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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), output
control, self-alignment, wireless power transfer (WPT).

I. INTRODUCTION

INDUSTRY 4.0 reveals that a tremendous transformation
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], [5], [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.

Fig. 2. Proposed magnetic coupling structure. (a) Overview. (b) Specific size
information. (c) Picture of LP. (d) Picture of LS and Lf2. (e) Picture of Lf1.

II. MAGNETIC COUPLING MECHANISM

A. Coupling Structure

Fig. 2(a) illustrates the presented magnetic coupling structure.
The transmitting coil (LP) and receiving coil (LS) are both DD
coils. The secondary-side compensation coil Lf2 is a Q-coil,
which is placed in overlap with LS, as shown in Fig. 2(b).
The primary-side compensation coil Lf1 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 (LS) and
compensating inductors (Lf2). The number of turns Np, Nf2,
and NS for LP, Lf2, and LS 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, LS, Lf2, and Lf1 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 M1 (i.e., the
mutual inductance between LP and LS) is from 6.6 to 8.0 μH
within the specific misalignment region, i.e.,−8 cm≤ y≤ 8 cm.
The maximum mutual inductance difference is 1.4 μH over this
region.

Fig. 3(b) illustrates the measured M2 (i.e., the mutual induc-
tance between LP and Lf2) 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 M1 between the
transmitting DD-coil LP and the receiving DD-coil LS at different positions
regarding the y-misalignment. (b) Variation of mutual inductance M2 between
the transmitting DD-coil LP and the receiving compensation Q-coil Lf2 at
different positions regarding the x and y misalignments.

be seen that M2 fluctuates with x, and this article utilizes such
fluctuation for self-alignment. It shows that M2 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 MOSFETs (i.e., S1 and
S2). For simplifying the analysis, the parasitic resistances of the
coils are ignored.

CP, Cf1, Cf2, and CS are the compensation capacitors, which
satisfy the following equations:{

ω2Lf1Cf1 = 1 ω2(LP − Lf1)CP = 1
ω2Lf2Cf2 = 1 ω2(LS − Lf2)CS = 1

(1)

where ω is the operating angular frequency of power transfer,
which satisfies ω = 2πf. And f is the operating frequency of the
system.

Fig. 5 illustrates the equivalent circuit of the LCC-S compen-
sation topology for self-alignment.

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]:

U̇in =
2
√
2Udc

π
sin

δ

2
∠0◦ (2)

where δ 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:⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

U̇in = (jXLf1 − jXCf1) İin + jXCf1İp

0 = (jXLp − jXCp − jXCf1) İp + jXCf1İin − jXM2İf2

0 = −jXM2İp + (jXLf2 − jXCf2 +Req) İf2

U̇S = Reqİf2
UL = π

√
2

4 US

(3)
where US is the RMS value and⎧⎪⎪⎨
⎪⎪⎩

XLf1 = ωLf1 XCf1 = 1/ωCf1 XLp = ωLP

XCp = 1/ωCP

XLf2 = ωLLf2 XCf2 = 1/ωCCf2 XM2 = ωM2

Req = 8RL

(
π2

)−1
.

(4)

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

Ip =
2
√
2

π

Udc

ωLf1
sin

δ

2
(5)

UL =
M2Udc

Lf1
sin

δ

2
(6)

where IP is the RMS value of İP .
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 M2 is eliminated because the Q-coil on the
receiving side overlaps with the DD-coil on the transmitting side.
Therefore, M2 becomes 0 due to the decoupling phenomenon of
Q-coil and DD-coil [8].

Similarly, the following equations can be derived by using
KVL:⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

U̇in = (jXLf1 − jXCf1) İin + jXCf1İp

0 = (jXLp − jXCp − jXCf1) İp + jXCf1İin − jXM1İs

0 = −jXM1İp+(jXLs−jXCs−jXCf2) İs+jXCf2İf2

0 = (jXLf2 − jXCf2 +Req) İf2 + jXCf2İs

IL = 2
√
2

π If2
(7)

where If2 is the RMS value of İf2 and

XM1 = ωM1, XLs = ωLS , XCs = 1/ωCS . (8)

Then, substituting (1), (2), and (8) into (7), (9), and (10)
can be obtained, where Iin, IS, and If2 are the RMS values of
İin, İS , and İf2, respectively⎧⎨

⎩
Iin = 2

√
2

π
M2

1UdcReq

ω2L2
f1L

2
f2

sin δ
2

IS = 2
√
2

π
M1UdcReq

ω2Lf1L2
f2

sin δ
2

(9)

IL =
8

π2

M1Udc

ωLf1Lf2
sin

δ

2
=

2
√
2

π
If2. (10)

As can be seen from (10), it is obvious that the output current
IL is irrelevant to the load, and the value of IL is determined by
δ, Udc, ω, Lf1, Lf2, and M1.

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 δ is first
fixed as δ0 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 UL, 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 UL is
reduced to an error index α for the well-aligned condition (α
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 δ0. The primary
controller picks up the information of IL by using wireless

Fig. 7. Diagram showing the system control strategy.

Fig. 8. Picture of the presented experimental setup.

communication. The error between the feedback voltage IL and
the reference ILref is sent to the proportional–integral controller,
and then, the processed result is delivered to the PSM controller
for conduction angle δ 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 G01-SPIPX Si24R1 from
Ashining Technology. The MOSFET S1 and S2 used in this article
are H1M065F020 from Hestia Power.

The design flowchart of the system parameters is shown in
Fig. 9. Since the dc voltage source Udc, the operating frequency
f, the primary current IP, the load RL and the desired UL and
IL are given, If2 can be determined by (10), and then the wire
sizes of LP and Lf2 can be selected accordingly. Lf1 can be
determined by (5), and according to the desired output voltage
UL, M2 can be further determined by (6). The turns Np and Nf2

are changed to realize the desired M2. Then, according to the
desired output current IL, M1 can be determined by (10). Iin
and IS can be determined by (9), and then the wire sizes of Lf1

and LS can be selected accordingly. The turns NS is changed to
realize the desired M1. Next, based on (1), the corresponding
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Fig. 9. Design flowchart of system parameters.

TABLE I
SYSTEM PARAMETERS

Fig. 10. Relationship between UL 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 Np, Nf2, and NS are 6,
4, and 6, respectively. The diameters of Lf1 and LP are 3.4 mm,
while the diameters of Lf2 and LS are 6.5 mm.

A. Self-Alignment Based on the Magnetic Coupling Structure

Fig. 10 illustrates the relationship between the x-misalignment
and the output voltage UL in the self-alignment stage. It can be
seen that UL 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

Fig. 11. Measured alignment accuracy of the proposed method.

conditions (y = 0, 5, and 8 cm), UL constantly tends to 0 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 α 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 UL 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 iin of the inverter lags slightly behind the output
voltage uin of the inverter, indicating that the impedance of the
inverter is inductive. The small phase angle of iin lagging uin
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, usw and isw(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 usw is around 70 V, and there is almost no current
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Fig. 12. Dynamic response from the LCC-S topology to the LCC–LCC topol-
ogy.

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 isw is around 24 A, and the peak voltage of usw is
approximately 1 V. The voltage and current stresses of MOSFET

S1 and S2 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 Ω.
The voltage UL varies from 48 to 36 V. The current IL 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 Ω. The current IL is then controlled to
30 A. The voltage UL 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 0 to 8 cm. The mutual induc-
tance is accordingly changed from 8 to 6.6 μH. Current IL and
voltage UL 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

Fig. 14. Dynamic response when the load varies from 1.6 to 1.2 Ω and back
to 1.6 Ω again.

Fig. 15. Dynamic response of the interference rejection process (y varies from
0 to 8 cm and back to 0 cm again).

to 8 μH. Current IL and voltage UL 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 ILref changes.
As shown in Fig. 7, the current can be regulated by adjusting
reference ILref by the primary-side controller to realize variable
output current values. Fig. 16 depicts that the reference current
ILref is set from 30 to 24 A and back to 30 A again, and the output
current IL 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 RL = 1.6 Ω.
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]

Fig. 16. Dynamic response when ILref changes from 30 to 24 A and back to
30 A again.

Fig. 17. Experimental efficiencies with different x misalignments.

Fig. 18. Measured power loss distribution.

V. DISCUSSION

A. Advantages of the Proposed Self-Alignment Method

A comparison between this article and articles presented in
[4], [5], [6], [7], [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]

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

[22], [23], AND [24]

to other studies, the main contributions are different. Table III
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.
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