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ABSTRACT Wireless charging has become increasingly popular in low and medium-power applications,
such as motor-driven carriers, unmanned aerial vehicles, electric bicycles, and inspection robots. Never-
theless, pad misalignment can significantly affect the system performance, leading to higher losses and a
reduction in the power output. Particularly in the all directions of anti-misalignment strategies, a greater
number of inverters and compensations are necessitated, leading to increased system dimensions and
heightened complexity. This article proposes a new hybrid coupler that only uses a bipolar pad as the
secondary pad and a solenoid (S coil) with an added quadrature coil (Q coil) as the primary pad. We develop
and test a SOW prototype in the laboratory. The size of the coupler is 355 mm x 290 mm. The experimental
and simulation results demonstrate that when the distance between the transmitter and receiver is 60 mm,
the transmission efficiency remains within a range of 72% to 90% for all directions of anti-misalignment,
while the output voltage exhibits fluctuations within a margin of 10%. The results indicate that the coupler
has a great potential for use in low and medium power applications, and can even be used in high-power
equipment.

INDEX TERMS Inductive power transfer (IPT), magnetic coupler, pad misalignment, solenoid-quadrature
coil.

I. INTRODUCTION

Inductive Power Transfer (IPT) technology has recently
emerged as a prominent solution in a variety of application
domains, including the provision of power to eddy cur-
rent non-destructive testing (ECNDT) sensors [1], [2], [3],
[4]. However, the technology faces challenges due to the
inevitable deviations between the receiver and transmitter,
leading to a reduction in transmission efficiency. One of the
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key factors impacting the performance and reliability of IPT
systems is the misalignment of the pads between the receiver
and the transmitter. This misalignment causes variations in
mutual inductance, resulting in significant fluctuations in
output voltage/current and increased power losses. There-
fore, enhancing the tolerance to misalignment is a critical
objective in the further development and optimization of IPT
technology.

In recent years, a variety of strategies have been devel-
oped to address the misalignment issue in inductive power
transfer (IPT) systems [5]. For instance, the wireless charging
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efficiency of e-cycles can be enhanced through the refinement
of the series-series (SS) compensated design [6]. Broadly
speaking, the solutions to the misalignment problem fall
into two main categories: optimization of compensation
topologies and modification of magnetic couplers.

The first category involves methods related to com-
pensation topologies, which include control strategies and
compensation of circuit topologies. One approach is to
enhance efficiency by incorporating a control circuit that
adjusts the working frequency and voltage phase during
misalignment. Techniques such as phase-shift modulation in
full-bridge converters [7], [8] and duty cycle control in de-dc
converters [9], [10], [11] have been shown to mitigate power
loss due to misalignment. Another approach involves vary-
ing circuit compensation topologies to bolster misalignment
tolerance. In this context, a combination of LCL-LCL and
S-S compensations has been employed to maintain steady
output power despite pad misalignment [12], [13], [14], [15].
However, refining compensation topologies may introduce
additional resonant elements, potentially diminishing the
system’s overall effectiveness [16].

The second category focuses on the design of magnetic
couplers (MCs), such as the flat solenoid coupler (FSC)
[17], double-D (DD) [18], DD quadrature (DDQ) [18],
and bipolar (BP) [19]. Each of these MCs offers unique
advantages and limitations. The FSC, for example, can
withstand significant pad misalignment along the winding
direction and generate a more substantial magnetic field
compared to single-sided winding structures. Nevertheless,
its tolerance for misalignment perpendicular to the wind-
ing is limited [20], [21], [22]. To overcome this challenge,
a DD coil with a magnetic core has been proposed. How-
ever, this design encounters a zero-coupling point (ZCP)
when misaligned along the longitudinal direction of the
magnetic core, leading to a significant drop in transmis-
sion power and compromised system performance in that
direction.

The Quadrature coils (Q coils) were proposed to address
the zero-coupling point (ZCP) issue, but they exhibit a low
coupling coefficient and lack experimental data on per-
formance in various misalignment directions [23]. DDQ
coils, combining Q coils with double-D (DD) coils, offer
a solution to the ZCP problem, yet require extensive cop-
per wire winding, increasing losses. The Bipolar Pad (BP)
coil provides a more efficient use of copper wire, achieving
similar misalignment tolerance to the DDQ coil but with a
lower magnetic field intensity due to its single-sided double-
winding structure. Reconfigurable structures like multicoil
schemes enhance tolerance to deviations in any direction
but necessitate numerous selection switches and components,
leading to higher costs, power losses, and spatial require-
ments [24], [25], [26], [27], [28]. In designing magnetic
coupler coils, factors such as misalignment tolerance, cou-
pling coefficient, structural complexity, and cost must be
carefully considered [29]. Consequently, magnetic coupler
schemes present several design and optimization challenges:
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1. The optimization of the magnetic core’s shape and size,
along with the implementation of appropriate magnetic
shields, is crucial for enhancing the coupling coeffi-
cient. While modified flat solenoid couplers (FSCs)
[301, [31], [32], [33], [34], [35] can reduce the quantity
of magnetic cores, thereby lowering weight and cost,
their tolerance to deviations along the magnetic field
direction remains relatively unchanged [36].

2. Magnetic coupler structures, such as double-D (DD),
DD quadrature (DDQ), and bipolar (BP) designs, offer
increased tolerance to pad misalignment in specific
directions but fail to provide comprehensive cover-
age in all directions, including x, y, z, diagonal and
rotational axes. Multiple coil configurations, includ-
ing DD and double-sided decoupled coils, demonstrate
improved performance in multi-directional misalign-
ment tolerance. However, these configurations necessi-
tate additional inverters and devices, such as numerous
LCL-LCL and S-S compensations, leading to increased
size and system complexity [37], [38], [39], [40]. Fur-
thermore, the close placement of these coils results in
multiple cross-coupling coefficients, complicating the
design parameters [41].

To tackle these challenges, we have developed an inno-
vative hybrid magnetic coupler design. The primary pad of
this coupler features a solenoid coil (S coil) integrated with
a quadrature coil (Q coil), collectively termed as SQ. Addi-
tionally, the design of the magnetic core in this structure
is oriented perpendicular to the winding direction of the S
coil. For the secondary pad, we utilize a bipolar pad (BP)
to effectively capture both the parallel and perpendicular
magnetic flux generated by the primary SQ pad.

This innovative design addresses two key issues: First, the
evenly distributed magnetic core within the entire S coil not
only improves the coupling coefficient, but can also better
increase the misalignment tolerance along the direction of the
magnetic core. In addition, the SQ coils use the same set of
magnetic cores to reduce the total number of magnetic cores
and the associated cost. What’s more, although the SQ-SQ
coils can produce a strong vertical magnetic flux, its high
magnetic leakage can impair the system’s energy transmis-
sion efficiency. Thus, it needs to be coupled with different
types of coils. Compared with the SQ-SQ type structure in our
previous work [42], the SQ-BP structure can reduce the mag-
netic flux leakage along the misalignment directions because
the BP coil can produce a parallel magnetic flux. Besides,
compared with the BP-BP type structure (single winding coil
structure), the transmitting coil and the solenoid coil (S) have
stronger magnetic field in the vertical direction. Therefore,
the SQ-BP coils can generate a highly coupled magnetic field,
compensating the magnetic flux to prevent ZCPs when there
is a misalignment along the vertical winding direction. As a
result, this coupling structure can improve the tolerance to
misalignment. Therefore, the Issue 1 is solved.

Secondly, our prior research [42] has demonstrated that the
Q coil and S coil are decoupled, allowing for independent
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treatment. Notably, there is no cross-coupling coefficient
between the S and Q coils, simplifying the design pro-
cess. We only need to consider two types of cross-coupling
coefficients: S-BP and Q-BP. Compared to multiple coil
designs [37], [38], [39], [40], the SQ-BP configuration boasts
a simple and non-periodic structure, resulting in fewer coils,
driving circuits, and cross-coupling coefficients. Further-
more, it exhibits superior tolerance to pad misalignment in
various directions, including x, y, z diagonal, and rotational.
Notably, references on misalignment tolerance in diagonal
and rotational directions are scarce. In our design, four
straightforward coils and a few circuits effectively address the
multi-directional deviation problem, thus solving Issue 2.

A structural analysis is conducted to showcase the mutual
inductance of the SQ-BP hybrid coupler, complemented by
theoretical analysis and experiments to validate our findings.
Subsequently, the misalignment-tolerant performance of the
SQ-BP structure is tested and compared with other magnetic
couplers. The proposed SQ-BP structure not only boasts a
smaller volume and fewer magnetic cores but also exhibits
high misalignment tolerance in all directions, including diag-
onal and rotational, aligning with the specifications of SAE
J2954 [43].

The remainder of this article is structured as fol-
lows: Section II delves into the operating principles and
anti-misalignment characteristics of the SQ-BP hybrid cou-
pler. Section III presents the experimental results of the
SQ-BP hybrid coupler within LCL-S compensation net-
works of the IPT system to validate our proposed method.
Section IV provides a conclusion to the article.

Il. THEORETICAL ANALYSIS OF THE SQ-BP COUPLER
The circular coil’s magnetic field distribution is uni-
form, maintaining consistent intensity throughout. However,
it lacks directional compensation capabilities. In contrast,
the rectangular coil exhibits a non-uniform magnetic field
distribution, with varying strengths across different regions,
allowing for effective compensation under offset conditions
through the superposition of multiple coils. Therefore, this
study adopts a rectangular coil design. The quadruple pad
(QP) structure, analyzed in [23] and [44], is depicted in
Figure 1(a), showing the primary pad (SQ) comprising an
S coil and a Q coil, with the BP as the secondary pad.
Figure 1(b) presents the overall proposed structure, where the
Q coil, located below the S coil, is magnetically isolated from
it, enabling independent treatment of the two coils.

=Primary coil Q _ps .
Ferrite core- - : - Primary coil Q
Primary coil S

)

rimary coil S Ferrite core ¢
- =Secondary coil BPP
(@) (b) X

FIGURE 1. Proposed pad structures. (a) Primary pad structure. (b) SQ-BP
3-D model.

The S and Q coils are decoupled, as illustrated in Fig. 2.
This decoupling arises because S coils produce parallel flux
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while Q coils generate perpendicular flux, making it chal-
lenging to achieve magnetic coupling between the two coils
through their centers. This conclusion is further supported by
the mutual inductance between the SQ coils observed in sub-
sequent simulations and experiments. In the illustrations, dots
and crosses indicate the direction of current flow, with dots
representing current flowing out of the wire and crosses indi-
cating current flowing into the wire. The magnetic field can
be enhanced by placing ferrite cores near the SQ and BP. The
S coil is wound around the core, which is positioned between
the S-Q coils, and the cores should be evenly distributed.
The length of the magnetic core extends beyond the edge
of the Q coil. In this configuration, the Q coil is enveloped
by cores, enhancing the coil coupling strength. The BP coils
consist of two separate coils and other components. In the
area where the two coils overlap, the currents in the coils flow
in opposite directions, while the magnetic field remains in the
same direction. This arrangement reduces magnetic field loss
and leakage, thereby improving transmission efficiency [24],
[25], [26], [27].
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FIGURE 3. (a) Transmitter and receiver with reference axes. (b) Align the
receiving and transmitting coils. (c) Receiver has a y-direction
misalignment.

Fig. 3 illustrates the operational schematics of the pro-
posed coupling structure, detailing how the coupler functions.
In this structure, coils Q (Coil 1) and S (Coil 3) act as the
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FIGURE 4. Vectors of magnetic flux density (VMFD) in the yz plane and xy plane and the current density vectors in xz and yz of a SQ-BP system.

(a) Transmitter and receiver with reference axes that are horizontally aligned (VMFD in the yz plane). (b) Transmitter and receiver with reference axes
horizontally aligned (VMFD in the xy plane). (c) Misaligned with a 5, of 100 mm (VMFD in the yz plane). (d) Misaligned with a y of 100 mm (VMFD in the
xy plane). (e) Misaligned with a 5x of 80 mm (VMFD in the yz plane). (f) Misaligned with a §x of 80 mm (VMFD in the xy plane). (i) Transmitter and receiver
with reference axes horizontally aligned (current density vectors in the yz plane), (j) Misaligned with a 5, of 100 mm (current density vectors in the yz
plane) and (k) Misaligned with a 5x of 80 mm (current density vectors in the xz plane).

primary side, while the BP coils (Coils 2 and 4) are on the
secondary side, as depicted in Fig. 3(a). The cross-sectional
view along the yz plane with horizontal alignment is pre-
sented in Fig. 3(b), and a scenario of horizontal misalignment
is shown in Fig. 3(c). When the BP pad aligns precisely with
the SQ pad, Coil 3 experiences the sole net flux, as indicated
in Fig. 3(b). However, when the BP pad is shifted along the
y-axis, which is the longitudinal direction of the magnetic
core, the net flux through the S coil diminishes, whereas
the net flux through the Q coil escalates, as illustrated in
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Fig. 3(c). Notably, there can be a situation where no net
flux passes through the S coil, identified as a zero-coupling
point (ZCP), while the Q coil experiences maximum net
flux.

To validate the proposed concept, Fig. 4 showcases a
magnetic flux density vector diagram from a MAXWELL
simulation with a 60 mm air gap, using copper for the coil
material and ferrite for the magnetic core. The simulation
accounts for eddy currents and is set to a frequency of
100 kHz to replicate real-world conditions. Coill generates

VOLUME 12, 2024



P. Cao et al.: New Hybrid Magnetic Coupler in IPT System for High Misalignment Tolerance

IEEE Access

a magnetic field perpendicular to the y-axis, while coil3
produces a field parallel to the y-axis. The BP coil con-
sists of two independent coils, coil2 and coil4, which form
non-overlapping regions on the left and right sides and over-
lapping regions in the middle. When the SQ and BP are
perfectly aligned, as shown in Fig. 4(a) and (b), the magnetic
field directions in the non-overlapping regions of the BP
coil are opposite, reducing the sum of the magnetic field
generated by the BP coil and the magnetic flux entering coill,
leading to weaker coupling performance. This is based on
the principle that the flux entering a coil must equal the
flux exiting the coil, as demonstrated in Fig. S1 (a)-(d) in
the Supplementary Document Section 1. Additionally, the
magnetic field vector in the overlapping area of the BP coil is
parallel to the y-axis, primarily generated by coil3. Therefore,
in the case of perfect alignment between SQ and BP, the
coupling predominantly occurs between coil3 and the BP
coils. However, when there is a deviation between SQ and BP
along the y-axis direction, as seen in the comparison between
Fig. 4(c) and Fig. 4(a), the parallel magnetic field vector along
the y-axis between the SQ coil and the BP coil decreases,
indicating a weakening of the coupling between coil3 and the
BP coil. Conversely, if SQ and BP are misaligned in the x-axis
direction, as shown in the comparison between Fig. 4(e) and
Fig. 4(a), the y-axis parallel magnetic field vector between
the SQ coil and the BP coil remains relatively unchanged,
maintaining the coupling primarily between coil3 and the
BP coil.

Figures 4(c) and (d) illustrate the magnetic flux changes
when there is a longitudinal misalignment along the y-axis
with respect to the receiver. The magnetic flux through the
S coil decreases, while the net magnetic flux through the Q
coil increases. This scenario shows that the magnetic flux
interaction between the BP coil and Coil 1 compensates for
the flux change between Coil 3 and the BP coil, as further
supported by the distribution of current density vectors in Fig-
ures 4(i)-(k). Similar results are observed for misalignments
in diagonal directions, with detailed distributions presented in
Section II of the Supplementary Document (Fig. S2). Figures
S2(e) and (f) in the Supplementary Document demonstrate
that the magnetic flux through the S coil is still reduced with
lateral misalignment along the x-axis. Notably, Coil 1 and the
BP coil are not coupled during x-direction misalignment pro-
cesses because the flux-in equals the flux-out between Coil 1
and the BP coil. Figures S2(n)-(p) in the Supplementary Doc-
ument show that the current density of Coil 1 starts to increase
and provide compensation when the rotation angle reaches
20°. As the rotation angle approaches 50°, the overlapping
area between the transmitting and receiving coils decreases,
leading to a reduction in the current density of Coil 1 and
subsequently diminishing the compensation effects. The vari-
ations in the coupling coefficient for these cases are presented
in Fig. S3 in Section III of the Supplementary Document.
A decoupling state is observed between coils on the same
side, with the coupling coefficients k13 and k4 being close
to zero.
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Ill. SIMULATION AND EXPERIMENTAL RESULTS OF
MISALIGNMENT-TOLERANT PERFORMANCE

A. SIMULATION AND EXPERIMENT ANALYSIS OF SQ-BP
COUPLER

To minimize skin effect losses, the proposed SQ-BP coils are
constructed using a 320-strand AWG-38 Litz wire. The num-
ber of turns for Coils 1 and 3 are 11 and 19, respectively, while
Coils 2 and 4 each have 11 turns. Ferrite cores are employed
in the SQ-BP to shape and concentrate the magnetic field,
with each core measuring 50 mm x 250 mm. The dimensions
of the SQ coupler are 355 mm x 290 mm, and the BP coupler
measures 344 mm x 275 mm, as depicted in Fig. 5. The
use of aluminum plates beneath the coupling structures helps
eliminate leakage flux. The effect of aluminum plates, includ-
ing mutual coupling analysis, is detailed in Figures S4-S6
in Sections IV and V of the Supplementary Document. The
positioning and length of the ferrite cores (FC) are analyzed in
Section V of the Supplementary Document (Figures S7-S10).
Fig. 5 illustrates the structure and dimensions of the SQ-BP.

PR Coil 4

- Ferrite core
~Coil 2

Diagonal direction 2 Diagonal direction |
. ¥

FIGURE 6. Misalignment direction diagram. (a) lateral (x), longitudinal (y),
vertical (z), (b) angular, and (c) diagonal directions.

The anti-misalignment performance along the x- and
y-directions differs due to the asymmetry between the SQ
and BP couplers. As depicted in Fig. 6, this article evaluates
misalignments in horizontal/vertical, diagonal, and rotational
directions. In these scenarios, Coils 2 and 4 (BP) are displaced
in the specified direction.
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FIGURE 7. A four-way misalignment affects mutual inductances.
(a) longitudinal misalignment (y- direction), (b) diagonal direction
1 misalignment, (c) angle misalignment, (d) lateral misalignment
(x- direction).

The mutual inductances between the coils of the SQ-BP
structure are indicative of its coupling mechanism. Fig. 7
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presents both simulated and experimentally measured vari-
ations in mutual inductances for each pair of coupled coils,
corresponding to the misalignment directions illustrated in
Fig. 6. The associated coupling coefficients follow the same
trend as the mutual inductances and are depicted in Fig. S3
in Section III of the Supplementary Document due to space
constraints. In the simulation, the mutual inductance can
be directly obtained from the MAXWELL software. For
experimental measurement, an inverter is used to supply an
alternating current of 100 kHz to the primary coils, recording
the current /1. Subsequently, the open circuit voltage U, in the
secondary coils is recorded to calculate the mutual inductance
between the coils using the formula M = U,/(wlj). It is cru-
cial to ensure that the other coils are inactive when measuring
the mutual inductance of a specific pair of coupling coils.
Equation (1) establishes that mutual inductance is related to
magnetic flux. The study also explores the magnetic field
distribution for each pair of coupled coils, with detailed infor-
mation provided in Section I, Fig. S1 of the Supplementary
Document.

Fig. 7 illustrates that only M23, M12, M 14, and M34
exhibit significant changes with the misalignment directions
mentioned above, while M 13 and M 24 are small enough to be
neglected. This is because the coils on the same side (Coils 1
and 3, and Coils 2 and 4) are decoupled, which aligns with
the theoretical analysis. Given the current direction shown in
Fig. 2, the mutual inductance value of Coil 12 is opposite to
that of Coil 14. Due to the asymmetrical shapes of the man-
ually wound coils, the differing inductance values of Coils 2
and 4 result in the absolute values of M 12 and M 14 differing
at the pad alignment position. Consequently, when the pad
is precisely aligned, the total coupling mutual inductance
of Q-BP is nearly zero, confirming the earlier theoretical
analysis. However, it is crucial to note that while the total net
flux through the Q-BP is zero, the net flux through individual
Coil 12 or Coil 14 is not zero, as shown in Fig. S1 (a, b) and
(c, d) in Section I of the Supplementary Document.

Mgy = cDab/Ia (1

As depicted in Fig. 7(a), there is a noticeable discrepancy
between the main coupled inductances (M 12, M34) and the
cross-coupled inductances (M 23, M 14) when misaligned in
the y-direction. Notably, zero-coupling points (ZCPs) are
present in the main coupled mutual inductances (M 12, M 34),
with the underlying reason discussed in Section VI of the
Supplementary Document. Additionally, the cross-coupled
mutual inductances (M 23, M 14) exhibit relatively large val-
ues at the ZCPs. M34 becomes zero at the ZCP as the
rectangular-ambulatory-plane coils align, as illustrated in
Fig. S1(e) and (f) in the Supplementary Document. At the
ZCP, the net flux through Coil 12 is zero due to the com-
bined effects of the misaligned Coil 2 and the continuous
strip of ferrites, as shown in Fig. S1(g) and (h). Similarly,
Coils 14 and 23 experience non-zero flux at the ZCPs.
Beyond the ZCP, M34 increases again due to repeated
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misalignment of Coil 34 and the non-zero magnetic flux
through the S coil, as demonstrated in Fig. S1(i) and (j).

A continuous strip of ferrites contributes to an increase
in M 12 after the ZCP [15], as demonstrated in Fig. S2(k)
and (1) of the Supplementary Document. In the case of mis-
alignment along the y-axis, it can be concluded that Coils
14 and 23 exhibit mutual inductances that compensate for
Coils 12 and 34. This compensation helps maintain a certain
misalignment range for the total mutual inductance of the
system, aligning with the trends of SQ-BP magnetic flux as
shown in Fig. 3(c) and Fig. 4(c) and (d). Fig. 7(b) illustrates
the variations in mutual inductance in diagonal directions.
Similar to the misalignment process in the y-direction, the
single transmitter coil and receiver coil revert to misalignment
after alignment, causing the mutual inductance to change
from increasing to decreasing. Given that diagonal directions
1 and 2 are treated symmetrically, diagonal direction 2 can be
omitted in cases where the change in mutual inductance for
the diagonal direction is consistent.

Fig. 7(c) depicts the changes in mutual inductance when
angular misalignment occurs between the transmitter and
receiver. The mutual inductance exhibits a descending trend
due to changes in the magnetic flux between the coils. As the
angle of misalignment increases, the net flux between the
transmitter and receiver decreases. Fig. 7(d) demonstrates
that misalignment along the x-axis reduces the flux through
the S-BP and decouples the Q-BP, leading to reduced mutual
inductances. The trends of total mutual inductances in the
x- direction align with the trends of the SQ-BP magnetic
flux, as indicated in Fig. 4(e) and (f). In conclusion, the
results suggest that the coupling between Q-BP compensates
for the change in mutual inductance between S-BP when
misalignment occurs along the longitudinal (y) and diagonal
directions, thereby stabilizing power throughput. However,
the tolerance to misalignment in the x-axis and angular
directions is slightly lower.

B. EXPERIMENTAL ANALYSIS OF THE SQ-BP WITH IPT
SYSTEM

Fig.8 and Fig.9 depict the schematic and physical prototype
of the circuit structure, respectively, with the relevant param-
eters listed in Table 1. The experimental setup includes a
voltage source (A-BF SS-6010KD), a digital bridge (Victor
4090C), and an oscilloscope (TBS1102B). To enhance ver-
tical misalignment-tolerant performance, the system incor-
porates a combination of inductor—capacitor—inductor (LCL)
and capacitor—inductor (CL) compensation networks [43],
achieving high 3-D misalignment-tolerant performance. The
analysis of the LCL circuit is provided in Section VII of
the Supplementary Document. Additionally, the analysis of
misalignment performance in the z-direction is included
in Section VII of the Supplementary Document, Figures
S15-S16. The efficiency of the system can be calculated
using equation (2), with the relevant derivations available in
Section VIII of the Supplementary Document. Due to equip-
ment limitations, the input voltage value selected for this
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| Ve

Compensated
capacitors

FIGURE 9. (a) Prototype’s experimental setup. (b) Motor-driven carriers
charging device.

TABLE 1. IPT system parameter.

System Parameter System Parameter

Parameter Value Parameter Value
f 100 kHz Lp2 120 uH
Rw 10Q Lst1 69.28 uH
Vin 3038V Lse2 64.5 uH
Lyt 423 uH C1 115 nF

Cpl 119.7 nF Cs1 54 nF

Cpt2 21 nF 2 115 nF
Cs2 42 nF L 22.12 uH
L2 21.899 uH

experiment is 30.38 V.
2
Vour)
= /Pin )

Ry,

Fig.10 presents the experimental output and input cur-
rent/voltage waveforms of the inverter and the rectifier for
both well-aligned and x-direction misaligned cases. The AC
voltages across the inverter and the rectifier are represented
by Vap and Vcp, respectively, while currents /ag and Icp
are measured across the inverter and rectifier, respectively.
Further details can be found in the Supplementary Document.
To estimate the voltage and current phase angle (PA), a stor-
age device can be employed to read voltage, current, and time
information from the oscilloscope as text data.
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FIGURE 10. Experimental waveforms of uAB, iAB, iCD, and uCD with
Rw = 10 Q. (a) In well-aligned case. (b) 150 mm misalignment in x-axis.

Fig. 10 displays the voltage and current waveforms
fed to the rectifier after adjusting the load. If the phase
angle (PA) of the voltage and current is the same, then
zero voltage switching (ZVS) has been achieved. ZVS
indicates that the inverter generates less loss when it is
switched on and off. After a 150 mm misalignment along
the x-direction, the voltage at the receiver remains nearly
unchanged, while the current decreases slightly. As observed
from Fig. 10(a) and (b), both positions achieve ZVS, and
the voltage amplitude of the receiver hardly changes, demon-
strating that the system possesses strong anti-misalignment
capability.

The output power of the system is influenced by the mutual
coupling of the SQ-BP pad. To corroborate the aforemen-
tioned results, Figures 11 and 12 showcase the system’s high
tolerance for pad misalignment based on experimental and
simulation results. Detailed information about the simulation
process is provided in Section VII of the Supplementary
Document. As previously discussed, the mutual inductance
changes significantly along the y-direction. The system can
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FIGURE 13. Load voltage and efficiency along the z direction.

maintain a high output level within a specific range of mis-
alignment due to the compensatory effect of some coils
experiencing a decrease in mutual inductance while others
experience an increase. Consequently, within the misalign-
ment range of —40 mm to +110 mm in the y-direction,
the output voltage and efficiency remain relatively stable,
as depicted in Fig. 11(a).

The performance of the proposed SQ-BP structure under
diagonal misalignment is depicted in Fig. 11(b). Similar to the
changes observed in the y-direction, the system is capable of
maintaining a high output voltage and efficiency within a spe-
cific misalignment range in the diagonal direction. Since the
simulation results for diagonals 1 and 2 are nearly identical,
only one set of simulation results is presented. These findings
align with the observed changes in mutual inductance and the
theoretical analysis.
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TABLE 2. Comparison with other methods.

g:r'n“spa”s"" 12 [46] [45] [15] [16] [47] This work
Pad: 400x400 P'1?2:93055
pad size yxx 738x 900x 738x 400x FC: 711x
(mm) 391 1100 391 400 400><1.00 559 FC:
5 500x 250
X
x2
Dtx/Drx 1 1 1 1 4 1 1.088
Gap 60/
(mm) 120 150 120 150 170 150 105
Output 33 15.6 33 3.58 S00W 3 50W/
Power kW kW kW kW kW S53W
Coupler
type Double-D/ Asymmetric Bipolar/ quadruple-D Quadruple pad/ . . Solenoid
(transmitter/ Double-D Coil Bipolar = quadrature pads Quadruple pad Bipolar/Uniplolar quadrature/Bipolar
receiver)
Misalignment
ranee (mm) x: 150 (42.2%)/
(Misalignment +160 (45%)
percentage: y/ x:£180 x: £150 (37.5%) z: +80 (133%)/
Maximum y:-80 to +120 (20%) X150 4150 37.5%) L. 4900 (50%) x: +100(14%) =50 to +40 (47.6%)
misalignment in (16.3%) y:£390 (38.4%) z: =20 to +35 . . o diagonal: +80
y direction, x/ | x: £160 (40.9%)  (35.5%) 2 420 (23.3%) i 170 (42.5%) - p:+150(26.8%) %2 27%)
Maximum z: +20 (16.7%) z: #40 (16.7%) diagonal: 0 '+400' 22 20)/
misalignment in (26.7%) +100(17.7%) - E . ( 0~ 0)
x direction, z/ +45° (25%)
Maximum gap y: 190 (31%)
in z direction)
Output
e .
fluctuation 5 29 5 \ \ 5 ) 1'06/7
(%) -
x:90.4%-84.5%
- x: x: 1 90.1%-88.2%
Efficiency y: \ 91 4"y_ 90.1%-86.2% 93.9%-95.5%% 2: 90%-72%
Fluctuation 93%-90% 96 8"/0 ¥ »: diagonal: 90.1%-
070 87%-41% 94.9%-95.5% 84%

The load of the system is a resistor whose voltage is in
phase with the current. Therefore, the load power can be
obtained by measuring the voltage Vour at Rw and using
Pout = Vout*/Rw after rectifying the output to DC power with
a low-loss rectifier. The input power of the system is directly
read out by the voltage source SS-6010KD.

Fig. 12 (a) and (b) show the output voltage and effi-
ciency of the proposed system along the x-axis misalignment
and the rotational misalignment. Fig. 12 (a) indicates that
for a misalignment of —160 mm and 4160 mm along the
x- direction, both the output voltage and efficiency remain
relatively stable. The results shown in Fig. 12 (b) demon-
strate that the output voltage and efficiency remain relatively
stable even for a misalignment of +40°. This observation
is consistent with the findings presented in Fig.S2. In the
z- direction, the vertical misalignment relies on the comple-
mentary characteristics of LCL-S circuit that is insensitive
to the mutual inductance changes. This enables the system
to maintain a relatively stable output within a certain range.
As shown in Fig. 13, the output voltage remains stable
and efficiency stays above 80% within the z-misalignment
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0 : 89%-86.6%

range of 100 mm. More details of the output power are
presented in Fig. S18 in the Supplementary Document
Section X.

To demonstrate the benefits of the SQ-BP Pad linked
to the LCL-S topology, we conducted anti-misalignment
experiments at a transmitter-receiver distance of 60 mm and
105 mm, and the results are summarized in Table 2 and
compared with other work. Table 2 shows the performance
comparison with alternative methods. Compared with meth-
ods [12], [45], [47] and [48], our structure has a smaller
volume, and the proposed method has especially a better
anti-misalignment performance in all directions. In com-
parison with the methods in [15] and [46], the proposed
system has a slightly inferior anti-misalignment performance
in y- direction, but better performance in x- and y- directions.
Moreover, the proposed approach has a high misalignment
tolerance in diagonal and rotation directions. Compared with
the method in [16], the proposed system not only has a smaller
volume and less magnetic core, but also has a high toler-
ance to pad misalignment in multiple directions, including
diagonal and rotation directions. The results indicate that the
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structure has a great potential in low and medium power
applications.

IV. CONCLUSION

In this study, a novel hybrid coupler named SQ-BP was
introduced to enhance the misalignment tolerance of the
IPT in all directions. Compared with the existing magnetic
couplers, the SQ-BP coupler improved the misalignment tol-
erance in horizontal/vertical, diagonal and rotation directions.
A misalignment of the secondary side along the x-axis from
—150 mm to 4150 mm and below 80 mm along the z-axis
caused a 6% fluctuation in the output voltage. It also achieved
an improved misalignment performance in the range of 0 mm
to +80 mm along the diagonal direction, 0 mm to +90 mm
in the y-direction, and —45° to +45° along the direction
of rotation. Experimental results demonstrated that the new
hybrid pad improved the misalignment performance in multi-
direction. This designed structure paved the road for utilizing
the IPT technology in low and medium power wireless charg-
ing for portable mobile devices and unmanned aerial vehicles.
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