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A Robust Wireless Power Transfer System With
Self-Alignment Capability and Controllable Output
Current for Automatic-Guided Vehicles

Xiaofei Li"¥, Member, IEEE, Cheng Wang
Yue Sun

Abstract—In this article, a robust wireless power transfer system
is proposed with self-alignment capability and controllable output
current characteristics for static charging of automatic-guided
vehicles (AGVs). A reconfigurable circuitry is designed to work
initially in an inductor—capacitor—capacitor-series compensation
mode for achieving magnetic field self-alignment, then switched to
the LCC-LCC configuration for wireless charging. Apart from the
passive components used for wireless power transfer, no additional
components, such as cameras, sensors, or dedicated sensing coils,
are needed for self-alignment. The induced voltage of a series-tuned
Q-coil on the load side is used for the AGV to automatically adjust
its position. The vehicle will be self-aligned when the induced
voltage becomes null, then the system is switched to a control-
lable constant current charging mode. A prototype is built, which
demonstrates that the output charging current is controllable and
can be kept constant against load variations. The experimental
results show the proposed system can realize an 89.1% dc—dc power
transfer efficiency at an output current of 30 A and an output
voltage of 48 V.

Index Terms—Automatic-guided vehicles (AGVS),
control, self-alignment, wireless power transfer (WPT).
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I. INTRODUCTION

NDUSTRY 4.0 reveals that a tremendous transformation
I is taking place in industrial automation in the direction of
intelligent manufacturing. Both industry and academia have
expressed concern about intelligent manufacturing since it has
the potential to enable customized production, reduce energy
consumption, and lower labor costs [1]. Among different un-
manned devices, automatic-guided vehicles (AGVs) play an
important role in cargo handling and allocation in the unmanned
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Fig. 1. Front view of a typical static WPT system for AGVs.

manufacturing industry because of their outstanding advantages.
For example, strong adaptability, high work efficiency, easy
navigation settings, high intelligence, and convenient scheduling
all make the AGV become an ideal choice for unmanned logistics
management systems [2]. When equipped with a guidance de-
vice and motor control system, AGVs can follow a guided route
without any human involvement. Therefore, AGVs are urgently
needed in industrial facilities in order to improve transportation
efficiency and save labor costs.

To further realize automation, the conventional conductive
charging system seems not a wise choice. As an intelligent
alternative, wireless power transfer (WPT) is more suitable for
AGVs [3]. Compared with traditionally conductive charging
systems, wireless chargers serve as a concise and practical power
supply. Nowadays, it has gained attention globally and has been
successfully equipped with numerous industrial applications,
such as household appliances and mobile phones.

Unlike static wireless charging for smartphones, wireless
charging for AGVs should take misalignment into considera-
tion. For example, Fig. 1 illustrates one typical static wireless
charging system for AGVs. It was commonly recognized that
the AGV charging performance highly relies on the positions
between transmitting coils and receiving coils. In other words,
misalignment greatly deteriorates the resonant state and power
transfer efficiency (PTE). Thus, it is necessary to investigate
the alignment approaches to realize a user-friendly and robust
wireless charging system for vehicles.
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One classical alignment method for WPT systems is to adopt
cameras [4], ultrasonic sensors [5], or radio frequency identi-
fication (RFID) sensors [6]. However, these additional devices
are not only expensive but also easily affected by rough weather
conditions. To avoid using costly auxiliary equipment, a mutual
inductance detection method is proposed to assist the position
correction in [7], while a primary current (or secondary current)
detection method is proposed to assist the alignment in [8] or
[9]. Nevertheless, the mutual inductance detection is technically
complicated since many electric parameters are required to be
detected. For example, Kobayashi et al. [10] calculate mutual
inductance by detecting the voltage and current at the receiver
side; and Dai et al. [11] calculate mutual inductance by detecting
the voltage and the control variables at the receiver side. As for
the primary or secondary current detection method, measuring
the root-mean-square (RMS) value of the alternating currents
is difficult. Therefore, recent research increasingly focuses on
sensing coils due to their simplicity and robustness [12], [13].
However, these sensing coils are still auxiliary parts that may
cause a bulky and redundant system. To resolve the aforemen-
tioned technical gap, in this article, we introduce a simple and
practical WPT system with the function of self-alignment and
controllable output current. The contributions and advantages of
this article can be summarized as follows.

1) This article proposes a simple and practical self-alignment

method for the WPT system. Compared to [4], [S], [6],
[12], and [13], there is no need for additional components,
such as cameras, sensors, or dedicated sensing coils. All
the components contribute to the self-alignment and WPT.
Moreover, the self-alignment ensures good magnetic cou-
pling before charging, leading to a high mutual inductance
and high PTE.

2) Well-designed magnetic coupling structure: The pre-
sented magnetic coupling structure eliminates the cross
coupling between compensating coils and transmitting/
receiving coils with the help of the decoupling phe-
nomenon among the overlapped DD-coil and the Q-coil
[14]. The Q-coil on the receiving side is used not only
as the sensing coil in the self-alignment mode but also
as the compensating inductor in the LCC topology in
the charging state. And the sampling information for the
alignment is the output dc voltage, which is more straight-
forward and easier to implement compared to [7], [8],
and [9].

3) Interference rejection: The closed-loop control in this
article not only realizes the handshake process in the self-
alignment mode but also realizes interference rejection
in the y-direction. Taking advantage of DD coils in the
vertical direction, the corresponding misalignment, i.e.,
y-direction tolerance, is also improved, as shown in Fig. 1.
This is extremely practical for industrial applications, such
as AGVs and cargo-carrying robots. In the daily produc-
tion process, the height of the chassis usually varies along
with the total weight of the cargo. Hence, the y-direction
misalignment must be considered for a reliable working
environment in case of unexpected disturbances, such as
mutual inductance changes.
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Fig. 2. Proposed magnetic coupling structure. (a) Overview. (b) Specific size
information. (c) Picture of Lp. (d) Picture of Lg and Ly. () Picture of Ly;.

II. MAGNETIC COUPLING MECHANISM
A. Coupling Structure

Fig. 2(a) illustrates the presented magnetic coupling structure.
The transmitting coil (Lp) and receiving coil (Lg) are both DD
coils. The secondary-side compensation coil Ly is a Q-coil,
which is placed in overlap with Lg as shown in Fig. 2(b).
The primary-side compensation coil Ly is wound on the E-E
magnetic core. Ferrite cores are used on both sides to en-
hance the magnetic coupling from the transmitting to receiving
side. An aluminum plate is adopted on the vehicle side to reduce
the leakage electromagnetic field. The coupling structure of
the primary and secondary sides is shown in Fig. 2(b) with the
specific size information.

In this article, 600-strand Litz wire with a diameter of 3.4 mm
is used to make the transmitting coil (Lp), while 6.5 mm 2000-
strand Litz wire is adopted to make receiving coil (Lg) and
compensating inductors (Ls). The number of turns N,, Ny,
and Ng for Lp, Ly, and Lg will be detailed in Section IV, which
are 6, 4, and 6, respectively. The thicknesses of the aluminum
plate and the ferrite core are 2 mm and 4 mm, respectively. The
pictures of Lp, Lg, Ly, and Ly are shown in Fig. 2(c), (d), and
(e), respectively.

B. Mutual Inductance Variation

One advantage of the DD-coil is to improve the lateral
misalignment tolerance in the door-to-door direction, i.e., the
y-direction, as shown in Fig. 1 [15], which also benefits this
article, as shown in Fig. 3(a). The variation of M; (i.e., the
mutual inductance between Lp and Lg) is from 6.6 to 8.0 uH
within the specific misalignment region, i.e., —8 cm <y < 8 cm.
The maximum mutual inductance difference is 1.4 yH over this
region.

Fig. 3(b) illustrates the measured M, (i.e., the mutual induc-
tance between Lp and Lyy) within the specific misalignment
area, i.e., (—10 cm, 0 cm) < (x, y) < (10 cm, 8 cm). It can
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Fig. 3. Variation mutual inductance. (a) Mutual inductance M; between the
transmitting DD-coil Lp and the receiving DD-coil Lg at different positions
regarding the y-misalignment. (b) Variation of mutual inductance Mo between
the transmitting DD-coil Lp and the receiving compensation Q-coil Ly at
different positions regarding the x and y misalignments.

be seen that M5 fluctuates with x, and this article utilizes such
fluctuation for self-alignment. It shows that M becomes 0
when x-misalignment is 0, which also means that the vehicle
is well-aligned.

III. CircuIT TOPOLOGY AND SYSTEM CONTROL
A. Circuit Topology

Fig. 4 demonstrates the circuit diagram of the proposed WPT
system. With the help of the switch S, two compensating net-
works can be realized, i.e., the inductor—capacitor—capacitor-
series (LCC-S) for self-alignment and the LCC-LCC compen-
sation topology for normal charging operation. Switch S is
composed of two anti-series-connected MOSFETSs (i.e., S1 and
S2). For simplifying the analysis, the parasitic resistances of the
coils are ignored.

Cp, Cy1, Cp2, and Cgare the compensation capacitors, which
satisfy the following equations:

{wQLflOfl =1 wQ(Lp — Lfl)Cp =1

(.L)QLfQCfQ =1 w2(L5 - LfQ)CS =1 (1)

where w is the operating angular frequency of power transfer,
which satisfies w = 27f. And fis the operating frequency of the
system.

Fig. 5 illustrates the equivalent circuit of the LCC-S compen-
sation topology for self-alignment.
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Fig. 4. Circuit diagram of the proposed WPT system.

Fig. 5. Equivalent circuit with the LCC-S compensating topology.

In this article, phase-shifted modulation (PSM) is adopted
to control the inverter, and the fundamental output voltage in
phasor form can be written as follows [8]:

. 2v/2U4c
U, = g 2)
T

)
i 2 oe
sm20

where 0 is the conduction angle. By using Kirchhoff’s voltage
law (KVL), and according to the relationship between the input
and output voltage of the rectifier [3], the following equations
can be derived:

Un= (jXrp1— jXcp) In + i Xopdp
0= (jXrp—iXcp —jXcp) Iy + i Xcpidin — § X2l p2
0=—jXnroly, + (j X2 — jXcf2 + Reg) L2

Us = Reql 12
U, = =2Us
(3
where Ug is the RMS value and
XLf1 :WLfl chlzl/wal XLp:wLp
ch = ]./(.L)OP

X2 =wlryo ) Xcpo =1/wCcyp2 Xprp = wMy

Req = SRL (7‘1’2)7 .

“)
Then, by substituting (1), (2), and (4) into (3), one can obtain

2v/2 c 1)
=22 e g0 )

T wlp
M2Udc . )

U = S — 6
L Tn sin 5 (6)

where Ip is the RMS value of I P.
Fig. 6 shows the equivalent circuit with an LCC-LCC com-
pensation topology. Here, the receiver side is well-aligned, and
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Fig. 6. Equivalent circuit with the LCC-LCC compensating topology.

the mutual inductance M5 is eliminated because the Q-coil on the
receiving side overlaps with the DD-coil on the transmitting side.
Therefore, M5 becomes 0 due to the decoupling phenomenon of
Q-coil and DD-coil [8].

Similarly, the following equations can be derived by using
KVL:

Un= (jXrp1— jXcp) I+ i Xop 1,

0= (jXrp—jXcp—iXcp) I+ iXopiln — jXanls
0=~ Xl +(jXrs—iXcs—jXcro) Is+iXcpalra
0= (jXrp2 —jXcp2 + Req) L2+ jXcpols

I =227,

(7
where I, is the RMS value of Iy, and

Xy =wMy, Xps=wls, Xcs=1/wCs.  (8)

Then, substituting (1), (2), and (8) into (7), (9), and (10)
can ‘pe obtained, where Iy, Is, and Iy, are the RMS values of
Iin, Is, and Io, respectively

I‘ _ 2\/5 M%Ucheq : 5
1

2
Jg = 22 MUuRy g 6 )

I, = ————sin- = —1Ip. (10)
Vs
As can be seen from (10), it is obvious that the output current
I7, is irrelevant to the load, and the value of [}, is determined by
0, Uge, w, L1, Ly, and M.

B. System Control

The control diagram of the proposed system is illustrated in
Fig. 7. There are two controllers, i.e., the primary-side controller
and the secondary-side controller. The conduction angle d is first
fixed as ¢ to initialize the entire system by transferring a small
amount of energy to the receiver over a low-density magnetic
field for self-alignment. To detect the position, the key informa-
tion, i.e., the output voltage U7, is sampled by the secondary-side
controller. Using the A/D module after the voltage divider, this
voltage information can be analyzed by the MCU STM32F334.
The AGV would continue adjusting its position until Uy, is
reduced to an error index « for the well-aligned condition («
tends to 0). In other words, the AGV arrives at the well-aligned
position when the receiving Q-coil is decoupled from the trans-
mitting DD-coil. Then, the receiving-side controller sends a
handshaking signal to the transmitting side to start the constant
current (CC) charging with a conduction angle §y. The primary
controller picks up the information of /; by using wireless
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Picture of the presented experimental setup.

communication. The error between the feedback voltage /1, and
the reference I, is sent to the proportional—integral controller,
and then, the processed result is delivered to the PSM controller
for conduction angle § calculation to regulate the output current.

IV. EXPERIMENTAL VALIDATION

A laboratory prototype is built, as shown in Fig. 8. The utilized
wireless communication module is GO1-SPIPX Si24R1 from
Ashining Technology. The MOSFET §; and S» used in this article
are HIMO065F020 from Hestia Power.

The design flowchart of the system parameters is shown in
Fig. 9. Since the dc voltage source U, the operating frequency
f, the primary current /p, the load R, and the desired Uy, and
I}, are given, Iy can be determined by (10), and then the wire
sizes of Lp and Ly, can be selected accordingly. Ly can be
determined by (5), and according to the desired output voltage
Ur, M3 can be further determined by (6). The turns N,, and Ny,
are changed to realize the desired Ms. Then, according to the
desired output current /7, My can be determined by (10). I,
and /5 can be determined by (9), and then the wire sizes of Ly
and Lg can be selected accordingly. The turns N is changed to
realize the desired M;. Next, based on (1), the corresponding
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TABLE I
SYSTEM PARAMETERS

M, Lp Ls Ly
80uH  60.0pH  190uH 238 uH
LQ Cp CS Cfl
5.3 uH 53.0 nF 178.0nF  130.0 nF
sz UL ILref Udc

532.0 nF 48V 30A 400 V
Ne Ns No 7
6 6 4 100 kHz
30
—e— y=0cm
—o— y=5cm|

ol M
;10 -8 -6 4 -2 0 2 4 6 8 10
x-Misalignment /cm

Fig. 10.  Relationship between Uy, and x-misalignment under three different
y-misalignment conditions (y = 0, 5, and 8 cm).

compensating capacitors can be determined. The parameters of
the system are listed in Table I, where N,,, Ny, and Ng are 6,
4, and 6, respectively. The diameters of Ly, and Lp are 3.4 mm,
while the diameters of Ly, and Lg are 6.5 mm.

A. Self-Alignment Based on the Magnetic Coupling Structure

Fig. 10illustrates the relationship between the x-misalignment
and the output voltage Uy, in the self-alignment stage. It can be
seen that U7, fluctuates with x, and this article utilizes such fluc-
tuation for self-alignment. The AGV is well-aligned and ready
to be charged when the x-misalignment tends to 0. Due to the
symmetrical coupling structure, this article only tests the positive
direction of the y-axis. Under three different y-misalignment
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conditions (y = 0, 5, and 8 cm), U, constantly tends to O when
there is no x-misalignment. This shows that the self-alignment is
not affected by the y-misalignment and is only associated with
x-misalignment, which agrees with the theoretical analysis of
the magnetic coupling structure.

In the experiment, the error index « is set as 1 V, and the de-
signed magnetic coupler can achieve alignment accuracy within
+ 5 mm, as shown in Fig. 11, i.e., during the self-alignment
process, the measured Uy, is 0.987 V, and the receiver side is
considered to be well-aligned.

B. Dynamic Response From Self-Alignment Stage to Normal
Charging Stage

Fig. 12 demonstrates the dynamic response from the self-
alignment stage to the normal charging stage by circuit re-
configuration. Before the switching, the system works in
the LCC-S topology for the purpose of the self-alignment.
After the alignment process, the system enters the LCC-LCC
topology (i.e., the normal charging stage). In the early stage
of normal charging, there is a soft start process to ensure a
safe system operation [16]. As can be seen from Fig. 12, the
output current #;,, of the inverter lags slightly behind the output
voltage u;,, of the inverter, indicating that the impedance of the
inverter is inductive. The small phase angle of i, lagging u;,
ensures zero-voltage switching of the full-bridge switches and
can eliminate the most reactive power [17].

Fig. 13(a) and (b) indicates the voltage and current stresses of
switch S in LCC-S configuration and LCC-LCC configuration,
respectively. As shown in Fig. 13, u,, and is,(is) represent the
voltage of switch S and the current flowing through S, respec-
tively. Fig. 13(a) indicates that in the LCC-S configuration, the
peak voltage of ug,, is around 70 V, and there is almost no current
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Fig. 13.  Voltage and current stresses of switch S in (a) LCC-S configuration
and (b) LCC-LCC configuration.

flowing through switch S due to the open-circuit condition.
Fig. 13(b) indicates that in LCC-LCC configuration, the peak
current of iy, is around 24 A, and the peak voltage of ug, is
approximately 1 V. The voltage and current stresses of MOSFET
S and S5 are within their current and voltage capacities.

C. Dynamic Response With Load Change

Fig. 14 shows the dynamic response of the system when
the load varies. First, the load is changed from 1.6 to 1.2 .
The voltage Uy, varies from 48 to 36 V. The current I, is con-
trolled to 30 A. The corresponding dynamic response is 600 ms,
and the overshoot of the current is 35 A. Second, the load is
changed from 1.2 to 1.6 ). The current I}, is then controlled to
30 A. The voltage U, varies from 36 to 48 V. The corresponding
dynamic response is 500 ms and the undershoot of the current
is 28 A.

D. Interference Rejection

Fig. 15 shows the dynamic response of the system when y
varies. First, y is changed from O to 8 cm. The mutual induc-
tance is accordingly changed from 8 to 6.6 yH. Current /7, and
voltage Uy, are then controlled to 30 A and 48 V, respectively.
The corresponding dynamic response is 300 ms and the under-
shoot of the current is 27 A. Second, y is changed from 8§ to
0 cm. The mutual inductance is accordingly changed from 6.6

RUQ):1.251.6

© RU(Q)11.6-1.2

500V @ 2004 1.00s 1.00MS/s 7
200V 20.0 A 10M points 350V 17 Dec 2022)
Fig. 14.  Dynamic response when the load varies from 1.6 to 1.2 2 and back

to 1.6 2 again.
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Fig. 15. Dynamic response of the interference rejection process (y varies from

0 to 8 cm and back to 0 cm again).

to 8 4H. Current I, and voltage Uy, are then controlled to 30 A
and 48 V, respectively. The corresponding dynamic response is
400 ms and the overshoot of the current is 34 A.

E. Output Current Control

Fig. 16 illustrates the dynamic response when /7,,.f changes.
As shown in Fig. 7, the current can be regulated by adjusting
reference /1,.¢ by the primary-side controller to realize variable
output current values. Fig. 16 depicts that the reference current
I1,1e1s set from 30 to 24 A and back to 30 A again, and the output
current /7, can be controlled to the target value accordingly.

The power efficiencies obtained from experiments under dif-
ferent x misalignments are shown in Fig. 17, where Ry, = 1.6 2.
As can be seen from Fig. 17, the well-aligned system has the
highest efficiency (89.1%) compared with the misaligned situ-
ations. A higher misalignment leads to lower power efficiency.
Fig. 18 shows the measured power loss distribution under the
rated output power condition of the well-aligned system, where
the total power loss is 176.16 W, and the loss of switch S is
10.76 W.
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TABLE II

COMPARISON BETWEEN THIS ARTICLE AND ARTICLES PRESENTED IN [4], [5], [6], [7], [8], [9], [12], [13], AND [18]

Reference Method Cost Accuracy(mm) Level Characteristic
[4] Camera High 22 Easy Add auxiliary camera
[5] Ultrasonic sensors High -- Easy Increase the ultrasonic device
[6] RFID High - Easy Add RFID modules
[7] Mutual inductance detection Low 1(simulated) Hard Detect the mutual 1nducFance with a complicated
algorithm
8 Primary AC current, maximum Low - Hard Detect the maximum primary AC current
current detection
9] Secondary AC current, sudden Low _ Hard Detect the sudden change of the secondary AC
change detection current
By addine auxiliary minor coils Add four auxiliary coils and the related sensing
[12] ¥ the 1 0%) u tabrli method ? High 20 Normal circuits; Determine the desired position by the
P lookup table
By adding sensine coils. the Add three differential connection sensing coils and
Y s & . . the related sensing circuits; By matching the
[13] fingerprint map comparison High 15 Normal . . .
method measured received signal strength (RSS) with
the fingerprint map to obtain the offset coordinates
Intrinsic attractive force Use the intrinsic attractive force with the
18 . ’ High -- Normal mechanical structure to facilitate the
mechanical structure
auto-alignment
This article Secondary DC voltage, tending to Low 5 Eas No additional components; Use DC sample and
0 Y detection
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V. DISCUSSION

A. Advantages of the Proposed Self-Alignment Method

A comparison between this article and articles presented in
[41, [5], [6], [71, [8], [9], [12], [13], and [18] is summarized in
Table II. Compared to [4], [5], and [6], the proposed system
avoids using costly auxiliary equipment, such as cameras and
sensors. Compared to [7], [8], and [9], the proposed method
is more straightforward and easier to implement by sampling
dc voltages. Compared to [12] and [13], this article utilizes
a configurable coil and circuit structure to support the self-
alignment. Apart from the passive components used for WPT,
no additional components, such as dedicated sensing coils and
sensing circuits (i.e., four auxiliary coils and the related sensing
circuits in [12]; three differential connection sensing coils and
the related sensing circuits in [13]), are needed. Compared to
[18], the proposed method is more straightforward and can real-
ize the self-alignment without using the additional mechanical
structure.

B. Key Contributions of This Work

Although the coil structure, the compensation topology
switching, and the control method used in this article look similar
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TABLE III
COMPARISON BETWEEN THIS ARTICLE AND ARTICLES PRESENTED IN[19], [20], AND [21]

Compensation Topology

Reference Coil structure o Control Method Objective
Switching
. S; OFF, S, ON—S§S; CC and CVswitching
[19] Planar coil SS—S-LCC OFN, S, OFF
. Full-bridge-rectifier mode— Improve misalignment
(20] Planar square coil Double-voltage- rectifier mode Qs OFF—Qs ON tolerance
. Si, S; OFF—-S,, S, .
[21] Not mentioned SS—LCC-LCC ON Improve system efficiency
This article  DD-coil and Q-coil LCC-S—LCC-LCC S OFF—S ON Self-alignment

TABLE IV
COMPARISON BETWEEN THIS ARTICLE AND ARTICLES PRESENTED IN [2], [3],
[22], [23], AND [24]

Ref Efficiency Output power
[2] 90.93% 500 W
[3] 84.5% 589 W
[22] 86.1 % 1.78 kW
[23] 89.9% 1.8 kW
[24] 80% 100 W
This article 89.1% 1.44 kW

to other studies, the main contributions are different. Table 111
presents a comparison between this article and articles presented
in [19], [20], and [21], which shows that the coil structure,
the compensation topology switching, and the control method
are different, leading to different contributions. Mai et al. [19]
present a hybrid topology with two ac switches to achieve the
required CC or constant voltage (CV) charging. Sun et al. [20]
propose a mode-switching-based method, which can signifi-
cantly improve the misalignment tolerance of the WPT system
by using the different driving modes of the rectifier. Rezazade
et al. [21] focus on increasing WPT systems’ efficiency through
the proposed new hybrid topology that combines the SS and
double-sided LCC topologies. The main contribution of this
article is around the novel magnetic coupler design and control
method to support the self-alignment of AGV and its wireless
charging. Moreover, the self-alignment ensures good magnetic
coupling before charging, contributing to a high mutual induc-
tance and a high PTE.

C. Comparison Results in Terms of Output Power and
Efficiency

In terms of output power and efficiency of the AGV wireless
charging system, the comparison results between this article and
articles presented in [2], [3], [22], [23], and [24] are summarized
in Table IV. As can be seen from Table IV, the output power of
this article is close to that of [22] and [23], but higher than that
of [2], [3], and [24]. The efficiency of this article is close to that
of [2] and [23], but higher than that of [3], [22], and [24].

VI. CONCLUSION

This article proposes a robust wireless charging system with
self-alignment capability and controllable output current for
AGVs. A Q-coil in the reconfigurable coupling structure is

used to adjust the AGV position for self-alignment and as a
compensation inductor for WPT. The self-alignment ensures that
the coils are well-aligned before charging, which leads to a high
PTE. A laboratory prototype with controllable output charging
current is constructed, and the results show that the proposed
system can realize an 89.1% dc—dc PTE at an output current of
30 A and a voltage of 48 V.

REFERENCES

[1] J.S. Choi, S. Y. Jeong, B. G. Choi, S.-T. Ryu, C. T. Rim, and Y.-S. Kim,
“Air-gap-insensitive IPT pad with ferromagnetic and conductive plates,”
IEEE Trans. Power Electron., vol. 35, no. 8, pp. 78637872, Aug. 2020.

[2] C. Zhu et al., “Analysis and design of cost-effective WPT systems with
dual independently regulatable outputs for automatic guided vehicles,”
IEEE Trans. Power Electron., vol. 36, no. 6, pp. 6183-6187, Jun. 2021.

[3] H. Wang and K. W. E. Cheng, “A dual-receiver inductive charging sys-
tem for automated guided vehicles,” IEEE Trans. Magn., vol. 58, no. 8,
Aug. 2022, Art. no. 8700905.

[4] N. Isozaki, D. Chugo, S. Yokota, and K. Takase, “Camera-based AGV
navigation system for indoor environment with occlusion condition,” in
Proc. IEEE Int. Conf. Mechatron. Autom., 2011, pp. 778-783.

[5] Y. Sakayanagi, S. Togawa, K. Konagaya, and Y. Kuwahara, “Wireless
power transmission for a traveling mobility scooter,” in Proc. IEEE Wire-
less Power Transfer Conf., 2016, pp. 1-3.

[6] S. Chen, C. Liao, and L. Wang, “Research on positioning technique of
wireless power transfer system for electric vehicles,” in Proc. IEEE Conf.
Expo. Transp. Electrific. Asia-Pacific, 2014, pp. 1-4.

[71 Y. Zou and S. O’Driscoll, “Implant positioning system using mutual
inductance,” in Proc. IEEE Annu. Int. Conf. Eng. Med. Biol. Soc., 2012,
pp. 751-754.

[8] X. Li, J. Hu, H. Wang, X. Dai, and Y. Sun, “A new coupling structure
and position detection method for segmented control dynamic wireless
power transfer systems,” IEEE Trans. Power Electron., vol. 35, no. 7,
pp. 6741-6745, Jul. 2020.

[9] J. Sithinamsuwan, H. Fujimoto, and Y. Hori, “Sensorless vehicle position

detection in electric vehicle by logistic estimation function of mutual

inductance,” in Proc. IEEE PELS Workshop Emerg. Technol., Wireless

Power Transf., 2020, pp. 254-259.

D. Kobayashi, T. Imura, and Y. Hori, “Real-time coupling coefficient

estimation and maximum efficiency control on dynamic wireless power

transfer for electric vehicles,” in Proc. IEEE PELS Workshop Emerg.

Technol., Wireless Power, 2015, pp. 1-6.

X. Dai, X. Li, Y. Li, and A. P. Hu, “Maximum efficiency tracking for wire-

less power transfer systems with dynamic coupling coefficient estimation,”

IEEE Trans. Power Electron., vol. 33, no. 6, pp. 5005-5015, Jun. 2018.

Y. Gao, C. Duan, A. A. Oliveira, A. Ginart, K. B. Farley, and Z. T. H.

Tse, “3-D coil positioning based on magnetic sensing for wireless EV

charging,” IEEE Trans. Transp. Electrific., vol. 3, no. 3, pp. 578-588,

Sep. 2017.

B. Zhang et al., “Triple-coil-structure-based coil positioning system for

wireless EV charger,” IEEE Trans. Power Electron., vol. 36, no. 12,

pp. 13515-13525, Dec. 2021.

H. Wang and K. W. E. Cheng, “Analysis, design, and validation of a

decoupled double-receiver wireless power transfer system with constant

voltage outputs for industrial power supplies,” IEEE Trans. Ind. Inform.,

vol. 19, no. 1, pp. 362-370, Jan. 2023.

[10]

[11]

[12]

[13]

[14]



11906

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

M. Budhia, J. T. Boys, G. A. Covic, and C.-Y. Huang, “Development of a
single-sided flux magnetic coupler for electric vehicle IPT charging sys-
tems,” IEEE Trans. Ind. Electron., vol. 60, no. 1, pp. 318-328, Jan. 2013.
L. Wang et al., “Mutual inductance identification of IPT system based
on soft-start process,” IEEE Trans. Power Electron., vol. 37, no. 6,
pp. 7504-7517, Jun. 2022.

X. Qu, H. Han, S.-C. Wong, C. K. Tse, and W. Chen, “Hybrid IPT
topologies with constant current or constant voltage output for battery
charging applications,” IEEE Trans. Power Electron., vol. 30, no. 11,
pp. 6329-6337, Nov. 2015.

A. Namadmalan, R. Tavakoli, S. M. Goetz, and Z. Pantic, “Self-aligning
capability of IPT pads for high-power wireless EV charging stations,”
IEEE Trans. Ind. Appl., vol. 58, no. 5, pp. 5593-5601, Sep./Oct. 2022.
R. Mai, Y. Chen, Y. Li, Y. Zhang, G. Cao, and Z. He, “Inductive power
transfer for massive electric bicycles charging based on hybrid topology
switching with a single inverter,” IEEE Trans. Power Electron., vol. 32,
no. 8, pp. 5897-5906, Aug. 2017.

J. Sun, Y. Wang, Z. Sun, and D. Xu, “A mode-switching-based method
to improve misalignment tolerance of WPT systems,” in Proc. IEEE 25th
Int. Conf. Elect. Mach. Syst., 2022, pp. 1-5.

S. Rezazade, A. Shahirinia, R. Naghash, N. Rasekh, and S. E. Afjei, “A
novel efficient hybrid compensation topology for wireless power transfer,”
IEEE Trans. Ind. Electron., vol. 70, no. 3, pp. 2277-2285, Mar. 2023.

F. Lu et al., “A tightly coupled inductive power transfer system for low-
voltage and high-current charging of automatic guided vehicles,” IEEE
Trans. Ind. Electron., vol. 66, no. 9, pp. 6867-6875, Sep. 2019.

F. Lu et al., “A low-voltage and high-current inductive power transfer
system with low harmonics for automatic guided vehicles,” IEEE Trans.
Veh. Technol., vol. 68, no. 4, pp. 3351-3360, Apr. 2019.

H. Matsumoto, Y. Shibako, and Y. Neba, “Contactless power transfer
system for AGVs,” IEEE Trans. Ind. Electron., vol. 65, no. 1, pp. 251-260,
Jan. 2018.

Xiaofei Li (Member, IEEE) received the B.E. degree
in automation, and the Ph.D. degree in control theory
and control engineering from Chongqing University,
Chongqing, China, in 2013, and 2018, respectively.

From 2018 to 2019, he was a Research Associate
with the Department of Electrical Engineering, The
Hong Kong Polytechnic University. He is currently
an Associate Professor with Chongqing University,
Chongqing, China. His research interests include
modeling and control of wireless power transfer and
power electronics.

Cheng Wang received the M.Sc. degree in trans-
portation information engineering and control from
Chongqing University, Chongqing, China, in 2023,
where he is currently working toward the Ph.D. degree
in control theory and control engineering.

His main research interest is wireless power
transfer.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 10, OCTOBER 2023

Heshou Wang received the M.Sc. and Ph.D. degrees
in electrical engineering from The Hong Kong Poly-
technic University, Hong Kong, in 2018 and 2022,
respectively.

From 2018 to 2019, he was a Research Assis-
tant with the Department of Electrical Engineering,
The Hong Kong Polytechnic University, where he is
currently a Postdoctoral Fellow. His main research
interests include applied electromagnetics, wireless
power transfer, and electric vehicles.

Xin Dai (Member, IEEE) received the B.E. de-
gree in industrial automation from Yuzhou Univer-
sity, Chongqing, China, in 2000, and the Ph.D. de-
gree in control theory and control engineering from
the College of Automation, Chongging University,
Chongqing, China, in 2006.

In 2012, he was a Visiting Scholar with The Uni-
versity of Auckland, Auckland, New Zealand. He is
currently a Professor with the College of Automation,
Chongqing University. His current research interests
include inductive power transfer technology and non-
linear dynamic behavior analysis of power electronics.

Yue Sun (Member, IEEE) received the B.E. degree in
electrical engineering, the M.E. degree in industrial
automation, and the Ph.D. degree in mechanical and
electrical integrated manufacturing from Chongging
University, Chongqing, China, in 1982, 1988, and
1995, respectively.

In 1997, he was a Senior Visiting Scholar with the
University of Valenciennes, France. He is currently a
Professor with the School of Automation, Chongqing
University. His current research interests include au-
tomatic control, wireless power transfer, and power
electronics’ applications.

Aiguo Patrick Hu (Senior Member, IEEE) received
the B.E. and M.E. degrees in electrical engineering
from Xi’an Jiaotong University, Xi’an, China, in 1985
and 1988, respectively, and the Ph.D. degree in elec-
trical and electronic engineering from The University
of Auckland, Auckland, New Zealand, in 2001.

He stayed with the National University of Sin-
gapore, Singapore, for a semester as an exchange
Postdoctoral Research Fellow. He has authored more
than 200 peer-reviewed journal and conference ar-
ticles with about 4500 citations, authored the first
monograph on inductive power transfer technology, and contributed four book
chapters on wireless power transfer modeling and control, as well as electrical
machines. He is currently a Full Professor with the Department of Electrical and
Electronic Engineering, University of Auckland. His research interests include
wireless/contactless power transfer systems and application of power electronics
in renewable energy systems.

Dr. Hu was a recipient of the University of Auckland VC’s Funded Research
and Commercialization Medal in April 2017.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


