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Abstract

This paper proposes a system to improve misalignment tolerance and achieve constant current (CC) and constant voltage (CV) outputs for an electric bicycle
inductive power transfer (IPT) charger. Existing systems typically sacrifice output stability when enhancing misalignment tolerance and often rely on
complex control circuits for CC-CV switching. A tertiary coil is utilized to establish a reverse connection with the secondary side coil without affecting the
inherent output characteristics. The loosely coupled transformer with a third coil can effectively improve the misalignment tolerance in the x- and y-
directions. In addition, a simple and reconfigurable structure is developed, enabling shifts from inductor-capacitor-capacitor-inductor-capacitor-capacitor
(LCC-LCC) topology to inductor-capacitor-capacitor-series (LCC-S) topology, and further acquiring load-independent CC and CV outputs. The proposed tri-
coil design simultaneously addresses misalignment challenges while eliminating control complexity. JMAG simulation and experimental findings confirm
the accuracy of the suggested model and its structural design. The experimental results show that the prototype achieves an output power of 200 W with a

maximum efficiency of 92.7%.
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Introduction

Electric bicycles are usually equipped with electric motors for
propulsion and battery packs to power the motors. In this context,
the traditional way of wired charging requires that the bike be
connected directly to the charger or that the heavy on-board
battery pack be removed for connection to the charger. Inductive
power transfer (IPT) systems can be applied to achieve a non-
contact power supply, which makes them robust to dirt, ice, water,
and chemicals, thus eliminating the need for maintenance.

An excellent anti-misalignment performance plays a vitally impor-
tant role in the wireless charging system for electric bicycles. At the
receiving end of an electric bicycle, there is an offset of horizontal
position during placement, which affects the coupling coefficient of
the wireless charging system, thus reducing both output power and
efficiency.

Many studies have been conducted to enhance the misalignment
features of wireless power transfer (WPT) systems. For instance, a
detuning compensation network has been proposed to study and
enhance the misalignment performancel'l. To enhance the misalign-
ment performance, the transmitting resonator and the receiving
resonator are adjusted to be inductive and capacitive at the operat-
ing frequency, respectively?l. Both S/SP compensation and PS/S
compensation are proposed as a general method that can be used
to develop the primary compensation network for dynamic WPT
systemsB341, Utilizing this technique, a T-type compensation network
has been created for dynamic WPT systems. Additionally, a primary-
side X-type compensation topology for WPT systems has been
proposed to achieve stable output in the presence of
misalignment(®l,

The methods for controlling misalignment tolerance have been
thoroughly studied®-8l, These methods usually require the use of
communication devices, which tend to induce data latency. More-
over, the controllers can be disrupted by extra volume and complex
control circuits.

© The Author(s)

Simplification of control strategies is possible if IPT systems can
withstand misalignment. Consequently, scientists are concentrating
on improving misalignment tolerance by designing magnetic pads,
fine-tuning compensation settings, and creating hybrid structures.
For example, double-D, dipole, tripole pads, and asymmetric
magnetic couplers, have been proposed to generate a relatively
uniform magnetic field®-'2l. However, some methods are applica-
ble only when the operation is conducted with misalignment toler-
ance in one direction. Additionally, there is minimal focus on exam-
ining the steady output traits of these IPT systems.

A hybrid WPT system is presented to perform CC-CV output
charging with a high misalignment tolerance for charging EV batter-
iesl’3). The ZPA condition and ZVS soft switching are easily achiev-
able throughout the charging process, even in the presence of
misalignment. However, there is a high complexity in the coupling
relationship of this model. The power density and system efficiency
are decreased due to using multiple coils.

There are also examples of introducing DD coils and utilizing dual
receivers with DD and Q coils to improve misalignment perfor-
mancel'4. The DD and Q coils are inherently separated. Nonetheless,
it seems improbable that a pair of receiver coils will concurrently
emit the identical magnetic field produced by the DD transmitter.
Another option involves using the Q coil to overlap with the DD coil,
where a compact double-sided decoupled-coil-based WPT system
has been proposed!'sl. The suggested design suggests a more
intense magnetic field on one side of this coupler compared to the
other, potentially leading to magnetic saturation.

In engineering works, IPT technology is applied primarily to the
battery load. During the charging process, the equivalent
impedance of the battery changes constantly!'®l. Also, coil misalign-
ment can reduce its coupling coefficient, resulting in a significant
deviation from the rated duty point and a decline in efficiency of the
system['7l, Environmental factors such as ocean currents can lead to
coupler displacement during deep-sea charging operations, while
terrestrial charging systems face similar challenges when vehicular

www.maxapress.com/wpt
WWw.maxapress.com


mailto:zxy021678@163.com
https://doi.org/10.48130/wpt-0025-0013
https://doi.org/10.48130/wpt-0025-0013
https://doi.org/10.48130/wpt-0025-0013
https://doi.org/10.48130/wpt-0025-0013
https://doi.org/10.48130/wpt-0025-0013
mailto:zxy021678@163.com
https://doi.org/10.48130/wpt-0025-0013
https://doi.org/10.48130/wpt-0025-0013
https://doi.org/10.48130/wpt-0025-0013
https://doi.org/10.48130/wpt-0025-0013
https://doi.org/10.48130/wpt-0025-0013
http://www.maxapress.com/wpt
http://www.maxapress.com

Wireless Power
Transfer

positioning errors exceed coil alignment tolerances. Therefore, the
IPT system is required to achieve load-independent constant output
and show strong robustness to coupling variation.

To achieve this purpose, various control methods such as phase-
shift control, pulse frequency control, frequency control, and hybrid
control methods have been proposed!('8-2l, However, the use of
complex control methods tends to increase the overall system cost
and power loss. In addition, the stability of the control system can
be affected by the speed and accuracy of data transmission.

Reconfigurable topology provides another solution to achieving
the strong tolerance of misalignment. A reconfigurable series-series
(SS) topology is presented to ensure the stability of output in the
presence of significant coupling variation. However, low efficiency
results from using a large number of composition components. To
minimize the number of composition components used, a reconfig-
urable rectifier-based detuned SS topology is presented??l. Never-
theless, the use of detectors and controllers is required to enable the
reconfiguration, which remains an issue with the control strategy.

A bicycle inductive power transfer system should meet the follow-
ing requirements. one is to achieve misalignment tolerance in x- and
y-directions; another is to improve battery life through CC and CV
charging; the last one is a high power density of the system to meet
the requirements for high integration and efficiency.

This paper aims to address the aforementioned problems by
developing a wireless charging system with high misalignment
tolerance and load-independent output. The secondary side utilizes
thin magnetic materials without aluminium shielding. Furthermore,
in the actual experimental process, the reconfigurable topology and
related control circuits are integrated into the secondary side coil in
order to further reduce the weight of the receiving end. According
to the results of the JMAG simulation and experiment, the proposed
model and the topology are effective. To be specific, the prototype
output power reaches 200 W with a maximum efficiency of 92.7%.

Analysis of the IPT system with a third coil

The coil structure presented in this paper is in reverse parallel
with the third coil on the secondary side, with a single coil on the
primary side. The equivalent model of the coil is shown in Fig. 1.

The secondary side coil current [ inflow from the secondary side
coil L; and exits through the third coil. Ly. Lp, Ls and Ly are induc-
tances of the primary, secondary, and auxiliary coils of the loosely
coupled transformer. Up, Us Ip, and Is represent the input/output
voltage and current of the coupler. Mpy, Mps, and My are the rele-
vant coupling coefficients of the primary coil, secondary coil, and
additional coil. According to the M model and Kirchhoff's law as
shown in Fig. 2, it can be indicated that:

UP ]:[ JjwLp Jjw(Mps — Mrs) H Ip } )
Us Jo(Mps =Mrs)  jw(Ls + Ly —2Mpr) || Is

For convenience of analysis, the secondary side coil Lg and auxi-
liary coil Ly can be equivalent to one coil Mg, The relationship
between self-inductance and mutual inductance in Fig. 3 is shown
as follows:

1 I
o— Mg —o
A—h
+ . . L +
M,
U, L, I ST Us
Yy e Ly
- My —
o o

Fig. 1 Equivalent circuit of the proposed coil.
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L;) =Lp+Ly—2Mpr (2)

Mgg = Mps —Mpr ©)
Mps and Mpy are reduced simultaneously under the misalignment
condition. The degree of reduction of the two mutual inductances is
expressed as AMps and AMpr. The equivalent mutual inductance
coefficient can be expressed as:
M/EQ = (Mps — AMpg) — (Mrs — AMrs)
= Mgg — (AMps — AMrs)

“

Assuming that AMps = AMpr, then My, = Mgy, it indicates that
the mutual inductance remains stable under the misalignment
condition. Therefore, the anti-misalignment characteristics of the
proposed coil can be improved. Common resonant network topolo-
gies, such as SS, SP, LCL, and LCC, can be applied in the proposed
loosely coupled transformer without affecting the output character-
istics of the original topology. Mutual inductance Mps and Mpr both
decrease under the misalignment condition. The equivalent mutual
inductance coefficient (M, = Mps — Mrs) remains stable, assuming
that AMps = AMpr. The output of the loosely coupled transformer
(LCT) is not affected by the coupling variation, thus increasing the
misalignment tolerance.

Theoretical analysis in the CV and CC mode

The circuit diagram of the proposed system is shown in Fig. 3. Upsg
and [, are the AC output voltage and current of the half-bridge
inverter, and U,, and /., represent the AC input voltage and current
of the rectifier. Upc and Ipc represent the DC input voltage and
current of the half-bridge inverter, and U, and I, are the DC output
voltage and current of the rectifier. The high-order compensation
networks LCC, composed of Ly, Cyy, Gy, and Ly, Cpy, Gy, are applied on
the primary and secondary sides, respectively.

When the topology operates in CV mode, switch Q, is turned ON,
and Q; and Qs are turned OFF, constructing LCC-S topology. The
AC-DC rectifier is realized by a half-bridge on the secondary side.
The reconfigurable topology and equivalent circuit for CV mode are
presented in Figs 4 and 5. For Fig. 4, the current flows through free-
wheeling diode of Q, and diode Dg.

The Kirchhoff's law-based formula for the AC input current is:

L= Unp _ UnsMz,
= ke

®

Zin - L1 2Rac

I,
b I Mo I
R 2 P
+ +
L L
U, P Se U

[

Fig. 2 M model and equivalent model of the proposed coil. (a) M
model. (b) Equivalent model.
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Fig.3 Circuit diagram of the proposed system.

The AC output voltage and voltage gain ratio can be determined as:

MeqUas
Ly
L

Uy = LRy =

U.
Uas

Gy =|

The current on the primary and secondary side coils is derived as:

_ Ry, Unp
P 2
(woMgq)
_ MgqUas
LlRac
The DC output voltage and current can be calculated as:
_ 1 MgoUas
T2 LR

I

b

I ”]ab
b =
V2

The relationship of AC and DC resistance is calculated as:

Fig.5 Equivalent resonant network in CV mode.
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Rac = _ZRL (1 1)
T
The calculated AC-AC efficiency can be derived as:
IR 1
T’ = =
IRy +I2Riy + IRy + I2Rs Ry RoRe (MEQ )2 Ry
Rac (woMEQ)Z LI Rac
12)
The optimal AC resistance is obtained by derivation as:
Ry = (13)

When the topology operates in CC mode, switches Q; and Qs are
turned ON, and Q, is turned OFF, forming the LCC-LCC topology.
The AC-DC rectifier is realized by a half-bridge on the secondary
side. The reconfigurable topology and equivalent circuit for CC
mode are presented in Figs 6 and 7. For Fig. 6; the current flows
through the freewheeling diode of Q, and diode Dj.

The resonant conditions of the LCC-LCC topology can be given as:

a)(z)L1Cp1 = wéLszz =1

) ) (14)
wy(Lp—L)Cy = wy(Lp—L2)Cpr = 1
The ACinput and output current can be calculated as:
o UABMzRac
in a)(Z)L12L22 (15)
1= MU
° (1)()L1L2

Fig.7 Equivalent circuit of the proposed IPT system in CC mode.
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The current on the primary side and secondary side coils is
expressed as:

U
IP _ AB
w0L1
_ MUpgRec (16)
WL L3
The AC output current and voltage are given as:
_ MgqUas
woLiLy
17
- MUABRac ( )
a)()Lle
The DC output current and voltage are given as:
_ MgqUap
= 2 08
V2woLi Lo (18)
_ \/iMEQUABRaC
b ﬂa)oL]Lz
The output power can be calculated as:
2 2
P = P, = oMot 19
=P (19)
The calculated AC-AC efficiency can be derived as:
PR 1
= R PR TR R (20)
2Ry + I Riy + IR, + ISRs . RL (%) . Ryw L) . &
Rac LI RSCM'%Q Rac
The optimal AC resistance is obtained by derivation as:
3MPRywILILS
Ry = — T (21)
MEQLIRLI +R5MEQL1
280 - - ; - 125
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Fig.8 Self-inductance change of the proposed three-coil structure.
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Overall design process of the proposed system

As shown in Fig. 8, when the position is offset, the amplitude of
change in the self-inductance of the single coil on the primary side is
greater than on the secondary side, especially given a narrower air
gap. It can be seen from Fig. 9 that in CC and CV modes, changes in
the self-inductance value of the primary coil will not affect the
current and voltage gains. Moreover, the input phase angle
increases as the self-inductance value decreases, which will cause
the input impedance of the system to exhibit inductive drift, caus-
ing the MOSFETs to operate under ZVS conditions. However,
changes in the self-inductance value of the secondary side coil can
have a significant impact on the current and voltage gains. Changes
in the self-inductance value of the secondary side coil can signifi-
cantly affect the magnitude of the current gain. In addition, the
reduction in self-inductance value will cause the input impedance of
the system to exhibit capacitive drift, thereby affecting the inverter's
ability to achieve ZVS. Therefore, the third coil on the secondary side
is more significant to the design of the compensation network at
the receiving end, and the misalignment performance is also
improved.

Figure 3 illustrates the circuit configuration of the proposed
system, which consists of the three-coil magnetic coupling mecha-
nism and reconfiguration rectifier topology. In this system, commu-
nication is not required between the primary and secondary sides.
Based on the physical demand for electric bicycles, the third coil
structure (Lp : L : L1) was designed as 240:250:160 mm to ensure that
the constructed LCT exhibited effective misalignment tolerance
capability in the x and y directions. In addition, the third coil effec-
tively reduces the self-inductance variation under the misalignment
condition on the secondary side. It should be noted that the
designed LCT was not shielded with aluminium due to the low
charging power of the electric bicycle.

The geometric configuration of electromagnetic couplers and
their resonant frequency f, in IPT systems is predominantly
governed by structural constraints and environmental deployment
conditions, necessitating the predefinition of f, during initial para-
meter configuration. In the meantime, the radius R(P), the turns ny,
and the radius R(S), the number of turns ng, ny, are also decided by
the application scenarios. Similarly, the wire diameter of Litz wire,
the distance of the air gap, and the permeability, conductivity, thick-
ness, length, and width of the ferrite core can be set according to
actual needs. Magnetic ferrite was added to the primary side in
order to reduce the weight of the receiving side. The design
flowchart of the coupler is given in Fig. 10. The flowchart of design

80 — L, in CC mode
60 == --—=-L,inCVmode ||
S — L¢L; in CC mode | |
< 40f . LgL; in CV mode |
e 20k ~ .
g \'\
o 3
2 0f < .
£ \.
= 201 N :
2 .
= 40+ . .
\~~.\
—60 F "~~._____ E
—80 .
0.90 0.95 1.00 1.05 1.10
Normalized parameters

Fig. 9 Relationship curves between the normalized current/voltage gain and input phase angle with the normalized self-inductance value in CC mode

and CV mode.
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| Select fo, D, Iy, Ly, Is, Mps, and Mpr

Determine the coil geometry: Lp, Lg and Lt are rectangle

v

Determine the inner diameter of the coil and the number of strands, and select
the size and geometry of the main ferrite shielding.

v

Lp, Ls and LTZ np =

Initialize the number of ferrite layers and coil turns of
1,ng =

1,n = 1.

v

Calculate Mps, Lp and Lg for different positional
misalignment conditions

l

A

MPS variation meets requirements?

¢ Yes

Calculate Mpr, Lp and Lt for different positional
misalignment conditions

MPT variation meets requirements?

Calculate Mg = Mps — Mpr under different misalignment conditions |

Fig. 10 Flow chart of the proposed coupler.

for the entire IPT system is shown in Fig. 11. Firstly, the initial para-
meter values are set based on input/output and magnetic coupling

parameters, such as operating frequency and the maximum

Set the initial value of the
auxiliary receiving coil and
misalignment diatance

v

Optimization design of the
coil structure

v

Design of the compensation
network

v

Design of the reconfigurable
load-independent topology

End
Fig. 11 Flow chart of the proposed IPT system.
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Variation range of MEQ
less than 5.5% ?

misalignment distance value. Secondly, the three coils are designed
according to the study by Li et al. (23], Thirdly, the resonant network
and reconfigurable CC-CV charging topology are designed on the
basis of component current and voltage stress and input/output
parameters.

Experimental evaluation

Characteristics of the IPT system with a third coil

Initially, a 200 W experimental prototype is built and tested to
evaluate its performance, as presented in Fig. 12. According to
Tables 1 and 2, the proposed IPT system shows essential characteris-
tics and resonant network parameters, with DSP as the main
controller. The air gap is 100 mm on the primary side and secondary
side of the coil. The dimensions of the primary coil and secondary
coil are 250 mm x 250 mm and 240 mm x 240 mm, respectively. The
JMAG simulation model is shown in Fig. 13. The designed dimen-
sional parameters of the proposed third-coil structure are listed in
Table 3. In the actual experimental process, the reconfigurable
topology and related control circuits are integrated into the
secondary side coil in order to further reduce the weight of the
receiving side.

Performance of the proposed IPT charger

Figure 13 depicts the magnetic field distribution under alignment
and misalignment conditions. In Fig. 14a, the magnetic flux density
is displayed when distance is set to 90 mm under the alignment
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Fig. 12 Experiment setup.

conditions. The proposed third-coil structure design is beneficial to
improve the anti-misalignment capability in the horizontal direction.
Figure 14b illustrates the magnetic flux density when the receiver
undergoes a horizontal movement of 100 mm, while distance
remained constant. It is evident from Fig. 14b that the magnetic
field density distribution is slightly weakened but remains relatively
uniform, indicating that M., can remain constant after misalign-
ment occurs.

Figure 15 shows the experimental waveform of the input/output
voltage and current for the resonant network under the CC condi-
tion. The inverter includes a zero phase angle (ZPA) condition which
aligns with the theoretical analysis. An example of an experimental
waveform of the half-bridge inverter and rectifier under the CC
condition is shown. Figure 16 shows the DC output characteristics as
the load varies. Apparently, when the DC resistance increases from
18 to 32 Q, the DC output power rises from 110 to 200 W, the output
voltage increases from 44 V to 80 V, and the output current remains
2.5 A. The maximum fluctuation of system output current is 3%.

Figure 17 shows the experimental waveform of the input/output
voltage and current for a resonant network under the CV condition.
The inverter includes a ZPA condition, which agrees well with the
theoretical analysis. The DC output characteristics under load

Receiver

Primary coil (L) - _

Fig. 13 JMAG simulation model.
Page 60f 10
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Table 1. Essential system parameters of proposed IPT system.

Symbols Parameters Values
Upciiink DC-link input voltage 120V

f, Resonant frequency 85 kHz
P, Rate output power 200 W
U, Battery charging voltage 80V

Iy Battery charging current 25A

k Coupling coefficient 0.073~0.122
Lp Primary coil inductance 2509 pH
Ls Secondary coil 161.1 pH
Ly Third coil 106.1 uH
Mpr Ml between Lp and Ly 16.69 pH
Mps Ml between Lp and Lg 27.85 puH
My Ml between Ly and Lg 87.1pH
Rip Transmitting-coil AC resistance of L, 221.03 mQ
Ris Transmitting-coil AC resistance of L 153.26 mQ
Rir Receiving-coil AC resistance of Lt 37.75 mQ
R Resistance of inductance L, 50.8 mQ
R, Resistance of inductance L, 62.9 mQ
Repr Resistance of capacitor Cy, 133 mQ
Repa Resistance of capacitor C,, 13.7 mQ
Ren Resistance of capacitor Gy 54 mQ
Rep Resistance of capacitor C, 4.8 mQ
rer Turn ON-state resistance of the diodes 4.6 mQ
Ras(on) The drain-source on-state resistance 39mQ

Table 2. Parameters of the resonant network.

Parameter Value
L, 16.54 pH
L, 16.53 puH
Cor 212nF
Ch 13.97 nF
Coy 212nF
Cp, 45.85 nF

variation are presented in Fig. 18. It indicates that when the DC resis-
tance increases from 36 to 50 Q, the DC output power decreases
from 178 to 128 W, the output current decrease from 2.25 to 1.6 A,
the output voltage remains constant to 80 V. The maximum

Transmitter
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Table 3. Essential parameters of the proposed coils.
Symbol Parameter value
Lp Length x width 240 mm X 240 mm
Ly Length x width 160 mm x 160 mm
Ls Length x width 250 mm x 250 mm
Dy Inside radius (L) 50 mm
np Turns (Lp) 27
ng Turns (Ls) 18
ny Turns (L) 16
R(P) Transmitting coil dimension 240 mm x 240 mm X 2.5 mm
R(S) Receiving coil dimension 250 mm x 240 mm X 5 mm

fluctuation of the system's output current is 2%. In addition, due to
the small load resistance value and the single capacitor structure on
the secondary side, the AC output current distortion in CV charging
mode is smaller than CC charging mode.

Performance of the proposed IPT Charger under the
misalignment conditions

Figure 19 shows the input voltage and current waveform of the
resonant network and rectifier under the well-aligned and 100 mm
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Fig. 14 Simulated magnetic flux density under (a) alignment. (b) X- or
Y-axis misalignment with 42% deviation.

U, (50 V/div) | g rteome oy
} — [S———

I NI AL
: . I

| |
| (5 A/div) i

||\

(50 V/div)

/r‘ﬂ’w/rw/«

I 2 A/dlv)

Timebase: 5 ps/dlv

Fig. 15
mode.

Experimental waveforms of UAB, Uab, lin, and lo in the CC

Zhang et al. Wireless Power Transfer 2025, 12: €019

Wireless Power
Transfer

misalignment conditions for CC charging process. The findings indi-
cate that the inverter achieves ZVS functionality alongside stable
operation of the system. In addition, it can be concluded through
experiments that the fluctuation range of the output current under
the misalignment state is [-2.3%, 3.2%]. This fluctuation range
ensures the stability of the system's current during the actual charg-
ing process.

Figure 20 shows the input voltage and current waveform of the
resonant network and rectifier under the well-aligned and 100 mm
misalignment conditions for CV charging process. Findings indicate
that the inverter switches are capable of attaining ZVS, and the
system maintains consistent functionality. In addition, it can be
concluded through experiments that the fluctuation range of the
output voltage under the misalignment state is [-2.5%, 3.7%)]. This
fluctuation range ensures the stability of the system current during
the actual charging process.

A comparison with other methods proposed in the literature is
shown in Table 4. A high-reliability three-coil hybrid IPT (Inductive
Power Transfer) topology is proposed, which exhibits improved
tolerance to coupling variation and provides a load-independent
outputl?4, This paper has several identified weaknesses: the air gap
is relatively small, causing a low coupling coefficient; and to initiate

ok |

ECROY

U,y (100 V/div)
—
U ( IO()/\ div) INE Adiv)

. L (10 Aldivy

Timebase: 100 ms/div

Fig. 16 Experimental waveforms of Ub and Ib in the CC mode with RL
varying from 24 to 32 Q.

U,y (50 V/div)

e e |
Cvmamoie |
-

(5 A/div)

m

f
|
|
|
|
|
|

&

T, (50 V/div)
—— e o
o~~~
A\/ P W A

1, 2 Aldiv)

Timebase: 5 ps/div

Fig. 17
mode.

Experimental waveforms of UAB, Uab, lin, and lo in the CV
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Fig. 18 Experimental waveforms of Ub and Ib in the CV mode with RL
varying from 36 to 50 Q.
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Table4. Comparison with other methods reported in the literature.

Misalignment-tolerant 3-coil IPT

Inductor/ Switch  Coils of

Misalignment tolerance Misalignment tolerance

Output

capacitor counts counts LCT X-direction Y-direction characteristic Efficiency Max. power Ref.
2/6 4 4 37% 37% CcP 85.5%-93.1% 700 W [23]
1/3 4 3 50% 50% cc/ev 88.2%—-92.5% 460 W [24]
1/3 4 3 50% 50% cc 76%—84% 200 W [25]
4/6 6 4 50% 12.5% cc/ev 85.7%—-93.9% 1 kW [26]
2/6 4 4 37.5% 37.5% cv 87%—93.9% 3.5 kW [27]
1/3 4 2 50% 50% cv 81%—-88% 700 W [28]
2/4 4 3 40% 40% CcC 92% 3.4 kW [29]
2/4 4 3 50% 50% CC 80.6% 100 W [30]
2/4 4+3 3 42% 42% cc/ev 86.5%—-92.9% 200 W This work
b— ‘It‘itf?{‘iﬁ:ffﬁ?)‘j N |
|
b | i
I (5 A/div) | 1. (5 A/div)

1, 2 A/div) Timebase: 5 ps/div

YR TELEDYNE LEcroy
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Fig. 19  Experimental waveforms of alignment and misalignment
condition in CC mode. (a) Alignment condition. (b) Misalignment
condition.

CC and CV charging, an extra AC switch is necessary, leading to a
rise in the system's overall volume and complexity. Primarily, the
proposed technique offers an improved balance between the
number of components and the features of the output.

A hybrid and reconfigurable system is introduced to achieve high
misalignment tolerance while enabling both CC and CV charging
capabilities?>]. The system can operate with misalignment to 50% in
the x/y direction, with resistance varying from 36 to 480 Q, and the
output fluctuation remains within 5%. However, the coupling rela-
tionship of this coil is relatively complex, and the constant output
topology utilizes many active components, increasing system
volume and losses. Another article introduces an anti-misalignment
WPT system based on an LCC-S topology, featuring dual coupled
transmitting coils with reverse-parallel windings(?6l. The output
remains stable under the misalignment condition. However, this
system can only achieve CV charging, and the efficiency is low
throughout the charging process. Another approach is to signifi-
cantly enhance tolerance to horizontal misalignment by introduc-
ing an  anti-series  three-coil LCT  configuration[27l,
Nevertheless, the design encountered several challenges: the AC
resistance of the receiving coil was notably increased due to the
numerous turns needed to enhance the self-inductance of Lp;
adjustments to the air gap D necessitated modifications in coil turns,
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Fig. 20  Experimental waveforms of alignment and misalignment
conditions in CV mode. (a) Alignment condition. (b) Misalignment
condition.

7, 2 A/div)

adding design complexity of the LCT; and the significant misalign-
ment deviation led to fluctuations in the self-inductance of L.

In response to the challenges faced by the third coil structure, the
LCT designed in this paper uses Litz wire with a higher number of
strands to reduce the equivalent series AC resistance of the coil. If
the application scenario of the wireless charging system has a toler-
ance on the air gap D, it can be solved using a control strategy, such
as using a buck-boost converter on the primary or secondary side,
and applying phase shift control or duty cycle control for the
inverter. The dimensions of the third coil structure (Lp : Lg : Ly) are
set to 240:250:160 mm, optimizing the misalignment tolerance of
the LCT in the horizontal direction. In addition, third coils are intro-
duced on the secondary side to alleviate the impact of self-induc-
tance changes on the current/voltage gain and input phase angle
of the system.

Figure 21 depicts the output power and system efficiency
according to load variations. The maximum system efficiency of CC
and CV charging are 92.23% and 92.27% respectively. The maxi-
mum efficiency is 92.27% which appears at 123 W for the proposed
IPT system.

Figure 22 illustrates each component's losses and efficiency dis-
tribution of the presented system. Losses in the system can be quan-
tified using a power analyzer, and the detailed distribution of losses

Zhang et al. Wireless Power Transfer 2025, 12: €019
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Fig.21 Efficiency and output power of the proposed IPT system.
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Fig.22 Efficiency distribution of the proposed IPT system.
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Fig. 24 Output power and efficiency comparison between third-coil
and two-coil coupler with misalignment.

for each component can be inferred through computational
techniques. A power analyzer measures the overall losses and
current/voltage amplitudes, followed by a comprehensive calcula-
tion of the loss distribution based on the measured currents and
voltages!?8], Furthermore, to enhance the accuracy of the loss distri-
bution, core losses were simulated using finite element method
simulations223%, Due to the ZVS operation of the power switching
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device, inverter losses account for a relatively small proportion of
the total. The test outcomes reveal that the majority of system losses
originate from the coupler.

Figure 23 illustrates the waveforms captured by the power
analyzer under constant voltage (CV) mode, demonstrating a system
efficiency of 92.27%. Analysis of the efficiency reveals that the
suggested network structure significantly enhances the system's
effectiveness.

Figure 24 illustrates the performance comparison between the
proposed three-coil magnetic coupler and the traditional two-coil
configuration under misalignment conditions. The results indicate a
substantial decline in both output power and system efficiency for
the two-coil structure when misaligned. The analysis confirms that
the three-coil design offers improved practicality and effectiveness.

Conclusions

This paper presents a high-performance wireless charging top-
ology structure that incorporates a third-coil loosely coupled trans-
former to improve the system's misalignment performance, and
utilizes a reconfigurable topology structure to achieve constant
current and voltage output. The maximum deviation of the coil in
the x and y directions can reach 42%, and the maximum transmis-
sion efficiency is 92.27%. This structure does not require communi-
cation between the main and ancillary sides and utilizes fewer active
components to achieve a higher power density.
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