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Abstract: Dynamic wireless power transfer (DWPT) systems with segmented transmitters suffer
from output pulsations during the moving process. Although numerous coil structures have been
developed to mitigate this fluctuation, the parameter design process is complicated and restricted by
specific working conditions (e.g., air gaps). To solve these problems, a novel reverse-bent modular
transmitter structure is proposed for DWPT in industrial automatic application scenarios such as
linear transport systems. Considering the heterogeneous current density distribution in the adjacent
region between two coils which causes a drop in magnetic field, the proposed coil structure attempts
to eliminate the effects of the adjacent region by bending the terminal parts of each coil reversely to the
ferrite layer for shielding. Compared to traditional planar couplers, this structure array can generate
a uniform magnetic field over various air gaps. A 100 W laboratory prototype was built to verify the
feasibility of the proposed system. The experimental results show that the proposed system achieved
a constant output voltage, and the output pulsation was within ±2.3% in the dynamic powering
process. The average efficiency was about 88.29%, with a 200 mm transfer distance. When the air gap
varied from 20 mm to 30 mm, the system could still retain constant voltage output characteristics.

Keywords: dynamic wireless power transfer; coil structure; linear transport systems

1. Introduction

Dynamic wireless power transfer (DWPT) technology has been widely applied in
various scenarios. Compared to traditional stationary wireless power transfer technology
applied for consumer electronics, electric vehicles, and medical implants [1–5], dynamic
wireless power transfer systems can provide real-time power to moving loads such as
roadway vehicle charging [6] and automated material handling devices in factories [7,8].

Generally, DWPT systems are suitable for applications such as electric vehicles and
automatic guided vehicles for charging, which have been extensively studied. Further,
they are also a promising technology for improving mobility in emerging mechatronic
applications [9] such as magnetically levitated transport systems. As a replacement of
conventional conveyors, magnetically driven transport systems are deployed to transport
items to machines to carry out production tasks [10,11]. For magnetically driven transport
systems, every mover is driven by an electromagnetic force and can be controlled indepen-
dently to streamline the production flow without heavy batteries or cables. Furthermore,
the mover can also be extended to serve as a mobile processing station with sensors pow-
ered by WPT technology with the benefit of no recharging, higher utilization efficiency,
and a lower cost. Movers with DWPT make it possible to process and check the quality of
products on the mover while the process is running, as shown in Figure 1. Nevertheless, for
such DWPT systems, a low output voltage fluctuation must be guaranteed. In addition, the
modular design should also be taken into consideration to adapt to various transportation
line requirements by flexible assembly.
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Several studies have been carried out to design magnetic couplers for DWPT systems.
Based on the structure of the transmitter, the DWPT system can be divided into two
categories. One is to make use of a single long Tx coil for power transmission [13–16].
However, during the working process, such a system exhibits high coupling leakage and
thus suffers from significant coil loss and poor efficiency [7]. Furthermore, the magnetic
field emission from Tx coils could incur higher system sensitivity to nearby metallic objects,
causing more interference with other electronic devices.

Accordingly, the short-individual transmitter type has been proposed for DWPT
systems. Compared to the long-track type, the whole Tx coils are composed of arrays of
short Tx coils which are the same size as that in the stationary WPT system [17–27]. Multiple
short Tx coils are arranged in an array along the conveyor track. Since the transmitters can
be excited or turned off according to the receiver position, the short-individual transmitter
type has the advantage of high coil efficiency and a lower magnetic field emission. However,
such a segmented arrangement inevitably causes voltage pulsations while the receiver is
moving. The mutual inductance drops in the region between the transmitters, and the
output voltage fluctuates when the receiver moves to the segmented region. For example,
in [17], the circular coil pad is applied for power transfer. The output power reduces to
nearly zero in the segmented region.

For battery-less DWPT applications, the output voltage pulse due to the change in the
mutual inductance harms the electronic devices (overvoltage or undervoltage). Therefore,
the output voltage must be stable. To smooth the variation in the output voltage, a variety of
methods have been proposed. The first is to optimize the structure of the receivers. In [19],
a three-phase DWPT system is proposed to gain a constant voltage with a fluctuation
of about 1.17%. The length of the receiver coil is three times longer than the transmitter
coil to maintain a stable output voltage. In [20], a two-phase rectifier with two Rx coils
is adopted, but the Rx coils must be placed away from each other to avoid coupling.
Further, in [21], a triple-coil receiver with a triple-diode rectifier structure is proposed with
a fluctuation of only about 3.49%. The above analysis indicates that receivers are usually
enlarged for output stability. However, the size of the receiver is restricted by the moving
bases. For magnetically levitated movers, a small size is usually required to satisfy flexible
motion profiles.

Secondly, transmitters can also be optimized. In [22,23], the transmitters are placed
closely to strengthen the magnetic field between two transmitters. However, the power
pulsation still exists. Further, in [24], the rectangular transmitters are arranged one by
one, in which the self-couplings between Tx coils should be taken into consideration. The
output power pulsation can be within ±2.9% of the average power by properly designing
the coil structure. The literature in [25] proposes a new coupler with unipolar and bipolar
coils laid alternatively to eliminate cross-couplings. The output fluctuations are within
±2%. However, the optimization of the transmitters requires a time-consuming simulation
process by Maxwell. And, the size of the receiver is severely restricted by the transmitters.
In [26], magnetic integration is implemented to smooth the coupling variation. The ad-
ditional coupling coils make the design process more complicated. In [27], an enhanced
I-shaped transmitter is adopted. The output voltage variation is only ±1.03%, with an
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efficiency ranging from 87.22% to 87.98%. However, the design process is based on a set of
specific parameters, such as the air gap and size of the coils. In other words, most of these
design structures just focus on one specific working condition. If the air gap or the receiver
size changes, the coil parameters need to be redesigned.

Existing research on DWPT output power pulsation for magnetically levitated movers
is insufficient. On the one hand, FEM analysis is often required to search for a specific
optimal solution for the coil structure, which takes a large amount of computational time.
And, the designed DWPT system can only be applied for a specific working condition,
such as a fixed transfer distance and fixed receiver size. On the other hand, the size of
the receiver should be limited for magnetically levitated mover applications. Thus, one
of the main challenges is to design a transmitter coil structure with a smooth magnetic
field in all directions naturally. Meanwhile, the design procedure should be simple and
efficient. Consequently, based on the commonly used rectangular coils, a novel short-
individual transmitter coil structure is proposed in this article, providing a low-cost and
low-fluctuation solution for the DWPT system.

In this article, a coil structure arrangement mode with terminal parts reversely bent is
proposed for a short-individual transmitter type DWPT system. With the magnetic field
confinement of the ferrite layer, the bent parts have few effects on power transfer region.
Then, by placing the coils closely, the transmitter array can be considered a segmented
long-track-type transmitter. Compared to traditional planar coils, the proposed transmitter
structure can generate a uniform magnetic field at different transmission gaps, which
means that the system adapts to various working conditions and receiver sizes rather
than a specific operating scenario with fixed air gaps. Compared to previous research, the
proposed coil structure design procedure is very simple, without any iterative optimization
by simulation. And, the magnetic field flatness along the track can be guaranteed at various
gaps. The coil arrangement is suitable for linear transport systems such as magnetically
levitated moving bases, in which the receiver size is limited. At the same time, magnetic
field suppression methods are discussed. With the designed coil structure, the output
voltage pulsation is within ±2.3% of the average voltage.

2. Proposed Coil Structure for DWPT

This article adopts short-individual transmitters for DWPT. In this section, the structure
and magnetic flux distribution of the proposed transmitters are provided. Finite-element
analysis (FEA) simulations are performed with Maxwell for verification.

2.1. Structure Design

Figures 2 and 3 show the Z-direction magnetic field distribution and mutual induc-
tance of traditional planar coils. Obviously, the magnetic flux density maintains almost
constant among each coil but decreases sharply along the terminal parts. Since the terminal
parts share two currents flowing in opposite directions, they will decrease the magnetic
flux density of the corresponding region framed by the red box.
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Figure 3. Mutual inductance for traditional planar coils.

To deal with the problem, this article proposes a new coil structure, as shown in
Figure 4. Compared to traditional segmented rectangular Tx coils, the proposed transmit-
ters can be regarded as a unipolar rectangular structure with two terminal sides bent to the
back of ferrite plates, and the magnetic field generated by the bent parts of the transmitter
is concentrated in the ferrite region. The layout of the whole magnetic couplers is shown in
Figure 5. The parameters are defined in Table 1. The receiver coil is a unipolar structure,
labeled S1. Four unipolar transmitters labeled LP1 to LP4 are arranged closely to couple with
the receiver. Thus, the segmented transmitters can perform as long-track-type transmitters
with stable coupling characteristics.
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Table 1. Parameters describing coil structure.

Symbol Explanation Symbol Explanation

lp Transmitter length ls Receiver length
wp Transmitter width ws Receiver width
hc Coil thickness hf Ferrite thickness
hm Air gap distance lm Receiver position
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Further, the magnetic field distribution of the transmitters is simulated as an example,
as shown in Figure 6a. The magnetic field of the corresponding long-track-type transmitter
with the same size is also simulated in Figure 6b. Obviously, the magnetic field distribution
between the two transmitters is similar. Therefore, the proposed segmented transmitters
can be considered a long-track-type transmitter for power transfer while avoiding extra
magnetic flux emissions by controlling the transmitters to be turned on or off.
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2.2. Transmitter Design

Here, Litz wire with diameter of 2.5 mm is used to build the coil. Ferrite plates are
also applied with the transmitters and receivers to strengthen the magnetic coupling while
avoiding magnetic saturation. Since the size of the receiver is restricted for application, it
can be wrapped with two layers to increase the self-inductance. Figure 5 also shows that
the length of the transmitter is larger than the width. By extending the length, only one
or two transmitters are switched to couple with the receiver, and the total cost of the Litz
wire is lower. However, the overall efficiency may decrease. Due to the space limitation,
the transmitter width wp is set to 100 mm, and each coil has twelve turns. The length of
the transmitter can be varied. γ is defined as lp/wp. Obviously, when the ratio is set to
be large, the overall efficiency may decrease. Here, the ratio is set to be more than 3. The
FEA-simulated results of the coupling coefficient between the transmitters are shown in
Figure 7. The four transmitters are excited by currents of the same direction and amplitude.
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As shown in Figure 7, the coupling coefficient between the adjacent transmitters is
k12, and the other symbols indicate the coupling coefficients with nonadjacent coils. All the
transmitters are placed closely without overlap or interspace. Therefore, the signs of the
coupling coefficients are all positive. Figure 6 shows that the coupling coefficient decreases
with the parameter lp. It indicates that, when the length of transmitter increases, the
cross-coupling effect becomes weak. With a further increasing length, the cross-coupling is
eliminated. The couplings between the nonadjacent transmitters are much smaller than the
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adjacent ones. When the transmitter ratio is 2, it turns out that k13 = 0.016 and k14 = 0.002,
which means that the coupling with nonadjacent coils can be neglected. However, the
transmitter cannot be fully decoupled from adjacent coils. Furthermore, in this system, since
the bent parts transfer little power to the receiver, the total effective region of the transmitter
for the power transfer may decrease, and if γ increases, the loss will be reduced. Another
significant aspect to consider is the mutual inductance variation when the transmitter
length varies. The simulated mutual inductance fluctuation of the proposed transmitters
has been obtained, as indicated in Figure 8. It is observed that the fluctuations are quite
low when the transmitter ratio ranges from 1 to 3. The overall fluctuation is within 1.5%,
which is always acceptable in this application. Nonetheless, more materials are required to
cover the same total length when the ratio decreases.
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For practical applications, the overall efficiency of the transmitters should be taken into
consideration. Therefore, the segmented coil length lP cannot be too large. According to be
above analysis, the transmitter ratio is set to 2. This placement could effectively make use
of the coil length and keep a relatively high efficiency while decreasing the cross-coupling
between the coils, and the mutual inductance fluctuation is around ±0.6%.

2.3. Dynamic Performance

According to the above-mentioned conclusions, the parameters of the proposed struc-
ture are shown in Table 2. In this article, the DWPT system is designed for magnetically
levitated movers; thus, the planar square receiver/ferrite length ls and width ws are de-
signed to be identical at 80 mm. The turns are set as 20, with two layers for increasing the
self-inductance. As for the transmitters, the length lp is 200 mm, and the width is 100 mm.
The number of turns is 12. Both the receiver and transmitters are manufactured by Litz
wire, with diameters of 2.5 mm. Considering the space limitation, the air gap between the
transmitters and receiver ranges from 20 mm to 30 mm. The thickness of the ferrites for the
transmitters and receiver are all set to 5 mm to avoid magnetic saturation.

Table 2. Dimensions of transmitters and receiver.

Parameter Value Parameter Value

lp 200 mm ls 80 mm
wp 100 mm ws 80 mm
hc 2.5 mm hf 5 mm
hm 20–30 mm

Utilizing the Maxwell simulation, the corresponding mutual inductance of the receiver
with different transmitters is depicted in Figure 9. When the receiver moves along the
transmitters, each transmitter coil can transfer power through the magnetic coupling. The
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sum of the transferred power is the total power. To minimize the variation in the output
power in the dynamic process, the total mutual inductance variation should be minimal.
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When the air gap is 20 mm, the resulting mutual inductance between the transmitters
and receiver is shown in Figure 9a. The dashed lines represent the variation in the mutual
inductance with each transmitter, identified as M1, M2, M3, and M4. The total mutual
inductance could then be defined as follows:

M = M1 + M2 + M3 + M4

The total mutual inductance M is shown as a solid red line. It can be observed from
Figure 9a that the mutual inductance variation is quite small in the middle section of the
transmission array. The fluctuation rate is within ±0.25% in the middle section when
lm ∈ [200 mm, 400 mm], while in the interval when lm ∈ [0 mm, 600 mm], it is within
±0.6%. Compared to the structure in the literature [26,27], the proposed DWPT structure
has a lower variation along the transmission array. Furthermore, when the air gap is 25 mm
and 30 mm, the corresponding results are shown in Figure 9b,c. The variation in the mutual
inductance when hm equals 25 mm is about ±0.26% in the middle section, while it is ±0.85%
in the interval when lm ∈ [0 mm, 600 mm]. When hm increases to 30 mm, the fluctuation is
within ±0.25% in the middle section, and the fluctuation increases to about ±0.9% in the
interval when lm ∈ [0 mm, 600 mm]. Obviously, the variation along the transmitter array is
maintained at around ±0.25% in the middle section regardless of the air gap distance.

2.4. Magnetic Field Suppression Method

Normally, for DWPT systems, the metal objects around the magnetic field may be
heated due to the eddy current effect. For the proposed transmitter structure applied in
linear transport systems, the magnetic flux under the transmitter may heat the track. The
temperature rise may cause damage to the electric elements or make the control systems
under the transmitters break down. Therefore, suppressing the magnetic field under the
transmitter can help the linear transport system operate safely and efficiently.

The magnetic coupler design is a crucial method to achieve magnetic field suppression.
Obviously, the reversely bent part of the coils contributes most of the magnetic flux under
the transmitters. The magnetic field distribution when lm equals 400 mm is depicted in
Figure 10. As shown in Figure 10a, the magnetic induction intensity under the transmitter
is relatively small compared to the power transfer region. To further achieve magnetic
field suppression, the bent part is wrapped to be two layers with six turns per layer. The
corresponding magnetic field distribution is shown in Figure 10b. Normally, the exposure
limit of magnetic fields for the general public is 27 µT. It is observable that the distance
decreases from 65 mm to 49 mm. Further, by adding another ferrite layer under transmitters,
the magnetic field under the transmitters can be concentrated to ease the effects of the eddy
current for linear transport systems, as shown in Figure 10c. Since the bent parts can be
considered another layer of coils, the structure of the Tx coil can be composed of one coil
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layer, one ferrite layer, one coil layer. The top coil layer contributes magnetic flux to the
power transfer region, while the bent coil layer may contribute magnetic flux to the track
region. Therefore, another ferrite layer could be applied to form a coil–ferrite–coil–ferrite
structure to ease the magnetic flux extended to track region.
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3. LCC-S Compensation Circuit Design

Typically, LCC compensation topology is preferred in transmitters as it can perform as
a current source to reduce the fluctuation in the transmitter [24]. In the proposed DWPT
system, LCC-S topology is adopted to perform as a constant voltage source. Since the
receiver is small, only two transmitters may work together to transfer power when the
receiver moves.

The configuration of the system is illustrated in Figure 11. The system is powered
by the dc voltage source Vdc, which is converted to the high-frequency ac voltage Vin by
a full-bridge inverter. There are N sets of LCC-compensated transmitters with parallel
connections on the primary side to transfer power. Lfi, Cfi, and Ci are the inductance and
capacitance that constitute the primary LCC tank, and Lpi represents the self-inductance
of the transmitter. Ls is the self-inductance of the receiver, which is compensated by the
capacitor Cs. Mpsi refers to the mutual inductance between Lpi and Ls, and Mij is the
cross-coupling between the transmitters. RL is the load resistance. Since the LCC network
behaves as a low-pass filter, the fundamental harmonious approximation (FHA) method is
adopted to analyze the system. The simplified circuit is shown in Figure 12.
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The parasitic resistances of the passive components are neglected for simplification.
The parameters of the primary side are designed to be

C f i = 1/
(

ω2L f i

)
, i = 1, 2 . . . , N (1)

According to the primary voltage loop, we can obtain
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VAB = jωL f i I f i +
1

jωC f i
(I f i − Ii), i = 1, 2 . . . , N (2)

Given the parallel resonance of Cfi and Lfi, considering (1) and (2), the current Ii can
be deduced as

Ii =
VAB

jωL f i
, i = 1, 2 . . . , N (3)

In order to simplify the analysis, the compensated inductance and corresponding
capacitors are designed to be the same, and the parameters satisfy

L f 1 = L f 2 = . . . = L f N = L f
C f 1 = C f 2 = . . . = C f N = C f

L1 = L2 = . . . = LN = LP

(4)

Considering (3) and (4), it is found that the transmitter current keeps the same for each
transmitter, which can be expressed as IP.

Then, according to Kirchhoff’s voltage law, the system can be described as
VAB = jωL f i I f i + (

1
jωCi

+ jωLi)Ii + jωMi Is + VMi

N
∑

i=1
jωMi Ii = (jωLs +

1
jωCs

+ RL)IS

, i = 1, 2 . . . , N (5)

The parameter relationship is expressed as

Cs = 1/(ω2Ls) (6)

On the primary side, since the transmitters couple with each other, the coupled voltage
with the other transmitters can be expressed as

VMi =
N

∑
q=1,q ̸=i

jωMiq IP, i = 1, 2 . . . , N (7)

By substituting (3), (6), and (7) into (5), the current can then be solved as

I f i =
VAB
jωL f

(1 − LP
L f

+
1

ω2L f Ci
−

N

∑
q=1,q ̸=i

Miq

L f
+ j

ωMi
RL

N

∑
i=1

Mi) (8)

It can be found from (8) that the input impedance is influenced by the cross-couplings
between the transmitters. Therefore, to eliminate the reactive part of the impedance, the
value of capacitor Ci can satisfy

1 − LP
L f

+
1

ω2L f Ci
−

N

∑
q=1,q ̸=i

Miq

L f
= 0 (9)

By solving (9), Ci is given by

Ci =
1

ω2(LP − L f +
N
∑

q=1,q ̸=i
Miq)

, i = 1, 2 . . . , N (10)

By substituting (10) to (5), the output voltage is calculated as

Vab = ISRL =
VAB
L f

N

∑
i=1

Mi (11)
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From the above analysis, it is shown that the output voltage is composed of multiple
LCC-S systems. The receiver only picks up energy from the transmitters that are coupled
with the receiver. According to the dynamic performance in Section 2, at most two LCC-S
systems are turned on for transferring power when the receiver is in the adjacent region
in this article. By a parallel connection on the primary side, the stability of the output
voltage is not affected, which is related to the overall mutual inductance. In addition, the
high-frequency current in the uncoupled transmitters may result in extra power losses.
Therefore, the uncoupled transmitters should be turned off. As for the control strategy for
the segmented DWPT system [28], it is beyond the scope of this research paper.
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4. Experiment Setup and Validation
4.1. Prototype Setup

A 100 W prototype was constructed to verify the feasibility of the proposed DWPT
system as shown in Figure 13, including a DC/AC inverter on the transmitting side with
the MOSFET IMW65R048M1, resonant circuits, coupling coils, AC/DC rectifier with the
diode 45R05SL, and load resistance. All the detailed parameters of the system are listed
in Table 3. The input voltage of the system ranged from 60 V to 100 V, and the desired
output voltage was 24 V. The resistance of the coils was tested by an LCR meter. The power
analyzer HIOKI 3390 measures system efficiency and analyses power loss.
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All the transmitters were identical and connected in parallel with a single full-bridge
inverter which operated at a frequency of 140 kHz. The main coils were made from
350-strand AWG 38 Litz wire, and the ferrite material was PC40 from TDK.
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Table 3. System specification and parameter values.

Parameter Value Parameter Value

Vdc 60–100 V Vout 24 V
f s 140 kHz RL 5 Ω
Lf1 20 µH Cf1 64.6 nF
Lf2 20 µH Cf2 64.6 nF
Lp1 59.84 µH C1 36.8 nF
Lp2 60.04 µH C2 36.8 nF
kp1p2 −0.08 LS 36 µH
ktotal 0.1–0.18 Cs 36 nF

4.2. Experimental Results

The experimental voltage and current waveforms from when the receiver was fully
aligned with the center of one transmitter, namely, the secondary transmitter LP2, with a
20 mm air gap, are shown in Figure 14. The input voltage was 65 V, and the load resistance
was set to 5 Ω. Figure 14a shows the inverter output voltage and current waveforms.
Figure 14b illustrates the inverter outputs when the air gap changed to 25 mm and 30 mm.
The input voltage was set to 82 V and 100 V, respectively. Obviously, it can be seen that
the output voltage VAB and current IAB were almost in phase, which means the inverter
achieved a soft-switching condition. Therefore, the power loss of the inverter could be low.
In addition, the rectifier input voltage Vab and current Is were in phase as well.
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Figure 14. Experimental waveforms when RL = 5 Ω. (a) Outputs of the inverter and rectifier when
hm = 20 mm. (b) Outputs of the inverter when hm = 25 (left) and 30 mm (right).

Figure 15 shows the waveforms of the inverter when the receiver moved along the
transmitter. It can be seen that when the lm changed from 300 mm to 500 mm, the phase and
amplitude of the inverter output voltage and current remained stable. The ZVS condition
could be realized along the track.

The output voltage and efficiency from when the receiver moved along the transmitters
are shown in Figure 16. Without the loss of generality, the receiver displacement lm ranged
from 200 mm to 400 mm. The air gap was set to 20 mm, 25 mm, and 30 mm, respectively.
It is observed that the output voltage remained at 24 V with a variation of around ±2.3%
over the operating region with different gap conditions. When the air gap was 20 mm, the
output voltage fluctuated from 23.45V to 24.45 V. The overall efficiency ranged from 88% to
89%. The output voltage ranged from 23.5 V to 24.53 V when the air gap was 25 mm, and
the efficiency was about 84.5%. When the air gap was 30 mm, the output voltage ranged
from 23.5 V to 24.55 V, and the efficiency decreased to about 82.5%. This behavior is similar
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to the mutual inductance in Figure 8. The power loss in each component can be estimated,
as shown in Figure 17. The parasitic resistances of the coils were measured as follows:
rLp1 = 0.33 Ω; rLp2 = 0.34 Ω; rLs = 0.13 Ω.

Sensors 2024, 24, x FOR PEER REVIEW 12 of 16 
 

 

 
(a) 

(b) 

Figure 14. Experimental waveforms when RL = 5 Ω. (a) Outputs of the inverter and rectifier when 
hm = 20 mm. (b) Outputs of the inverter when hm = 25 (left) and 30 mm (right). 

Figure 15 shows the waveforms of the inverter when the receiver moved along the 
transmitter. It can be seen that when the lm changed from 300 mm to 500 mm, the phase 
and amplitude of the inverter output voltage and current remained stable. The ZVS con-
dition could be realized along the track. 

 
(a) 

 
(b) 

Figure 15. Experimental waveforms when RL = 5 Ω. (a) Outputs of the inverter when lm = 300 (left) 
and 350 mm (right) and (b) when lm = 400 (left) and 500 mm (right). 

The output voltage and efficiency from when the receiver moved along the transmit-
ters are shown in Figure 16. Without the loss of generality, the receiver displacement lm 
ranged from 200 mm to 400 mm. The air gap was set to 20 mm, 25 mm, and 30 mm, re-
spectively. It is observed that the output voltage remained at 24 V with a variation of 
around ±2.3% over the operating region with different gap conditions. When the air gap 
was 20 mm, the output voltage fluctuated from 23.45V to 24.45 V. The overall efficiency 
ranged from 88% to 89%. The output voltage ranged from 23.5 V to 24.53 V when the air 
gap was 25 mm, and the efficiency was about 84.5%. When the air gap was 30 mm, the 
output voltage ranged from 23.5 V to 24.55 V, and the efficiency decreased to about 82.5%. 
This behavior is similar to the mutual inductance in Figure 8. The power loss in each 

Figure 15. Experimental waveforms when RL = 5 Ω. (a) Outputs of the inverter when lm = 300 (left)
and 350 mm (right) and (b) when lm = 400 (left) and 500 mm (right).

Sensors 2024, 24, x FOR PEER REVIEW 13 of 16 
 

 

component can be estimated, as shown in Figure 17. The parasitic resistances of the coils 
were measured as follows: 𝑟௅௣ଵ = 0.33 Ω; 𝑟௅௣ଶ = 0.34 Ω; 𝑟௅௦ = 0.13 Ω. 

 
(a) 

 
(b) 

 
(c) 

Figure 16. Curves of the output voltage and efficiency measured at different positions. (a) When hm 
= 20 mm. (b) When hm = 25 mm. (c) When hm = 30 mm. 

 
Figure 17. The power losses of the system when hm = 20 mm. 

4.3. Comparison with Previous Works 
The comparison between this paper and previous works is given in Table 4 and con-

cluded in Figure 18. The simplicity index indicates the restrictions for the coil structure. 
For example, the proposed coil structure has few restrictions in the parameter design for 

Figure 16. Curves of the output voltage and efficiency measured at different positions. (a) When
hm = 20 mm. (b) When hm = 25 mm. (c) When hm = 30 mm.



Sensors 2024, 24, 7171 13 of 15

Sensors 2024, 24, x FOR PEER REVIEW 13 of 16 
 

 

component can be estimated, as shown in Figure 17. The parasitic resistances of the coils 
were measured as follows: 𝑟௅௣ଵ = 0.33 Ω; 𝑟௅௣ଶ = 0.34 Ω; 𝑟௅௦ = 0.13 Ω. 

 
(a) 

 
(b) 

 
(c) 

Figure 16. Curves of the output voltage and efficiency measured at different positions. (a) When hm 
= 20 mm. (b) When hm = 25 mm. (c) When hm = 30 mm. 

 
Figure 17. The power losses of the system when hm = 20 mm. 

4.3. Comparison with Previous Works 
The comparison between this paper and previous works is given in Table 4 and con-

cluded in Figure 18. The simplicity index indicates the restrictions for the coil structure. 
For example, the proposed coil structure has few restrictions in the parameter design for 

Figure 17. The power losses of the system when hm = 20 mm.

4.3. Comparison with Previous Works

The comparison between this paper and previous works is given in Table 4 and
concluded in Figure 18. The simplicity index indicates the restrictions for the coil structure.
For example, the proposed coil structure has few restrictions in the parameter design
for achieving a stable mutual inductance. As for [25], the receiver size is strictly limited
by the transmitter size and air gap. A stable mutual inductance cannot be guaranteed
once the receiver size changes. Therefore, FEM simulation is often required for iteration
optimization to find a specific set of parameters. The optimization process is complicated
and time-consuming. The adaptability index means the ability of the system to adapt to
different application scenarios or various charging requirements, such as for devices of
different sizes or different air gaps. For this paper, the proposed transmitter structure can
generate uniform magnetic fields regardless of the receiver size and gap distance, which
is an outstanding advantage compared to other works. As for the other literature shown
in Table 4, the receiver size is strictly limited by the transmitter size and air gap. A stable
mutual inductance cannot be guaranteed once the air gap changes. The index compactness
implies the arrangement of the coils and ferrites. The proposed transmitters are arranged
closely for a larger coupling coefficient. And, the structure can be considered as normal
Q coils. Correspondingly, in [27], more ferrites are required for I-shaped coils placed far
apart. In [21], the transmitters are also placed far away from each other, which decreases
the potential power density. The last two indexes are output stability and efficiency. The
output fluctuation of the proposed system is ±2.3%, with an 88.5% efficiency. Obviously,
the proposed structure has excellent performance in design freedom and adaptability
compared to others. And, the output stability remains a high level, with a relatively
high efficiency.

Table 4. Comparisons of different methods.

References Coupler Structure Air Gap Restrictions for Coupler
Design Output Stability Efficiency

This article Tx: reversely bent
Q coil; Rx: Q coil 20–30 mm no specific restrictions 24 V ± 2.3% 88.5%

[21] Tx: Q coils; Rx:
triple Q coils 50 mm matched Tx and Rx

parameter design 1000 W ± 3.49% 93.07%

[24] Tx: Q coils; Rx: Q
coil 150 mm matched Tx and Rx

parameter design 1400 W ± 2.9% 89.78%

[25] Tx: DD + Q coils;
Rx: DDQ coil 100 mm matched Tx and Rx

parameter design 96 V ± 2% 90.374%

[27] Tx: I-shaped coils;
Rx: Q coil 25 mm matched Tx and Rx

parameter design 1100 W ± 1.18% 87.98%



Sensors 2024, 24, 7171 14 of 15

Sensors 2024, 24, x FOR PEER REVIEW 14 of 16 
 

 

achieving a stable mutual inductance. As for [25], the receiver size is strictly limited by the 
transmitter size and air gap. A stable mutual inductance cannot be guaranteed once the 
receiver size changes. Therefore, FEM simulation is often required for iteration optimiza-
tion to find a specific set of parameters. The optimization process is complicated and time-
consuming. The adaptability index means the ability of the system to adapt to different 
application scenarios or various charging requirements, such as for devices of different 
sizes or different air gaps. For this paper, the proposed transmitter structure can generate 
uniform magnetic fields regardless of the receiver size and gap distance, which is an out-
standing advantage compared to other works. As for the other literature shown in Table 
4, the receiver size is strictly limited by the transmitter size and air gap. A stable mutual 
inductance cannot be guaranteed once the air gap changes. The index compactness im-
plies the arrangement of the coils and ferrites. The proposed transmitters are arranged 
closely for a larger coupling coefficient. And, the structure can be considered as normal Q 
coils. Correspondingly, in [27], more ferrites are required for I-shaped coils placed far 
apart. In [21], the transmitters are also placed far away from each other, which decreases 
the potential power density. The last two indexes are output stability and efficiency. The 
output fluctuation of the proposed system is ±2.3%, with an 88.5% efficiency. Obviously, 
the proposed structure has excellent performance in design freedom and adaptability 
compared to others. And, the output stability remains a high level, with a relatively high 
efficiency. 

Table 4. Comparisons of different methods. 

References Coupler Structure Air Gap 
Restrictions for 
Coupler Design 

Output 
Stability 

Efficiency 

This article 
Tx: reversely bent Q 

coil; Rx: Q coil 
20–30 mm 

no specific 
restrictions 

24 V ± 2.3% 88.5% 

[21] 
Tx: Q coils; Rx: triple Q 

coils 
50 mm 

matched Tx and Rx 
parameter design 

1000 W ± 3.49% 93.07% 

[24] Tx: Q coils; Rx: Q coil 150 mm 
matched Tx and Rx 
parameter design 

1400 W ± 2.9% 89.78% 

[25] 
Tx: DD + Q coils; Rx: 

DDQ coil 
100 mm 

matched Tx and Rx 
parameter design 

96 V ± 2% 90.374% 

[27] 
Tx: I-shaped coils; Rx: Q 

coil 
25 mm 

matched Tx and Rx 
parameter design 

1100 W ± 1.18% 87.98% 

 Figure 18. Comparison of various methods in [21,24,25,27].

5. Conclusions

This paper has proposed a DWPT system to reduce power pulsations in the dynamic
power transfer process for linear transport systems, which is suitable for magnetically
levitated movers with a limited size. A new coil structure with terminal parts reversely
bent has been proposed to construct the transmitter array. The design procedure of the coil
is quite simple, without any iterative optimization by simulation which is time consuming.
Further, the proposed coil structure maintains a stable mutual inductance with a ripple
of no more than ±2.3% for various transfer distances. These performance characteristics
were confirmed by a simulation and experiments. Thus, the proposed system can be
conveniently assembled to create an open or closed travel path for power transfer. And,
the transfer distance can be adjusted according to various working requirements. A 100 W
prototype was constructed for verification. The efficiency from the dc source to the dc load
reached 89%.

The proposed coil structure can be applied to various fields, such as electric vehicles,
mining transport vehicles, and monorail cranes.

Author Contributions: Conceptualization, J.L. and C.Z.; methodology and investigation, J.L. and
C.Z.; software, J.M.; validation, J.L. and J.J.; writing—original draft preparation, J.L.; supervision, X.Z.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was approved by the Institutional Review Board
of Shanghai Jiao Tong University.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data can be accessed from this manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Cannon, B.L.; Hoburg, J.F.; Stancil, D.D.; Goldstein, S.C. Magnetic resonant coupling as a potential means for wireless power

transfer to multiple small receivers. IEEE Trans. Power Electron. 2009, 24, 1819–1825. [CrossRef]
2. Hui, S.Y.R.; Zhong, W.; Lee, C.K. A critical review of recent progress in mid-range wireless power transfer. IEEE Trans. Power

Electron. 2014, 29, 4500–4511. [CrossRef]
3. Li, J.; Zhu, Z.; Xie, J.; Lu, F. Design and Implementation of High-Misalignment Tolerance WPT System for Underwater Vehicles

Based on a Variable Inductor. IEEE Trans. Power Electron. 2023, 38, 11726–11737. [CrossRef]
4. Madawala, U.K.; Thrimawithana, D.J. A bidirectional inductive power interface for electric vehicles in V2G systems. IEEE Trans.

Ind. Electron. 2011, 58, 4789–4796. [CrossRef]
5. Covic, G.A.; Boys, J.T. Modern trends in inductive power transfer for transportation applications. IEEE J. Emerg. Sel. Top. Power

Electron. 2013, 1, 28–41. [CrossRef]

https://doi.org/10.1109/TPEL.2009.2017195
https://doi.org/10.1109/TPEL.2013.2249670
https://doi.org/10.1109/TPEL.2023.3267104
https://doi.org/10.1109/TIE.2011.2114312
https://doi.org/10.1109/JESTPE.2013.2264473


Sensors 2024, 24, 7171 15 of 15

6. Mi, C.C.; Buja, G.; Choi, S.Y.; Rim, C.T. Modern advances in wireless power transfer systems for roadway powered electric
vehicles. IEEE Trans. Ind. Electron. 2016, 63, 6533–6545. [CrossRef]

7. Smeets, J.P.C.; Overboom, T.T.; Jansen, J.J.; Lomonova, E.A. Comparison of position-independent contactless energy transfer
systems. IEEE Trans. Power Electron. 2013, 28, 391–399. [CrossRef]

8. Pacini, A.; Costanzo, A.; Aldhaher, S.; Mitcheson, P.T. Load and position-independent moving MHz WPT system based on
GaN-distributed current sources. IEEE Trans. Microw. Theory Tech. 2017, 65, 5367–5376. [CrossRef]

9. Rakluea, C.; Worapishet, A.; Chaimool, S.; Zhao, Y. True nulls-free magnetoinductive waveguides using alternate coupling
polarities for batteryless dynamic wireless power transfer applications. IEEE Trans. Power Electron. 2022, 37, 8835–8854. [CrossRef]

10. Jansen, J.W.; van Lierop, C.M.M.; Lomonova, E.A.; Vandenput, A.J.A. Magnetically levitated planar actuator with moving
magnets. IEEE Trans. Ind. Appl. 2008, 44, 1108–1115. [CrossRef]

11. Appunn, R.; Riemer, B.; Hameyer, K. Combination of a contactless power supply with an electromagnetic guiding for a vertical
transportation system. Proc. Int. Symp. Linear Drives Ind. Appl. 2013, 23, 190–196. [CrossRef]

12. Available online: https://www.zongweitech.com/zh-CN (accessed on 10 October 2024).
13. Wu, H.H.; Covic, G.A.; Boys, J.T.; Robertson, D.T. A series-tuned inductive-power-transfer pickup with a controllable ac-voltage

output. IEEE Trans. Power Electron. 2011, 26, 98–109. [CrossRef]
14. Shin, J.; Shin, S.; Kim, Y.; Ahn, S.; Lee, S.; Jung, G.; Jeon, S.; Cho, D. Design and implementation of shaped magnetic-resonance-

based wireless power transfer system for roadway-powered moving electric vehicle. IEEE Trans. Ind. Electron. 2014, 61, 1179–1192.
[CrossRef]

15. Prasanth, V.; Bauer, P. Distributed IPT systems for dynamic powering misalignment analysis. IEEE Trans. Ind. Electron. 2014, 61,
6013–6021. [CrossRef]

16. Choi, S.Y.; Gu, B.W.; Jeong, S.Y.; Rim, C.T. Advances in wireless power transfer systems for roadway-powered electric vehicles.
IEEE J. Emerg. Sel. Top. Power Electron. 2015, 3, 18–36. [CrossRef]

17. Miller, J.M. Demonstrating dynamic wireless charging of an electric vehicle: The benefit of electrochemical capacitor smoothing.
IEEE Power Electron. Mag. 2014, 1, 12–24. [CrossRef]

18. Zhao, F.; Jiang, J.; Cui, S.; Zhou, X.; Zhu, C.; Chan, C.C. Research on bipolar nonsalient pole transmitter for high-power EV
dynamic wireless power transfer system. IEEE Trans. Power Electron. 2022, 37, 2404–2412.

19. Li, H.; Liu, Y.; Zhou, K.; He, Z.; Li, W.; Mai, R. Uniform power IPT system with three-phase transmitter and bipolar receiver for
dynamic charging. IEEE Trans. Power Electron. 2019, 34, 2013–2017. [CrossRef]

20. Liu, S.; Li, Y.; Wu, Y.; He, Z. An output power fluctuation suppression method of DWPT systems based on dual-receiver coils and
voltage doubler rectifier. IEEE Trans. Ind. Electron. 2023, 70, 10167–10179. [CrossRef]

21. Zhou, H.; Shen, Z.; Wu, Y.; Zhang, Y. A stable dynamic electric vehicle wireless charging system based on triple decoupling
receiving coils and a novel triple-diode rectifier. IEEE Trans. Ind. Electron. 2024, 71, 12011–12018.

22. Onar, O.C.; Miller, J.M.; Campbell, S.; Coomer, C.; White, C.; Seiber, L. A novel wireless power transfer for in-motion EV/PHEV
charging. In Proceedings of the 2013 Twenty-Eighth Annual IEEE Applied Power Electronics Conference and Exposition (APEC),
Long Beach, CA, USA, 17–21 March 2013; pp. 3073–3080.

23. Miller, J.M.; Jones, P.T.; Li, J.; Onar, O.C. ORNL experience and challenges facing dynamic wireless power charging of EV’s. IEEE
Circuits Syst. Mag. 2015, 15, 40–53. [CrossRef]

24. Lu, F.; Zhang, H.; Hofmann, H.; Mi, C.C. A dynamic charging system with reduced output power pulsation for electric vehicles.
IEEE Trans. Ind. Electron. 2016, 63, 6580–6590. [CrossRef]

25. Li, Y.; Lin, Y.; Chen, F.; Mai, R. A new coil structure and its optimization design with constant output voltage and constant output
current for electric vehicle dynamic wireless charging. IEEE Trans. Ind. Inform. 2019, 15, 5244–5256. [CrossRef]

26. Shi, K.; Tang, C.; Long, H.; Lv, X.; Wang, Z.; Li, X. Power fluctuation suppression method for EV dynamic wireless charging
system based on integrated magnetic coupler. IEEE Trans. Power Electron. 2022, 37, 1118–1131. [CrossRef]

27. Zhu, C.; He, X.; Yang, H.; Luo, Y.; He, Z. A magnetic field concentration enchanced I-shaped transmitter for DWPT system to
achieve low power fluctuation. IEEE Trans. Power Electron. 2024, 39, 1690–1700. [CrossRef]

28. Zaheer, A.; Neath, M.; Beh, H.Z.; Covic, G.A. A dynamic EV charging system for slow moving traffic applications. IEEE Trans.
Power Electron. 2017, 3, 354–369. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1109/TIE.2016.2574993
https://doi.org/10.1109/TPEL.2012.2205404
https://doi.org/10.1109/TMTT.2017.2768031
https://doi.org/10.1109/TPEL.2022.3145579
https://doi.org/10.1109/TIA.2008.926065
https://doi.org/10.1016/j.mechatronics.2012.11.001
https://www.zongweitech.com/zh-CN
https://doi.org/10.1109/TPEL.2010.2052069
https://doi.org/10.1109/TIE.2013.2258294
https://doi.org/10.1109/TIE.2014.2311380
https://doi.org/10.1109/JESTPE.2014.2343674
https://doi.org/10.1109/MPEL.2014.2300978
https://doi.org/10.1109/TPEL.2018.2864781
https://doi.org/10.1109/TIE.2022.3217592
https://doi.org/10.1109/MCAS.2015.2419012
https://doi.org/10.1109/TIE.2016.2563380
https://doi.org/10.1109/TII.2019.2896358
https://doi.org/10.1109/TPEL.2021.3097504
https://doi.org/10.1109/TPEL.2023.3308722
https://doi.org/10.1109/TTE.2016.2628796

	Introduction 
	Proposed Coil Structure for DWPT 
	Structure Design 
	Transmitter Design 
	Dynamic Performance 
	Magnetic Field Suppression Method 

	LCC-S Compensation Circuit Design 
	Experiment Setup and Validation 
	Prototype Setup 
	Experimental Results 
	Comparison with Previous Works 

	Conclusions 
	References

