v — 4.4. Reconfigurable Hvbrid Compensation

Section 5: —» 4.5. Switchable Dual Frequency
Discussion on low-voltage

and high-current IPT designs 4.6. Tunable Compensation Networks

—» 6.1. Coils Design

4
Section 6: 6.2. Proposed Asymmetric LCC-LCC
Design example for low voltage-[ Compensation
high current applications 6.3. Proposed Passive Current Sharing
Method
_V —— 6.4. Sinuilation results
Section 7:

Discussion & Future works

\ 4
Section 8:

Conclusion

Figure 3. The organizational structure of this paper.

2. Magnetic Coupler Pads

As transformers in power converters, the magnetic coupler pad plays a critical role
in wireless power transmission systems. It consists of two coils, namely the transmitter,
and receiver, separated by an air gap. The key performance parameters of the magnetic
structure are self-inductance, mutual inductance or coupling coefficient, and quality factor.
A compact and lightweight coil with high efficiency, a large air gap, and good misalignment
tolerance in the lateral direction are the required features of the IPT coils for EVs [14]. For
a simple coil geometry with air core coils, the self and mutual inductance of the coupler
pad can be derived by analytical expressions. However, deriving analytical equations of
complex geometry coil structures with magnetic shielding is impractical. Hence, the finite
element analysis (FEA) tool becomes a feasible solution to acquire coils parameters and val-
idated coils performance. Furthermore, the electromagnetic flux distribution surrounding
the coil can be visualized to aid in the verification of the coil design. According to [46], the
power output can be defined in terms of the open-circuit voltage V,, short circuit current
Is¢, and the receiver-side quality factor Q as in Equation (1).

MZ

7, Q M)

MI
Pout = PsyQ = VocIscQ = WMlszlQ = WI12
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where M is the mutual inductance between the coils, I; is the primary side current and
L, is the self-inductance of the receiver coil. Power output can be increased by primary
current, frequency, quality factor Q, or by optimizing magnetic design. Input current and
frequency are limited by the power electronics components and the Litz wire [47]. Hence,
an improved magnetic design is an effective method to improve the power output. The
magnetic design parameters, mutual inductance M are determined by the distance between
the coils and the alignment of the coils while L, purely depends on the geometry of the
respective coil [14]. Therefore, designing IPT coils is a crucial step, which includes the
airgap distance, coil shape, material selection, and conductor selection.

In these mutually coupled coils, a higher coupling coefficient results in higher ef-
ficiency. The coupling coefficient k, represented as k = M/+/LiL,, demonstrates the
magnetic coupling strength between self-inductance of transmitter L; and receiver L.
Ferrites bars or ferrite plates are used to improve the coupling coefficient by modifying the
flux path. As a result, both self-inductance and mutual inductance can be increased. An-
other feature of inserting the ferrite bar into the magnetic coupler is that it limits magnetic
radiation and EMI disturbance. MnZn and NiZn are two common ferrite materials used for
manufacturing ferrite [48]. During operation, the saturation of the ferrite should be avoided,
which means it should operate in the linear region. Saturation reduces permeability and
decreases coil inductance, which detunes the compensation circuits. Ferrite core can almost
double the self-inductance of the coils and increase the coupling coefficient by 30-50%,
considering the same transfer distance [49].

The quality factor, Q = wL/R describes the resonance behavior of an under-damped
harmonic oscillator [50]. It shows the pure inductiveness of the coil and signifies the ability
to produce a large magnetic field [51].

Since the leakage magnetic field creates an adverse effect on humans and surrounding
metallic objects, safety criteria need to be considered. Therefore, designing coil pad need to
meet electromagnetic interference (EMI) and EMC standard [52]. An aluminum shield is
attached to the backside of the ferrite bars and coil as shown in Figure 4. This shielding
technique is to absorb the leakage magnetic field. However, the power losses of the IPT
system are increased due to eddy currents induced in the shielding sheets [53].

Plastic Cover

Litz Coil

Coil Former

’Ferrite Bars

Ferrite Holder

Aluminium shielding

Figure 4. Exploded view of DD coil pad with accessories.

2.1. Coil Pad Structures

In this review, the magnetic coupler structures for stationary IPT systems are con-
sidered. High-current stress and compactness are the major difficulties in designing coil
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pads for LEVs and AGV applications. As depicted in Figure 5, several coil structures are
reviewed to find suitable solutions for low-voltage and high-current IPT applications.

e A circular pad generates a single-sided, unipolar magnetic field, which is preferred in
IPT for EV applications [14]. It is the most common coil structure due to its features
such as symmetry, simplicity to manufacture, and analyses [50,54].

e A planar spiral coil with a square or rectangular shape is called a square/rectangular
coil and is considered a closed variant of CP [50]. Therefore, it is also a suitable coil
structure for EV chargers due to the convenience of installation. This coil structure
is also simple to manufacture and shows symmetric characteristics. Better lateral
misalignment tolerance compared to the circular coil. Lateral tolerance is higher along
the longer side than the shorter side [55].

e Incircular, rectangular, square, and helical coil structures, only a pair of coils is used
for coupling. Budhia et al. [16,56] proposed a double D (DD) coil system as shown in
Figure 5c. The flux generated by this structure is bipolar and single sided in nature, this
coil configuration shows better performance than unipolar pads such as circular and
rectangular [47]. In addition, the fundamental height of the flux path is proportional
to half the length of the pad resulting in a higher coupling coefficient called intra-
pad coupling [16]. These coils are magnetically in parallel and electrically in series.
Thus, the unwanted leakage flux path at the rear side of the coil pairs is reduced.
DD pad is commonly used as a transmitter and has interoperable with different
receiver topologies. However, the conductor length and ohmic loss are higher, so it
is not suitable to be applied on the receiver side of low-voltage and high-current IPT
systems. The self-inductance of the DD coil is almost 1.7 times the self-inductance of
the rectangular coil with the same dimension.

e DD coil only couples the horizontal component of the flux. Misalignment tolerance
can be improved further by placing a third coil in the DD coil’s center. This third coil
is aligned in special quadrature to the DD coils, and it helps to capture perpendicular
flux [56]. This three-coil structure is a modified version of the DD structure called
DDQ as shown in Figure 5d. In a perfectly designed DDQ coil, the series connected
DD coil and the Q coils are mutually decoupled so these can be tuned and controlled
separately [48]. It is demonstrated that the charging zone of the DDQ system is five
times larger than that of a circular pad of comparable size [16]. However, DDQ requires
more copper wire compared to others and complex design process.

e A bipolar (BP) coil is a multi-coil configuration with a bipolar flux path. There are two
identical, partially overlapped coils in a BP pad. The top view and simulation model
of the BDD coil are shown in Figure 5e. It is commonly adopted on the secondary side.
Overlapping of two similar coils helps to cancel out the flux, this concept is used to
achieve the decoupling [57]. The superior characteristics BP coil are the remarkable
increase in the charging zone and the lateral misalignment tolerance. The benefit of
such decoupled coils is that they can be tuned and regulated separately.

2.2. Comparison

In this study, circular, rectangular, DD, and BP coils with ferrite bars are designed
with the same outer dimension of 400 x 400 mm, 100 mm air gap, and simulated by
Ansys Maxwell. The lateral misalignment tolerance of circular, rectangular, DD, and BP are
investigated in this section. All models are simulated under different lateral misalignments
varying from 5% to 30%, corresponding to a misalignment range of 120 mm. From Figure 6,
it can be observed that the BP coil structure has the strongest coupling coefficient and
best misalignment tolerance, followed by the DD, rectangular, and circular pads. The
lateral misalignment tolerance of rectangular and circular are nearly similar. BP achieves
similar lateral misalignment tolerance to DDQ by overlapping instead of using an extra
coil, requiring fewer copper coils.
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Figure 5. Different pads structures for static IPT systems. (a) Circular pad. (b) Rectangular pad.
(c) DD pad. (d) DDQ pad. (e) BP pad.
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Figure 6. Comparison performance of different coils under various lateral misalignment conditions.
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As presented in [47], the BP coil used 25.17% less copper than the DDQ design with
the same dimension. In this simulation setup, the circular requires the shortest conductor
length of 14 m and DDQ needs the longest conductor length of 27 m. According to a variety
of previous works, the performance comparison among four coil structures is summarized
and tabulated in Table 2.

Table 2. Comparison of different types of coils [5,14,16,54-58].

Circular Rectangular/Square DD DDQ BP
Number of coils 1 1 1 2 2
Flux type Single s.ided Single s:ided Single. sided Doub%e sided Doub%e sided
and unipolar and unipolar and bipolar and bipolar and bipolar
Flux leakage High Moderate Very low Very low Very low
Transfer distance Low Low Moderate Large Large
i\(/)[li::;;gcr;ment Very poor Poor Good Better Better
Interoperability Poor Poor Good Best Best
Charging area Small Small Moderate Large Large
Commonly used as Tx/Rx Tx/Rx Tx Rx Rx
ESR Losses Small Small Medium Large Large
Complexity Very simple Very simple Simple Complex Moderate

3. Compensation Networks

To clarify the role of the compensator in the IPT systems, it is necessary to first
understand the system without compensation. A loosely coupled transformer model with
large leakage inductance and low mutual inductance is utilized for modeling primary and
secondary coils placed at a relatively large distance. Figure 7a is the representation of
the IPT system, and the mutual inductance model is depicted in Figure 7b, where Lp, Lg,
and M are the self-inductances of primary and secondary coils and the mutual inductance
between the coils respectively. Primary and secondary coil resistances are represented by
Rp and R; respectively. Vj, is the supply voltage with a frequency w, much smaller than
the self-resonating frequency. Hence, the stray capacitance can be neglected. In Figure 7c,
the input impedance Z;;, is calculated by reflecting the equivalent impedance from the
secondary side into the primary side by Equation (2) and the efficiency is the ratio of the
power available at the load to the power supplied by the source, which are expressed by
Equation (3) [59].

g w?*M? + (Rp + jwLp)(Ry + R + jwLs) @)
n RS +]CL7L5 + R,

R
Mink = R-TRS Tr 2
(RL+Rs)(1+Rp P )+Rp(5r)
Nlink,max = L Lp o (3)
(Rp+Rs)+Rp(Fr)
v Rp(R+Rs)
when w > Y——r—>
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(b)

Figure 7. General IPT system without compensators, (a,b) circuit diagram of mutual inductance
model, and (c) equivalent circuit reflected in the primary side.

It can be noticed from Equation (3) that maximum efficiency can be achieved by
increasing operating frequency. However, the input impedance Z;, becomes very high and
more inductive. This results in a low power factor. It means that the high-frequency inverter
(HFI) and the rectifier should have a high VA rating and significant power losses [59].
This bottleneck of IPT in the absence of compensations can be overcome by integrating
compensator networks to minimize the circulation of high reactive current [60].

Typically, compensator networks are the combinations of capacitors and inductors
connected to form different resonant topologies [44,61,62]. Compensation plays crucial
roles in the IPT systems in several aspects such as:

e Minimized reactive circulating current by canceling leakage inductance in the pri-
mary HFI and secondary rectifier. As a result, maximum power transfer and system
efficiency are achieved.

e Allow high switching operation due to soft-switching characteristics such as zero
voltage switching (ZVS) and zero current switching (ZCS) in power devices.

Avoid bifurcation and increase the tolerance of the system for misalignment [60].

Implement constant current (CC) or constant voltage (CV), which is suitable for battery

charging of EV applications [42].

e Improving the misalignment tolerance [63].

Compensation topologies have been extensively studied in terms of the aforemen-
tioned features since they are a critical part with a significant impact on system stability
and efficiency. Compensation topologies can be classified into single-element-resonant,
multi-element resonant compensation networks, and hybrid reconfigurable compensators.
This review paper also investigates in more detail the principles of achieving constant-
current (CC) or constant-voltage (CV) output based on the load-independent characteristic
of different resonant networks [42]. A suitable compensation is required to maintain a
stable output regardless of load conditions. In addition load-independent features, zero
phase angle (ZPA) is also a critical criterion affecting the efficiency of whole IPT systems.

ZPA can be achieved as there is no imagine part in the primary-reflected impedance
Ziy. The phase angle between the input voltage and current is expressed in Equation (4).

180,y Im(Zin)

9' =
m Re(Zin)

4)

ZPA can be obtained 6;,, = 0 when Im(Z;,) = 0. Each topology has advantages and
disadvantages in terms of simplicity, efficiency, and misalignment tolerance. Therefore,
suitable resonant topologies are selected to satisfy the requirements of different IPT appli-
cations. It is preferable to design 0;, slightly greater than zero to ensure the soft-switching
operation of the primary switches.

3.1. Single Element Compensation Networks

The four basic and simple combinations are series—series (SS), series—parallel (SP),
parallel-series (PS), and parallel-parallel (PP). The naming is such that the first part rep-
resents the way the compensation capacitor is connected to the primary side coil and the
second one on the secondary side. The circuit diagrams of basic topologies are shown in
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Figure 8, where C; and C; are primary compensation capacitance, and secondary com-
pensation capacitance, respectively. Figure 8a shows the circuit configuration of the S-S
topology. It is superior among these four topologies since its resonance frequency and the
coupling coefficient are not dependent on load conditions. Additionally, it can provide
constant current CC under ZPA conditions with minimum component count [64—67].

Vin

e

1l
LIPS

Gn
(p]
LU

1

Je

Figure 8. Single-element resonant compensations. (a) Series—series. (b) Series—parallel. (c) Parallel-
series. (d) Parallel-parallel.

However, the coupling coefficient has a strong influence on the output current, re-
sulting in a highly sensitive system. Since the input impedance is inversely proportional
to the mutual inductance value. The input current becomes extremely large when the
receiver is absent. Primary series and secondary parallel (SP) compensation are designed
to provide a constant-voltage output under ZPA condition as shown in Figure 8b. As the
same disadvantage as the SS compensator, SP topology impedance reaches zero at resonant
frequency when the receiver is not presented. Thus, the input current protection method
needs to apply for preventing short circuit [64,68,69].

As shown in Figure 8c,d, the transmitter side capacitors C; are connected in parallel
with transmitter coil L;. Therefore, this circuit configuration is normally driven by a current
source. Presently, the mainstream of IPT systems is widely adopted by a primary voltage
source, which makes PP and PS become unpopular and less attractive compensation
networks [44]. It can be observed that single-element compensations have the simplest
circuit structure. Therefore, they are preferred for high-current secondary side applications.
The major disadvantages of low-order resonant networks are lacking the degree of freedom
(DOF) and output fluctuation due to misalignment conditions.

3.2. Multi-Element Compensation Networks

In order to extend the operating condition and improve the performance of single-
element topologies, multi-element resonant networks consisting of multiple energy store
elements are extensively investigated in previous works. To overcome the problem of
the voltage source in PS, PS topologies, Qu et al. [65] proposed a solution, in which
an additional inductor Ly is connected between the voltage source and primary parallel
capacitor to create three-element compensators called PP, PS with Ly as shown in Figure 9a,b.
Meanwhile, PS with L, can obtain CV and ZPA, PP with L, can deliver CC under ZPA
condition. Nevertheless, DOF of those topologies still is restricted by self-inductance and
mutual inductance value as presented in Table 3. To improve the fluctuation output of
single-element topologies due to the variation of parameters, the series/series-parallel
(S/SP) has been introduced as shown in Figure 9c [70-74]. The CV and ZPA features are
maintained with small deviations under misalignment conditions. Due to lacking DOF,
S/SP is suitable for the voltage gain of unity with symmetrical coils [74]. Therefore, it
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brings more difficulties in designing high step-down IPT systems such as LEVs and AGV
applications. To further extend the DOF of IPT systems, more resonant components are
added to form high-order resonant topologies. Figure 9d-h show topologies of LC-LC,
S-LCC, LCC-S, LCC-P, and LCC-LCC. Which are commonly used in numerous research
works. Double-side LC-LC, also called LCL-LCL compensation, shown in Figure 9d,
where four external resonant components form a symmetrical structure, LC-LC owns the
characteristic of CC and ZPA at resonant frequency [75]. The drawback of LC-LC is still
constrained by coil parameters [76]. Asymmetrical four-element topologies of S-LCC and
LCC-S can provide CV output at ZPA resonant frequency as depicted in Figure 9e f.

Figure 9. Multi-element resonant compensations. (a) PS with Ly. (b) PP with Ly. (c) Series/series—
parallel (S/SP). (d) LC-LC (LCL-LCL). (e) S-LCC. (f) LCC-S. (g) LCC-P. (h) LCC-LCC.

In contrast to S/SP, in which the CV value is heavily influenced by the turn ratio
of the transmitter and receiver coils, the voltages of S-LCC and LCC-S can be defined
independently by selecting the external value L¢. The load-independent voltage of S-LCC
is proportional to the coupling coefficient [77-79]. Meanwhile, the constant voltage value is
inversely proportional to the coupling coefficient in the LCC-S topology [80,81].
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Table 3. Load-independent characteristics of different compensation networks.

Compensation Operating Output Load ZPA
Topologies Resonant Frequency Characteristics Output
SS o _ 1 .y,
[64—67] fO - 27'[\/L1C1 - 27'[\/L2C2 CC IO - (IJUM Yes
fo = > \/ L17M72 C = 27T\/1L2Cz
SP m\/(Ly Lz) 1 ) CcvV VA = VinLa Yes
[68] Resonant frequency-coupling o M
dependent
: _ 1 _ 1
PS with Lx fO Y /Llc1 ~ o /L,C, CV VO — ViueM Yes
[65] And L; = Ly Ly
fo= syl \/1L C
. 2w/l - ) VG ‘
PP with Ly And L, = L, — A2 ccC ‘O Yes
[65] 1 LZ in
Resonant frequency-coupling wo(L,— "L/‘—ZZ ) Ly
dependent
J— _ 1 _ 1
S/SP O T 2nyLiGi T 2nVIG T 27myVImGs
[70-74] Resonant frequency-coupling cv Vo = Vin Yes
dependent
_ 1 _ 1
LC-LC fo= 2nVIiG — 2nyLGCo CC i = MV Yes
[75,76] And L = Lfl,L2 = sz @olpiLyy
1 1
S-LCC fo= Vb6 =yt — ViaL
[77-79] T ™ v Vo ="' Yes
27\ (L,—Lf)C
LCC-S fo=snirE = f =
- 7T/ Ly Cy 27 LfC)r — VinM
[80,81] 1 cv Vo = Yes
2my/ (Ly—Ls) Gy
fo= 1 = 1 =
7 2n/L;C; T 2nVIaCy
LCC-P —1 . MV
[82-85] 2my/(Ly L~ )Gy cc ‘0= wrt, Yes
Resonant frequency-coupling
dependent
1 1
LCC-LCC fo= e = rytac ~ MV;
f1Lf1 T f2Lf2 — in
(86-90] - 4 B Vi cc io = Ginl, Yes

2 /(L-Lp)G 21/ (L,-Lp)Co

The LCC-P compensation can provide constant current CC output [82-85]. Kaviman-
dan et al. [84] conducted a sensitive analysis of LCC-S and LCC-P and concluded that
the voltage stress across Cs and C; of LCC-P is lower than that of LCC-S while voltage
stress across Cq is higher for LCC-P. Additionally, input current is reduced in LCC-S and
increased in LCC-P when the receiver coil shifts away from transmitter. Thus, LCC-S is
more suitable than LCC-P in static and dynamic IPT system under high misalignment con-
ditions. LCC-LCC compensation is the most popular high-order topology investigated in
several works [86-90]. As shown in Figure 9h, two LCC circuit configurations are inserted
on both sides of the coil structure. Since the number of storage components increases,
the circuits have multiple resonating frequencies as shown in Figure 10, depicting the
frequency response of LCC-LCC compensation. Compared to other topologies, double-side
LCC has outstanding performances in several aspects such as small output variation, high
misalignment tolerances, safety operation under zero coupling and null-load conditions,
good efficiency, and bi-directional operation. Moreover, LCC-LCC topology can offer both
CC and CV at two different ZPA frequencies, making it more attractive to be applied in
battery EV charging applications [89,90]. Nevertheless, this resonant topology uses large
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numbers of passive components, it is not the best candidate for a high demand on power
density. To improve the power density, the external inductors are integrated with the mag-
netic coupling structure as proposed in [88,91]. However, integrated magnetic coupling
demands a complex design process to the minimum coupling between the main coils and
resonant inductors. Table 3 summarizes the load-independent characteristics of the most
studied topologies, including single-element and multi-element resonant compensations.

°
69.7kHz
85.0kHz
97.0kHz

107 4kHz

Efficiency(%)
=]
4]

6 7 8 9 10 11
Frequency(Hz) 10%

Figure 10. Frequency response of LCC-LCC topology.

3.3. Hybrid Compensation Networks

The charge process for lithium batteries normally includes constant current (CC)
charge and constant voltage (CV) charge to fully charge the batteries. Initially, the battery
is charged with a constant current and the battery voltage increases gradually during
this mode. When the battery voltage reaches the maximum charge voltage, the battery is
charged by the CV mode.

Several topologies are inherent characteristics of ZPA input and load-independent CC
or CV output as reported in Sections 3.1 and 3.2. To exploit the natural CC/CV operation
of compensations for IPT battery charging, the hybrid reconfigurable resonant networks
approach is widely used for IPT battery charging applications due to load-independent
and ZPA characteristics. The idea behind this approach is the combination of two load-
independent CC and CV topologies operating at the same resonant frequency under ZPA
conditions. By switching between two circuit configurations, CC/CV is automatically
implemented with low reactive power in the entire range of load conditions [65,79,92-96].
Depending on the required design parameters, low-order or high-order resonant networks
can be selected as depicted in Table 4. In [65,68], the CC/CV charging profile can be
simply implemented by switching between two low-order topologies such as SS and SP.
However, there is a limitation in degrees of freedom to satisfy all IPT applications since
output parameters heavily depend on mutual inductance M. To overcome the design
constraint of low-order compensations, the high-order hybrid topologies are constructed
by employing LCC-S and S-LCC for CV mode, while still lacking design freedom in CC
mode [92]. Hence, LCC-LCC can be adopted for performing CC charging by selecting
two independent variables L1 and Ly [94]. On the other hand, it is also well known that
a T-type LCL network is able to convert a constant voltage source into a constant current
source and vice versa. Therefore, it is cascaded after LCC-S or S-LCC topology to realize CC
operation [79,95]. The additional resonant components and ACSs are preferred to locate on
receiver side to avoid using wireless communication link between two sides. However, this
circuit configuration induces larger losses for low-voltage and high-current IPT systems.
Moreover, receiver pads are equipped in vehicles. Hence, fewer passive components on the
receiver side are highly recommended.
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Table 4. Reconfigurable hybrid topologies with constant current and constant voltage configurations.

Mode Selections

Reconfigurable Hybrid Topologies

CC Mode CV Mode
C: 1: OFF and S2, S3: OFF
, S1: ON and S2, $3: OFF S1: OFF and 82, 53: O
io PS with L,
Vo SS Vi — VM
R, i — Vin o= Ly
Zpa N (Ly =Ly)
: ZPA: Yes
[65]
S,
i = Coils i <
M - S1: ON, S2: OFF S1: OFF, S2: ON
X . 55 S-LCC,
L, L; s io = wg’}(/f VO = %
W ZPA: Yes ZPA: Yes
[92]
i S1: OFF, S2: ON S1: ON, S2: OFF
’ ss LCC-S
RI, l'o o w‘jin VO = Van]{VI
ZPA: Yes ZPA: Yes
[93]
oils i C;
}i S1: OFF, S2: ON S1: ON, S2: OFF
LCC—IM(‘Z/C LCC-S
i — in _ VuM
= 0= @Lnl, Vo =1
ZPA: Yes ZPA: Yes

Vin | 4

S1: OFF, S2: ON

S-LCC+LCL
I _ Vian
0= Mw, Lt
(L1 = L2 = L7)
ZPA: Yes

S1: ON, S2: OFF
S—LCVCL
Vo = ’]'(A f
ZPA: Yes

S1: OFF, 52: ON

LCC-S+LCL
I — MVin
O Wy LfLT

S1: ON, S2: OFF

ZPA: Yes
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4. Power Electronic Architectures and Control Methods

In this section, an overview of power electronic architectures and control methodolo-
gies for static IPT systems are presented to identify the current trends published in massive
works. In a typical IPT system, maximum efficiency tracking (MET) and output regulation
capacities including CC/CV implementation are the most dominant control objectives in
various charging applications. For an IPT system, the most effective and safe charging
procedure for Li-on battery packs is CC/CV charging profile, which maintains constant
current (CC) and constant voltage (CV) modes. In addition, the equivalent battery resis-
tance varies during the charging time. Hence, the maximum efficiency tracking technique
based on the principle of matching source and load impedance is needed to maximize the
IPT system’s efficiency.

Thus, a variety of control strategies are proposed to deal with these matters, corre-
sponding to a diversity of power electronic structures. As briefly depicted in Figure 1, the
transmitter side power electronics basically consists of a front-end PFC, a high-frequency
inverter, and a compensation network. While the receiver side consists of a compensation
network and a rectifier to convert high-frequency ac voltage into dc voltage. However,
these typical PE structures are greatly modified for different control strategies to fulfill
the output requirements of output regulation and efficiency maximization as classified
in Figure 11 and summarized in Table 5. Generally, these control strategies can be classi-
fied into several types: adding an auxiliary dc-dc converter, variable frequency, variable
phase shift, switchable frequency, reconfigurable resonant compensations, and tunable
resonant networks.

Control Objectives
CC,CV, MET, CC/CV

v v v

Transmitter Dual Receiver
Side contol Side control Side contol

! !

A 4 Y A\ 4 A 4 J' A 4

Auxiliary . Switchable Reconfigurable Tunable
Phase shift Frequency . .
DC-DC dual band compensation Compensation
Control control
converters frequency networks networks

Figure 11. Category of control strategies in the IPT systems.

Table 5. Summary of control methodologies for IPT systems.

Primary Side Secondary Side

Control Methodologies (HB, FB) (AR, Semi-R, PR) Dual Side
CP [97]
Frequency tuning MET [98] N/A N/A
CC/CV [99]
. CC/CV [103]
Phase shift control CC/CV [100] CC/CV [101,102] CC/CV + MET [104]
Auxiliary DC-DC converter
(Buck, Boost, Boost-Buck) CC/CV [105] MET [106-108] MET + CV [109-111]
Switchable dual-band frequency CC/CV [89,90,112] N/A N/A
Reconfigurable compensation CC/CV [65,93] CC/CV [79,87,92,04,95]
networks
Tunable compensation networks
' . MET [113,114] CC[118]
(Tunable equivalent capacitances or CC/CV [115,116] CC/CV [117] CP[119]

inductances)

CP: constant power, MET: maximum efficiency tracking.
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4.1. Auxiliary DC-DC Converters

For IPT systems, auxiliary dc-dc converters are widely used to achieve output regula-
tion and impedance-matching capabilities. Figure 12 shows the circuit diagrams, in which
dc-dc converter can be adopted on the receiver side, transmitter side, or both sides.
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Figure 12. PE structure with auxiliary DC-DC converter: (a) with the dc-dc converter on the secondary
side, (b) dc-dc converter on the primary side, and (c) dc-dc converters on both sides.

In Figure 12a, a back-end dc-dc converter is cascaded with a passive rectifier. By adjust-
ing the duty cycle of the converter and phase shift angle of the HF inverter, the equivalent
load impedance is varied to track high operation efficiency and output current/voltage
control under the misalignment condition or the variation of air gap distance [106-108].

As shown in Figure 12b, a front-end dc-dc converter on the transmitter side combining
frequency modulation in an HF inverter is employed to obtain CC/CV charging under ZVS
conditions [105]. The CC/CV and impedance matching can be attained simultaneously
by two dc-dc converters as in Figure 12¢ [109-111]. The transmitter side dc-dc converter
regulates dc bus voltage for voltage/current regulation while the secondary dc-dc converter
is used for impedance matching. It is noticed that additional dc-dc converters operate
under hard-switching conditions. Therefore, it undoubtedly reduces the efficiency of the
whole system. In particular, the power losses become more severe as the dc-dc converter is
employed in the receiver side of low-voltage high-current IPT systems.
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4.2. Phase Shift Angle Control

In this control method, the output voltage/current or load impedance can be controlled
by regulating phase shift angles on the transmitter side of the HF inverter and/or receiver
side of the active rectifier (AR) or semi-bridgeless active rectifier (S-BAR). As illustrated in
Figure 13, the phase shift control techniques can be adopted on the transmitter side, receiver
side, or both sides. The transmitter side phase-shift control circuit diagram is presented in
Figure 13a. The information about output voltage and current are estimated from current
and voltage on the primary side [99,100]. The benefit of using such control approaches is
that CC/CV profiles can be implemented with fewer components by eliminating dc-dc
converters and wireless communication links. However, it requires a complex control
algorithm and sensing circuits. In Figure 13b, phase shift angle control can be applied to
the rectifier, in which a passive diode rectifier is replaced by an AR or S-BAR. In this circuit
configuration, a zero-cross detection circuit is required to synchronize the phase angle,
while wireless communication is not necessary [101,102].
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Figure 13. PE structure with phase shift control: (a) transmitter side phase shift control, (b) receiver-
side phase shift control, and (c) dual side phase shift control.

In a single-side phase shift control scheme, the desired output current/voltage can
be obtained. However, the IPT system may not be operated with maximum efficiency.
Therefore dual side phase shift control methods are also widely proposed as demonstrated
in Figure 13c. The CC/CV and MET can be obtained simultaneously by adjusting phase
shift angles on both sides (68p, 65) [103,104].

4.3. Frequency Modulation Control

In this frequency control strategy, the variable frequency control is implemented only
in the HF inverter, as shown in Figure 14. Based on perturb and observe control with an
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estimation algorithm, the maximum efficiency point is tracked by adjusting the switching
frequency without a wireless communication link [98]. In [97], the frequency is tuned above
the resonant frequency for constant output power and ZVS condition.
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Figure 14. PE structure with frequency control.

This research pointed out that the maximum efficiency under frequency tuning also
can be obtained for strong coupling coil systems such as AGV applications. Due to a
lack of control degree, the CC/CV implementation cannot be realized by only frequency
modulation. To extend the output regulation capability, a combination control method of
frequency and phase shift modulation is proposed for CC/CV charging under the ZVS
condition [99].

4.4. Reconfigurable Hybrid Compensation

As mentioned and discussed in Section 3.3, load-independent and ZPA characteristics
of resonant topologies are used to realize the CC/CV charging profile by switching between
two feasible topologies [92-96]. The reconfigurable compensation networks can be located
on the transmitter or secondary side as shown in Figure 15. The advantages of this control
strategies are that CC/CV charging can be implemented at the fixed resonant frequency
and phase shift value. Thus, the IPT system operates at optimal efficiency point, ZPA, and
ZVS conditions under a wide range of loads. In addition, there is no feedback closed loop
controller. Therefore, this control technique and circuit structure can also be suitable in
multi-MHz IPT applications [80]. As compared with the circuit structure in Figure 15a,
there is no communication link required as the reconfigurable circuit on the pickup side
as in Figure 15b. In this control method, the major drawbacks are that CC/CV charging
specifications need to be pre-defined and heavily dependent on coupling inductance and
resonant parameters. Hence, it leads to output variation as misalignment happens. In
order to implement CV and improve misalignment tolerance, Y. Chen et al. [88] proposed a
hybrid reconfigurable topology in which S-LLC and LCC-S topologies are connected with
input parallel and output in series configurations. The CC is realized by cascading T-type
LCL network as Figure 16. However, it leads to very highly complex circuitry and bulky
components.
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Figure 15. PE structure of reconfigurable hybrid topologies: (a) reconfigurable resonant networks on
the transmitter side; (b) reconfigurable resonant networks on the receiver side.
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Figure 16. Hybrid and reconfigurable topology with misalignment tolerance [96].

In hybrid resonant topologies, the bidirectional AC switches (ACSs) are widely used
to transform from CC topology to CV topology. As depicted in Figure 17, the ACS typically
consists of two N-channel MOSFETs connected back to back with each other and triggered

by the optically isolated drivers [79].
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Figure 17. Bidirectional AC switch driving circuit.
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4.5. Switchable Dual Frequency

Compared to the methods of hybrid reconfiguration topology, switchable dual-band
frequency control methods can implement CC/CV under ZPA conditions with less resonant
components and without additional AC switches. It is inspired by the fact that some specific
high-order resonant networks possess the characteristics of load independence and ZPA at
two different resonant frequencies fcc and fcy. Switchable dual-frequency control methods
based on LCC-LCC and LCC-S compensation topologies are proposed in [89,90,112]. The
number of components can be reduced further by adopting the S-SP topology [73]. In
this control method, a wireless communication link is a must, and controllers are always
located on the transmitter side as depicted in Figure 18. As same as the reconfigurable
compensation method, the major disadvantage of this control method is output fluctuation
under misalignment conditions.
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Figure 18. PE structure of switchable dual-frequency control.

4.6. Tunable Compensation Networks

This control method allows for the tuning of a resonant network’s impedance under
various coupling conditions by adjusting the capacitance and /or inductance values in com-
pensation topologies. As a result, the MET or output regulation can be achieved regardless
of misalignment conditions. The tunable resonant components can be capacitors, inductors,
or both inductors and capacitors as depicted in Figure 19a. To change the equivalent
capacitance, the switchable capacitor array is introduced as in [120,121]. However, this
method requires even more active switches and discrete capacitance for tuning. In order
to provide continuous capacitance adjustment and reduce component count, switched-
controlled capacitors (SCCs) are widely adopted as in [113,117-119]. The circuit structure of
SCC is described in Figure 19b. An AC bidirectional switch (ACS) is connected in parallel
with a fixed capacitor. The equivalent capacitance value can be tuned by regulating the
duty cycles of the ACS driving signal. However, the SCC method leads to additional
power losses due to PWM modulation of ACS and requires accurate synchronization of
driving signals. As same as a variable capacitor, the variable inductor can be also adopted
to provide an additional degree of freedom. By injecting a bias DC into the magnetic
core, magnetic permeability is changed. As a result, the effective magnetic reluctance and
inductance value are adjustable. The most common variable inductor structure using a
double E core is depicted in Figure 19c and applied in both resonant converters and IPT
applications [114,115].

Compared to reconfigurable compensation and switchable dual-band frequency, the
tunable compensation method requires more complex measurement circuits and control
strategies.
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Figure 19. PE structure of tunable compensation networks: (a) general PE structure, (b) typical
tunable capacitor circuit, (c) typical tunable inductor circuit.

5. Discussion on Low-Voltage and High-Current IPT Designs

As aforementioned in Section 1 of this paper, low-voltage electric vehicles such as light
electric vehicles (LEVs) and Automated Guided Vehicles (AGVs) are rapidly widespread
in urbanized and logistics transportation. However, compared to IPT for high-voltage
electric vehicles, there is still much less research work on IPT for low-voltage E-mobility
applications. As an IPT system is used to charge an LEV or AGYV, it encounters additional
challenges as identified in Table 6.

Table 6. Design challenges of low-voltage and high-current vehicles.

LEVs AGVs
Coupling coefficient k Loosely coupling < 0.5 Tight coupling > 0.8
Design challenges
High-current stress on rectifier devices v
Large power losses on the receiver side v
Require compact design v

Sensitive to the air gap variation

NIENENENIEN

High-order harmonic current

As presented in Table 6, low-voltage and high-current IPT systems for AGV applica-
tions introduce more difficulties in designing due to tightly coupling, resulting in sensitive
output current/voltage and high-order harmonic current. Several solutions have been
investigated for both LEVs and AGV applications. However, there is no single solution that
can address all issues that arise in low-voltage /high-current IPT systems. This section pro-
vides a review of different design considerations regarding coil structures, compensation
topologies, and power electronic architectures, which are most suitable for different scenar-
ios. As discussed in Section 2, among the most popular coil configurations, the unipolar
circular coil structure has the lowest equivalent series resistance ESRs value. As a result,
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it is widely employed as a receiver coil in a wide range of AGVs/LEVs applications with
limited receiver installation space [122-124]. However, it is suffered from high RMS current
stress on the receiver coil and rectifier switches. In [94], multiple turns parallel Litz-wire
is used to handle high-current stress of a 24 V-75 A IPT system. This design technically
increases the weight and cost on the receiver side. To address high-current stress issues,
dual coil receivers using BP coil configuration are also a suitable candidate [125,126]. In the
contrast, the DD coil structure is not suitable to employ in the high-current receiver side due
to the large ESRs value. However, it commonly is used on the transmitter side. Selecting a
suitable compensation network is also critical to deal with the abovementioned issues. SS
resonant topology is among the suitable solutions for low-voltage and high-current IPT sys-
tems due to its simple structure, and less component count. Additionally, it is less affected
by airgap variation since it operates as a current source. High-order harmonic current and
limited design flexibility are obstacles to the SS topology [122,124,127]. LCC-LCC resonant
topology can offer current source characteristics as same as the SS compensator. In addition,
LCC-LCC topology owns two advantages over SS topology in terms of degrees of freedom
in parameter designing and lower high-order harmonic current. Thus, double-side LCC is
also considered an attractive solution for low-voltage and high-current IPT systems in both
LEVs and AGV applications [123,126,128,129].

Regarding the selection of power electronic architectures, low-voltage and high-current
IPT systems can adopt the same structure for the transmitter as in high-voltage IPT systems.
However, it needs to be considered high-current stress issue exists on the receiver side. To
handle high-current stress on the rectifier circuits, dual rectifiers coming along with dual
receiver coils can reduce current stress on receiver coils and rectifier switches as depicted
in the circuit diagram in Figure 20 [125,126,128]. In [126], dual synchronous active rectifiers
are used for further reducing power losses and output regulation. In addition, Figure 21
shows another solution of secondary topologies, inspired by the current double rectifiers
(CDRs) circuit for high current in DC/DC converter applications [130-132].
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C
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Figure 20. A typical dual-coil and dual-rectifier circuit architecture for a high-current IPT system.

As shown in Figure 21, since the secondary current output is reduced by half of the
output current, current double rectifiers and their modifications are used to deal with the
high-current stress on rectifiers in high-current IPT systems [127,133-135]. In [127], a 10
kW 400 V/48 V IPT is proposed with an ICCDR structure to handle 200 A output current
and achieves an overall efficiency of 94%. As summarized in Table 7, several studies on
low-voltage /high-current IPT systems have been introduced in recent years.
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Figure 21. Secondary circuit diagrams of IPT system based on current double rectifiers CDR.
(a) Conventional CDR [133]. (b) CDR with active switches [134], (c) current double synchronous
rectifier CDSR [135] and (d) inverse coupled current double rectifier ICCDR [127].
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Table 7. Recent studies on wireless power transfer systems for low-voltage and high-current applications.

Ref. Avplication: Coil Structures-TX/RX Resonant Vin, Po, Coupling k, Circuit Structures
/Years ppiications and Dimension Topologies Vo, Io, Esfzciency and Design Objectives
) . Rectangular/rectangular . 0.8, . o
(1231 gy e 220 x200 x 10mm rccice 0 SOV/IBIW g5y, *  FB/Diode rectifier
2019 . Airgap: 15 mm . 24V/75 A . 86.1% . reduce harmonic
. Rectangular /rectangular . 0.7, . Lo
[124] AGV . 220 % 220 x 10 mm S5 . 400 V/1.8 kW . 85 kHz, . FB/Diode rect1f}er
2019 . Airgap: 10 mm . 24V/75 A . 86.1% . reduce harmonic
. FB/Dual active
. Rectangular/BP . 0.35, rectifiers
[126] LEV . 200 x 160 x 25 mm LCC-LCC : 350 V/1.2 kW . 200 kHz, . MET (secondary
2022 . . 24 V/50 A .
. Airgap: 30 mm . 92%, phase shift
control)
. FB/Diode rectifier
. Circular/circular . 0.24, . Output voltage
[136] LEV . 320 mm LCL-S : ig%\;é‘é{go w . 200 kHz, . regulation
2020 . Airgap: 105 mm . 91.7% (primary phase
shift control)
. Circular/circular . 0.63, ° FB/active rectifier
[122] AGV . 320 mm ss N 400V/2.5 kW . 100 kHz, . MET (frequency
2022 - . 48V/50 A .
. Airgap: 40 mm . 93.5% tuning)
FB/Inverse
. Rectangular/rectangular . 0.4 ¢
[127] LEV. AGV . 310 x 316 mm ss . 400 V/10 kW . 100 kHz, coupled Cu.r?ent
2022 ! . Aireap: 40 mm . 48V /200 A 94% double rectifier
&ap: (ICCDR)
. Quasi-Z source
inverter/current-
. Circular/circular 0.51 double
1 48 V/1kW
[21 032’32] LEV, AGV . N/A LCC-P : 04 V; 40 A 85 kHz, synchronous
. Airgap: 50 mm 87.4% rectifier (CDSR)
. Constant power,
MET
. FB/Diode rectifier
. Output voltage
. . lation
) ° Circular/circular 0.4 reguiation,
[137] AGV o N/A LCC-LCC . NA /700 W 85 kHz, minimize current
2022 ! . 72V/10 A stress on the
. Airgap: 70 mm 91% .
secondary coil
(tunable capacitor
using SCC)
. FB/Diode rectifier
. Rectangular /rectangular . 0.28~0.13 Design method of
[138] . TX coil: 300 x 1500 mm, T- . 200 V/1 kW . 8'5 kHz. T/S compensation
2022 AGV . RX coil: 300 x 300 mm type/Series(T/S) ® 50V/20 A 859 ’ for maintaining
L]

Airgap: 30~90 mm

stable output
current

6. Design Example for Low-Voltage and High-Current IPT Applications

In previous review sections, the current trends and challenges of general IPT as well
as low-voltage/high-current IPT applications have been comprehensively reviewed and
identified by considering several design aspects including coils, compensation topologies,
and power electronic architecture selections. To deal with high-current stress and current
imbalance under misalignment and component tolerance conditions, an asymmetric LCC-
LCC compensator and DD-BP coil structure with a passive current-sharing method are
proposed in this paper. The proposed circuit architecture is depicted in Figure 22, in which
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two separated capacitors and inductors in dual compensator circuits are connected in
parallel to form a common capacitor and common inductor circuit structure.

Passive current
balancing connection

lo1
.

TX (DD)

[

Sa EI 3+ and RX(BP) i,
L.

Vi |

| t— 4

[

Figure 22. Proposed IPT system for LEV applications.

This current-sharing method is inspired by the concept of a common capacitor and
common inductor multiphase LLC resonant converter [139,140]. Thereby, the current infor-
mation of each phase is extracted and shared automatically without applying active control
methods. Since high RMS current passes through L ¢, symmetric resonant parameters of
LCC-LCC with Ly, = Ly, L1 = L, results in a larger conduction loss in receiver side [128].
In the proposed design, asymmetric resonant compensation components are proposed to
reduce RMS current in the receiver coil and compensation components. As a case study,
Table 8 contains the design specifications for the 2.5 kW-48 V IPT. And the design method
of compensation parameters is presented in Section VI.B.

Table 8. Design specification of proposed IPT for LEV applications.

Parameters Symbols Values
Input voltage Ve 400 V
Output voltage Vo 48V

Output Power Po 2500 W

Switching frequency fo 85 kHz

6.1. Coils Design

In this design, DD and BP coils structures with ferrite rods are selected for TX and RX,
as shown in Figure 23a. The coil dimension of 400 x 400 mm is implemented for LEVs and
The mutual inductance between the DD and BP coils are simulated at a 100 mm transfer
distance which is suitable for LEVs applications. When designing a BP coil, the critical
task is to decouple mutual inductance between L, and Ly the coils while maintaining
the desired outer dimensions. Ansys Maxwell software is used to estimate all magnetic
parameters and the overlap distance of the BP coil structure for decoupling as depicted in
Figure 23b,c. As resulting from simulation, the design coil parameters are listed in Table 9.
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Figure 23. Coils design and simulation: (a) a 3D model of coil system, (b) flux path of DD-BP coils,
and (c) estimated decoupling overlap position by simulation.

Table 9. Design specifications of coil prototype.

Parameters Value
Coils dimension 400 x 400 mm
TX-DD coil Ly 235 uH
RX-BP coil Ly,, Ly, 116 uH
Mutual inductance M1y, M3 56 uH
Overlap distance BP coil 121 mm
Air gap distance 100 mm
Ferrite bar pitch 26 mm
Ferrite bar material N87
Litz wire AWG38 x 300 strands

6.2. Proposed Asymmetric LCC-LCC Compensation Network

In this design, the BP receiver coil and LCC-LCC compensation topology are selected
for a low-voltage and high-current IPT system due to power-sharing capability, high
degree of freedom, high misalignment tolerance, and low order harmonic current. The
equivalent circuit is illustrated in Figure 24. The AC circuit of LCC-LCC is analyzed by using
the fundamental harmonic approximation (FHA). To simplify the analysis, all parasitic
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resistances are eliminated, and the output current gain equation Ip;/Vj, or Ipp/ Vi, can
be derived separately based on the superposition theorem. Table 10 provides a summary
of the calculations of the LCC-LCC AC equivalent model. The calculations based on the
AC equivalent model of LCC-LCC are briefly listed in Table 10. To reduce the high ESR
value of receiver compensation inductors L and L, the inductance values of Lg, Lrso
should be designed as small as possible to handle high RMS current. From Equations (11)
and (12) in the Table 10, the ratio between the transmitter coil current and receiver coil
current is established to be equal unity as (13).

Table 10. Analysis of LCC-LCC compensation topology.

DC and AC Conversion Defined receiver equivalent impedances
Vi, = 2\/§th-; Vo = 2V2V, 1/(jwCoy) (Ru oLy
i 8(2R0) " ®) 71 = 77 (jwCey+Rua+jLssr) ©)
Rae1 = Raco= P ) Ter = jWLZ + 1 + Z‘
f g — fm — T S1 — a T jwCq eql
101 102 2\/§(Ib/2) Jwlst
Defined transmitter . .
. Transmitter and receiver
equivalent
. currents
impedances
_ w*My?
Zrent = 7750 @) Iy = Y5 =12 ®)
Zpl = ]le +‘ja)Cl + Zrefl I — jwMi Ty I-”I B 2{7112
Zpy = 1/(jwCrp) Zyn 27 TZa 701 T ReaFjwlpg
F 1/ (jwCrp)+Zp
Zimp = jwLsp +Zp
Resonant conditions to
The current gain equation obtain load-independent
current and ZPA
) -1
Cr = (w* (L =Lgy))
Gy = ‘l}fl = Cop = (wo(Lpy — L
Zmﬂ]lezpz (9) S1 = 20— f51 (10)
(R g1 HjwLyst ) Zs1Zp1 Zin Csp = ( 02 (Lzb - Lst))
2

Transmitter and receiver currents at the resonant frequency wy

Similarly for the sec ond receiver coil side, the coil current i3,
output current I g, and total output current i

(11)

i M1 Vin i1 = Vin
m 'IWOLfR)/ fs1 1 ]ngfp
o1 = jwoLgyLsa = jwo Lfsl

Vo M Vo
I = ](UOLst Jiop = jwoLgpLys

io =ip1 +io2

(12)

I

E_

_h_ Vil

_ VL2 _

= = 13
Vo Lgp (13

L~ Vo Ly,
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Figure 24. Equivalent decoupled circuit model of LCC-LCC compensation of the primary side (DD)
and the secondary side (BP).

As a result, the receiver coil RMS currents can be selected the same as in transmitter
coil RMS current, resulting in the inductance value L is smaller than L¢, by a proportion
of Vi, /Vo. Therefore, the parasitic resistance ESR value of L, Lso is reduced.

L L
Lfsl _ Lst _ % (14)
fp fp i

Substituting (14) into (11) and (12), the inductance values of Lf,, Lfs1, and Lgs of
LCC-LCC compensation can be derived as:

Lgp = /LspLgs1Vin/ Vo 15)
Lgsa = Lgso = \/LypLrsiVo/ Vin

The values of compensation capacitors are calculated as in (10). The compensation
parameters of the proposed design method are listed in Table 11.

Table 11. Compensation parameters for 48 V IPT system.

Parameters Values
Cp 27.32nF
C fp 32.85nF
Lgp 106 uH
Lisi Lis 12.8 uH
Cra1,Crer 273.8 nF
Cs1,Ce 36.1nF

6.3. Proposed Passive Current Sharing Method of LCC-LCC—BP Receiver Coil

In this sub-section, the basic concept of the proposed passive current-sharing technique
for the BP receiver coil is briefly presented. The BP receiver coil structure is considered to
have high misalignment tolerance [45]. However, this coil structure still has the problem
of current imbalance between receiver coils and rectifier circuits due to the tolerance of
resonant components and coils misalignment. As a result, one coil and rectifier operate at
high-current stress while others are in light load condition. This issue is exacerbated in
low-voltage and high-current applications since a minor component parameter mismatch
can result in a significant current imbalance among receiver coils. In this paper, the passive
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balancing solution, so-called passive impedance matching is proposed for double-side LCC
topology with a BP receiver.

By connecting Cs; to Csz and Ly, to L, in parallel, the equivalent model of LCC-BP
receiver coil with common-capacitor and common- inductor connection is depicted in
Figure 25. Under misalignment and component mismatch conditions, Mj # My, Ly, # Lo,
Cis # Cas, Cpa1 # Crsp Or Lyy # Ly, it results inip # i3 and ip; # igp. The simplified
model and the phasor diagram without the current balancing technique are illustrated
in Figure 26a, where the impedances of Z,;1, Z.jp are defined as in Equation (16). It can
be seen that current i, and i3 can be different in magnitude and phase angle due to both
misalignment and component tolerances problems. A small mismatch may cause the
deviation of current stress in each coil Ly,, Ly, and rectifiers.

_ j"JLfisacl

Zeql o j"j’LflefRucl

7 _ ]waSZRHEZ
12 = oL Racy (16)

ZCsl = (]‘wcsl)_i
Zcso = (jwCs2) ™

. G L
[ -
Ll
L, L]
—1_C, .
JjeoMi, T Vo
Rac}
. CsZ Lﬁz
5 l Y YL
|
Ly, Ip2
et o Vo
jeoMi, -
R

Figure 25. AC equivalent circuit of LCC-LCC BP receiver with passive balancing configuration.
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Figure 26. Equivalent circuit of capacitors in LCC-BP receiver coils (a) without common capacitor
connection, and (b) with common capacitor connection.

By paralleling capacitors Csy, Csp, a common capacitor Ceoy, and two virtual impedances
Zs1, and Zgy, are created as illustrated in Figure 26b. Assuming that «, § are phase different
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angles of i, and i3 referred to common capacitor current ic_,,;, due to components tolerance
and misalignment. The new circuit model is expressed by (17).

i2 = Izej"‘
i3 = Igej‘B
iC?com = i2 + i3
Ve com = 12Zs1 +i2Zcs1 = 13252 +132¢s2

(17)

As illustrated in Figure 27, the phasor diagrams of the circuit model are represented
with an assumption that the current i, is leading while current i3 is lagging to ic .y, by the
phase angle of & and B, respectively. It can be observed that two virtual impedances Z;; and
Zs are automatically formed to satisfy Equation (17). In addition, the virtual impedance
Zs1 and Z;; can be negative and positive resistance to prevent the current i3 from increasing
and i, form decreasing.

. ..-...13
a

v(‘_com

Figure 27. The phasor diagrams of equivalent circuit models with common capacitor connection.

Similarly, the passive impedance matching technique can be also applied to the reso-
nant inductors Lgs; and L for further enhancing current balance capability. Figure 28a
shows the equivalent circuit of two inductors without parallel connection and with parallel
connection. The current i,1, ip2, flowing through L¢s; and Ly, are assumed to have a
difference in phase and magnitude as defined as Equation (18)

ion = Ip1el”
inp = Ippel®
ZLfsl = jWLfsl (18)

Zifsp = jwLgs
Vifst = 01211 # Vifs2 = i2ZLfs2

where V] r1, Vi £ are the voltage across L) and Ly, respectively. As same as common
capacitor connection, the common inductor is formed by paralleling two inductors L,
L¢so. The equivalent circuit is illustrated in Figure 28b and expressed as Equation (19)

i[_com = fo1 + o2
OL_com = iOlzfsl + iOlszsl (19)
=inZfsn +inZLfs
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Figure 28. Equivalent circuit of inductors in LCC-BP receiver coils (a) without common inductor

connection, and (b) with common inductor connection.

The phasor diagram of Equation (19) can be demonstrated in Figure 29, where the
reference vector i, ., is the sum of two inductor current ip; and ip. It can be seen that
ir_com is lead by iy and lagged by iy, with the phase angle of v and 6. Moreover, a virtual
impedance Zg; with positive value and Z¢; with negative values are added virtually to
satisfy Equation (19). Therefore, current iy, ip; are adjusted automatically.

vL_ com

192 ZLst

i01Z1p1

=2

IL_com

iOJZﬁz
loz
Figure 29. The phasor diagrams of equivalent circuit model with common inductor connection.

By adopting the passive impedance matching technique for capacitors and inductors
of LCC-BP receiver coils, the equivalent impedance of the capacitor and inductor are
changed. Hence, the current sharing between the dual receiver coils and dual rectifiers can
be achieved without any closed-loop control methods.

6.4. Simulation Results

In this section, MATLAB and PSIM software are used to validate the design procedure
and effectiveness of the proposed method for a design example of a low-voltage and high-
current IPT system. The output current and input impedance phase angle versus frequency
are plotted in Figure 30 by using the design parameters in Tables 9 and 11, and the current
gain expression in Equation (9). At a resonant frequency of 85 kHz, a constant current of 50
A and ZPA are achieved with different output powers. The output current can be seen to be
capable of maintaining a constant value. Nevertheless, the switching frequency should be
selected slightly less than the resonant frequency 85 kHz to ensure soft-switching condition.
To further verify the proposed design, the key simulation waveforms are provided as
shown in Figure 31. The simulation model is set at the ideal condition without considering
the misalignment and component tolerances. The primary current and AC input voltage



Energies 2023, 16, 2953

34 of 42

are totally in phase, meaning no circulating current due to reactive power has been seen in
Figure 31.
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Figure 30. Output current and phase angle versus frequency of proposed IPT design at various

output powers.

lpri Vi Transmitter voltage and current (V/A)
20 No
circulating
10 /\ /\ o current /\
° / \_/ ‘: !.\/ \_.
-10
-20
. . S a«——ZPA
112a IL2p
10 Receiver coil currents (A)
5
0
5
-10
i Lfs1 iLst Resonant inductor currents (A)
40
20
0
-20
-40
Time

Figure 31. Key simulation waveforms under perfect alignment, zero component tolerance condition.

The RMS current of dual receiver coils ifo,, i1, are designed to be the same as the RMS
current of the transmitter i,,;. To validate the effectiveness of passive current balancing
solution for LCC-LCC topology with dual coil BP structure. The proposed IPT system is
simulated with misalighment and component mismatch conditions by setting M; = 0.73Mp,
Crs2 = 0.95Cyq1, Lys1 = 1.1L¢sp, Cs1 = 0.95Cs;. Figure 32a shows the simulation waveform
of the proposed IPT design without common capacitor connections. It is clearly observed
that the dual receiver coil currents iyy,, 115, are deviated in both phase and magnitude.
In addition, one full-bridge diode rectifier has to handle more current than the other
(irec1 > frec2), causing an increase in power losses. The unbalancing current becomes more
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server for high-current IPT systems under high misalignment scenarios. As shown in
Figure 32b, the deviation of currents in receiver coils and rectifiers is significantly improved.

I/in Ipri Transmitter voltage and current (V/A)

20

10 |- S
P //\\/ /\

-20

1124 Ir2p Receiver coil currents (A)

irec] irecz Rectifier currents (A)

io Ouput current (A)

I e R S
20 i : .........
10 |- ‘

0.15908 01591 Time 0.15912

(@)

Transmitter voltage and current (V/A)

I12a Ir.2p Receiver coil currents (A)
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lo Ouput current (A)

40
30

0.0316 0.03162 Time 0.03164
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Figure 32. Key simulation waveforms of proposed IPT under misalignment and component tolerance
condition: (a) without passive current sharing technique, and (b) with passive current sharing
technique.
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In the proposed 2.5 kW-400 V /48 V-50 A design, the TX and RX coils have the same
dimension, Litz wire diameter, and current stress (~7.5 A) on both the high- and low-voltage
sides. Furthermore, the passive impedance matching technique allows automatic current
sharing in the BP-LCC receiver structure without the need for additional components or
closed-loop control. These characteristics distinguish the proposed solution from the other
existing designs in Table 7.

7. Discussion and Future Works

High-voltage IPT systems for HV battery vehicles have been a mainstream topic in
academic and industrial research for decades. Recently, LEVs and AGVs with low-voltage
batteries have gained popularity in the urban transportation and intralogistics sectors.
Hence, there is undeniably a growing trend toward the use of wireless charger systems
for LEVs and AGV applications in both dynamic and static charging scenarios. This
work covered a wide range of aspects, including fundamental theory, coil pad designs,
compensation topologies, power electronic architecture, and control methods applicable to
both high-voltage and low-voltage stationary IPT systems. Some related subjects are still
beyond the scope of this works and suggested to further discuss and investigate in future
works as follows:

e  For AGV applications, dynamic IPT solutions can be applied to reduce battery size,
replace batteries with supercapacitors, or remove batteries entirely. Thus, vehicles can
extend their operating time.

e  Because of high-current stress on the receiver side. More studies into the circuit topolo-
gies, sensing techniques, and control methods of synchronous rectifiers is needed to
improve the system’s efficiency.

o  Wide BandGap (WBG) devices, such as Gallium-Nitride (GaN) semiconductors, can
be used in high-frequency IPT for AGV applications, where the frequency can be
increased to several hundreds of kHz or MHz to significantly reduce the volume of the
coils and passive resonant components. Meanwhile, the frequency band for IPT-LEVs
remains limited by the SAE J2954 standard, recommended range of 81 kHz to 90 kHz.

In comparison to previous low-voltage/high-current IPT systems, this paper intro-
duces an asymmetrical LCC-LCC structure to address the problem of high-current stress on
receiver sides. In addition, passive current sharing techniques effectively compensate for
the current imbalance problem in the BP coil configuration due to mismatched components
or misalignment. However, the following future work are required to further validate the
benefits of the proposed 2.5 kW IPT system:

e  Experiment waveforms should be provided to validate the design concept through the
implementation of hardware setups including DD-BP coils, LCC-LCC compensation,
and HF-inverter /rectifier.

e  Although the proposed IPT design for loosely coupled LEVs applications has the
advantage of a very low turn-off switching current as shown in simulation waveforms,
the feasibility of the proposed methodology for tightly coupled AGV applications
needs to be investigated further in future work.

8. Conclusions

This paper reviewed the current status of stationary IPT systems for low-voltage
and high-current electric mobility applications. The key aspects, including coil structure,
compensation topologies, control methodologies, and power electronic architectures, were
intensively reviewed to provide a review map and design guidelines. Compared to massive
previous review works, this paper was the first to review and identify the trends and
challenges of low-voltage and high-current IPT systems. After that, a design example
approach was proposed to address high-current stress and current imbalance issues in
the BP-LCC receiver-side configuration. In this method, the RMS current on the high-
voltage transmitter and low-voltage receiver sides had the same value, resulting in less
power loss in the receiver coil while keeping the same dimension and wire diameter as the
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transmitter coil. In addition, the proposed passive current sharing method significantly
improved the current imbalance problem caused by misalignment and component tolerance
conditions. The theoretical analysis and simulation results are provided to demonstrate
the effectiveness of the proposed design. Future works are also recommended for further
investigation, including hardware experimental results.
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ACS AC Switches OBC Onboard Charger

AR Active Rectifier PP Parallel-Parallel

AWG Americal Wire Gauge PS Parallel-Series

AGV Automated Guided Vehicles PR Passive Rectifier

AMRs  Automated Mobile Robots PE Power Electronics

BDD Bipolar Double D PFC Power Factor Correction
BP Bipolar Pads PWM  Pulse Width Modulation
CPT Capacitive Power Transfer RX Receiver

cC Constant Current S-BAR  Semi-Bridgeless Active Rectifier
Ccp Constant Power SP Series Parallel

cv Constant Voltage SS Series—Series

CDR Current Double Rectifiers S/SP Series /Series—Parallel
CDSR  Current Double Synchronous Rectifier SCCs  Switched-Controlled Capacitors
DDQ DD-Quadrature TX Transmitter

DOF Degree of Freedom UAV Unmanned Air Vehicles
DD Double D V2G Vehicle to Grid

EV Electric Vehicles WPT Wireless Power Transfer
ESR Equivalent Series Resistance ZCS Zero Current Switching
FHA Fundamental Harmonic Approximation ZPA Zero Phase Angle

G2V Grid to Vehicle ZNS Zero Voltage Switching
HFI High Frequency Inverter

IPT Inductive Power Transfer

ICE Internal Combustion Engine

ICCDR Inverse Coupled Current Double Rectifier
LEV Light Electric Vehicles

Li-ion Lithium Ion

MET Maximum efficiency tracking
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