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ABSTRACT Traditional power supply methods for rotating mechanisms are found to face problems,
including complex structures, limited functionality, and potential safety hazards. To address these problems,
a rotary wireless power transfer system with new rail-type coupling structure (RTR-WPT) is proposed in
this paper. This system, characterized by safety, reliability, and flexible installation, is designed to provide
power to devices mounted on rotating shafts. Firstly, the topological structure of the RTR-WPT system is
introduced, and the corresponding circuit model is established. Secondly, MAXWELL is utilized for finite
element analysis to design and optimize the rail-type rotary coupler. Finally, an experimental platform for
the RTR-WPT system is built and tested. From the experimental results, it is validated that the new rail-type
coupler and the designmethodology are feasible, and the system can achieve a power transmission of 10.33W
with an overall efficiency of 72.1% under rotating conditions.

INDEX TERMS Rotating mechanism, rail-type coupling structure, wireless power transfer, finite element
analysis.

I. INTRODUCTION
This Currently, rotary electrical equipment is widely used in
the industrial field. The primary methods for powering rotat-
ing components include conductive slip ring power supply,
battery power supply, and rotary transformer power sup-
ply, among others [1], [2], [3]. The sliding contact method
between brush and collector ring is adopted by the slip ring
power supply. Although its technology is relatively mature
and widely used, it still faces problems such as sliding wear,
localized overheating, and contact sparking, resulting in poor
reliability [4], [5], [6]. Battery power supply is simple in
principle, but it is constrained by its finite electrical energy
and safety concerns. The application of rotary transformers
has greatly improved the overall reliability and service life
of equipment. However, their low-frequency characteristics
necessitate a small working air gap, typically only 1 millime-
ter or less, limiting their application in situations involving
large vibrations and impacts [7], [8].
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Wireless power transfer (WPT) technology, which enables
non-contact electrical energy transmission through resonant
coupling coils, overcomes many shortcomings of traditional
contact-based power supply methods. It has the advantages
of flexibility, safety, reliability, and strong environmental
adaptability [9], [10], [11]. In recent years, WPT has played
a significant role in various fields such as robotics, drones,
electric vehicles, and medical equipment [12], [13], [14],
[15], [16]. It also provides a new direction for the power
supply of rotating electrical equipment and attracts more and
more attention. In order to accommodate different scenar-
ios, various types of rotary wireless power transfer(R-WPT)
schemes have been proposed by researchers [17], [18], [19],
[20]. Reference [17] proposed a R-WPT system for solar
wing driving of the spacecraft. It is characterized by high
efficiency, wear-free, safe, and reliable operation. However,
the development of this system is limited by its large size
and low integration. Reference [18] introduced an inductive
wireless power transfer system for real-timemonitoring of the
ship rotating shafts. The coupling structure is implemented
by using multiple decentralized transmitting and receiving
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coils, achieving a power capacity of 1.75W and an efficiency
of 75%. However, the stability, integration, and transmission
power of this system need to be improved. Reference [19]
proposed a R-WPT system based on a mixed flux cou-
pler and dual-path parallel compensation. The two outputs
are connected to the axial coupler and the radial coupler
respectively. The system can achieve accurate speed mon-
itoring and stable wireless power transmission. However,
the installation of this full-ring coil structure is not con-
venient. Reference [20] presented a R-WPT system based
on U-shaped core coupling mechanism with a primary coil.
The system can obtain 1.72 w output power with 51.19%
transfer efficiency. In summary, the current R-WPT schemes
face problems such as inconvenient installation structures,
vulnerability to positional offsets, and limited application
scenarios. The research on the analysis and design of R-WPT
systems still needs to be further improved.

Considering the challenges faced in current research, this
paper proposes a rotary wireless power transfer system
with a novel rail-type coupling structure (RTR-WPT). The
rail-type coupling structure enables quick and convenient
installation and disassembly. It effectively reduces compo-
nent interference, thereby ensuring stability and reliability
in power transmission for rotating equipment. Additionally,
the compact size of this structure allows for its utilization
even in confined spaces. The remainder of this paper is
structured as follows. In Section II, the overall structure and
working principles of the RTR-WPT system are analyzed.
In Section III, the system topology is introduced and the
equivalent circuit model based on the S-S compensation net-
work is presented. In Section IV, a rail-type rotary coupling
structure is proposed, along with the provision of the cor-
responding parameters design methodology. In Section V,
an experimental prototype of the RTR-WPT system is con-
structed and tested, verifying its feasibility. In Section VI, the
conclusion is presented and the future direction for experi-
mentation is proposed.

II. SYSTEM STRUCTURE AND PRINCIPLE
The proposed RTR-WPT system belongs to the magnetic
coupling resonance wireless power transfer system. There
are primarily three components, the transmitting side circuit,
the energy transfer circuit, and the receiving-side circuit.
The core component is the rail-type rotary coupler which
is composed of transmitting coils, receiving coils, shell, and
ferrite. The 3-D schematic diagram of RTR-WPT is shown
in Fig. 1. The DC power supply, high-frequency inverter, and
primary compensation circuit are connected to the transmit-
ting coils. The secondary compensation circuit and rectifier
are connected to the receiving coils on the rotating shaft.

The operating principle is as follows. A resonant cavity
is formed by inductors and capacitors. When the DC power
supply is converted into AC excitation at the resonant cavity’s
natural frequency through the inverter circuit and applied
to the transmitting coils, the resonant cavity occurs strong
magnetic coupling resonance. Energy can be transferred most

FIGURE 1. 3-D schematic diagram of RTR-WPT.

efficiently and effectively between different circuits. After
the magnetic field energy is coupled to the receiving coils,
it generates alternating current, which is then converted into
direct current through rectifier circuit to enable power supply
to the equipment on the rotating shaft.

III. SYSTEM TOPOLOGY AND CIRCUIT MODEL
The system topological structure is shown in Fig. 2, mainly
including half-bridge inverter circuit, S-S compensation net-
work, coupler, and rectifier circuit. The system in this paper
is classified as low-power with a high operating frequency.
Therefore, the inverter circuit employs a half-bridge config-
uration. This configuration offers advantages such as low
switching losses at high frequencies, simple driving circuit,
and strong resistance to bias magnetism. WPT system has
four basic compensation methods, series-series (S-S), series-
parallel (S-P), parallel-series (P-S), and parallel-parallel
(P-P). The P-S and P-P compensation topologies are less
commonly used due to their complexity, lower output power,
and greater fluctuations. The S-P compensation topology
is more suitable for systems under heavy-load conditions.
The S-S compensation topology features a simple structure
and ease of achieving load independence, and the output
power and transmission efficiency of the system are easy
to control. Additionally, it is more suitable for practical
applications [21], [22], [23], [24]. Thus, this paper opts for
the S-S compensation network. IDC and UDC are the input
current and the voltage of the DC power supply, respectively,
Iout and Uout are the output current and voltage, respectively,
LT and LR represent the self-inductance of the transmitting

FIGURE 2. RTR-WPT system topology.

63968 VOLUME 12, 2024



K. Xia et al.: Rotary Wireless Power Transfer System With Rail-Type Coupling Structure

and receiving coils, respectively. CT and CR represent the
compensation capacitance on the transmitting and receiving
sides, respectively. The rectifier circuit employs a commonly
used bridge configuration. CW is the output filtering capaci-
tor, and RL is the load.
The equivalent circuit model of the WPT system based on

the S-S compensation topology is shown in Fig. 3, where R1
and R2 are the parasitic resistances of the primary circuit and
secondary circuit, respectively, Re is the equivalent AC load,
M is themutual inductance between the transmitting coils and
receiving coils. U̇P is the phasor of the primary input voltage,
U̇S is the secondary output voltage. İP and İS are the primary
current phasor and secondary current phasor, respectively.

FIGURE 3. Equivalent circuit model based on the S-S compensation
topology.

For both the primary circuit and the secondary circuit,
according to Kirchhoff’s voltage law, the following equation
can be obtained:

(
R1 + jωLT +

1
jωCT

)
İP − jωMİS = U̇P(

R2 + Re + jωLR +
1

jωCR

)
İS − jωMİP = 0

(1)

When jwLT+1/jwCT = 0, jwLR+1/jwCR = 0, the following
equation can be obtained:

İP =
U̇P(R2 + Re)

R1(R2 + Re) + ω2M2

İS =
jωMU̇P

R1(R2 + Re) + ω2M2

U̇S =
jωMU̇PRe

R1(R2 + Re) + ω2M2

(2)

The transmission efficiency η and transmission power Pout
of the RTR-WPT system based on the S-S compensation
topology can be obtained as follows:

Pout =
ω2M2ReU2

P(
R1 (R2 + Re) + ω2M2

)2
η =

Pout
U̇PİP

=
ω2M2Re

R1 (R2 + Re)2 + (R2 + Re) ω2M2

(3)

From the above formulas, it can be seen that for the WPT
system with S-S compensation network, the values of Pout
and η are related to the mutual inductance coefficient M ,
equivalent AC load Re, and resonant frequency f. Since
mutual inductance is correlated with the number of coil turns,
the distance between transmitting coils and receiving coils,
further analysis can reveal that the values of Pout and η are

also related to the turns and distance. Furthermore, the rota-
tional speed does not directly affect the output of the rotating
wireless power supply system, as crucial parameters such
as induced electromotive force and mutual inductance do
not rely on the rotational speed. These parameters primarily
depend on the shape, size, relative position of the coils, and
the rate of change of the current, rather than the rotational
speed. In practical applications, high rotational speeds may
result in increased mechanical stress and vibration, indirectly
impacting the stability and efficiency of the system.

IV. DESIGN OF RAIL-TYPE ROTARY COUPLER
The rail-type rotary coupler proposed in this paper is com-
posed of two planar square coils, the transmitting coils fixed
on one side and the receiving coils wrapped around the outer
surface of an axis, installed coaxially. The magnetic flux
direction distributes along the rotor radius, and the schematic
diagram of rail-type rotary coupler is shown in Fig. 4. The use
of the rail-type coupling coils winding method can improve
the reliability of the system in a rotating state and facilitate
installation and disassembly. Taking into consideration the
frequency ranges applicable to the Qi and PMA standards,
as well as the hardware platform used, this paper selects
100kHz as the resonance frequencies.

FIGURE 4. Schematic diagram of rail-type coupler. (a) 0◦. (b) 180◦.

The coils of the system coupler adopt planar coils due to
their small size and better coupling effect. Commonly used
planar coils are generally divided into circular and square
types. With the aid of Maxwell software, a simulation anal-
ysis on both planar circular and square coils with the same
maximum outer diameter and number of coil turns is con-
ducted in this paper. The resulting magnetic field distribution
of these two types of coils are shown in Fig. 5. Through com-
parison, it can be observed that the magnetic field inside the
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FIGURE 5. Magnetic field distribution diagram of different planar coils.
(a) Circular coils. (b) Square coils.

planar square coils is stronger, resulting in a larger effective
area for energy transmission.

The test on the resistance to static offset of circular and
square coils was conducted. The coupling coefficient varia-
tion curves of the two models when they deviate from the
center of the circle by a certain distance are shown in Fig. 6.
It can be seen that the coupling coefficient of the square

FIGURE 6. Comparison of the resistance to static offset.

coils is larger and the variation is slightly smoother. Taking
into account the fitting method at both ends of the coils, the
winding method of the square coils is chosen in this paper.

The coupling degree of the coupling coils has a great
influence on the transmission efficiency of the system, so its
parameters design is very important [25], [26], [27], [28].
According to the analysis in the third section, the mutual
inductance is correlated with turns and the distance. In addi-
tion, it should be noted that both the relative position of
the transmitting and receiving coils, as well as the coupling
degree of the rail-type coupler, change with variations in
the rotation angle θ of the rotor. Hence, the rotation angle
θ should also be considered during the optimization design
process.

Next, the coupler is optimized through the finite element
method to achieve optimal coupling performance. After the
external circuit is constructed, the MAXWELL simulation
model of the rail-type rotary coupler is imported. When the
rotation angle θ is set to 0◦, the relationship between mutual
inductance, efficiency, and the number of coil turns can be
obtained. As shown in Fig. 7, the mutual inductance and the
coupling efficiency first increase and then decrease with an
increase in the number of turns. The growth rate of efficiency
becomes very slow after 10 turns. Thus, the number of turns
for both the transmitting coils and the receiving coils is
chosen to be 10.

FIGURE 7. Mutual inductance and coupling coefficient with turns
changing.

When the rotation angle θ is set to 0◦, the relationship
between mutual inductance, efficiency, and the distance sep-
arating the transmitting and receiving coils can be obtained.
As shown in Fig. 8, the mutual inductance decreases with
an increase in coils distance, and the coupling efficiency
decreases rapidly after 40mm with an increase in distance.
Therefore, in this paper, a distance of 2 cm is chosen between
the transmitting coils and the receiving coils, which can pre-
vent collisions caused by shaft vibrations and enhance system
stability.

Finally, the fluctuation of IDC, Uout and Iout of the RF-
R-WPT system with rotation angle changing are obtained,
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FIGURE 8. Mutual inductance and coupling coefficient with distance
changing.

FIGURE 9. IDC , Uout , Iout with rotation angle changing.

respectively, as shown in Fig.9. Furthermore, the mutual
inductance, efficiency of the rail-type coupler with the rota-
tion angle changing are shown in Fig. 10. It can be observed
that when the rotor completes one full rotation (with θ rang-
ing from 0◦ to 360◦), the mutual inductance of the coupler
experiences a certain decreasewithin the range of 90◦ to 270◦,
reaching aminimum value at 180◦, and themutual inductance
changes once in one rotation cycle.

FIGURE 10. Mutual inductance and coupling coefficient with rotation
angle changing.

Taking into comprehensive consideration, the final coils
simulation parameters of the rail-type rotary coupler in this
paper are shown in Table 1. The arcuate coupling coils, when
flattened, takes the shape of a rectangle with straight side

TABLE 1. Parameters of coils.

lengths of l1 and l2, and straight side widths of w1 and w2.
d1 and d2 are the turn spacings of the transmitting coils and
receiving coils, respectively. r1 and r2 are the Litz wire diame-
ters of the transmitting coils and receiving coils, respectively.
R1 and R2 are the circular radii of the cylinders formed by
the transmitting coils and receiving coils, respectively.N1 and
N2 are the turns of the transmitting coils and receiving coils,
respectively.

To reduce the skin effect and proximity effect of the coil,
the coil is made of the Litz wire in this paper. The copper
core of the Litz wire used consists of 600 copper wires with
a circular cross-section. Notably, the Litz wire is character-
ized by its excellent heat resistance, capable of withstanding
temperatures up to 155◦C. In addition, to enhance the mutual
inductance and coupling coefficient of the coupling coils and
reduce magnetic leakage, Mn-Zn ferrites (PC40) are incorpo-
rated for magnetic shielding on the coils in this system. The
iron core is evenly distributed along the circumference of the
coils, significantly reducing both its consumption andweight.

V. EXPERIMENT AND ANALYSIS
To validate the theory proposed in this paper, an experimental
platform for RTR-WPT system is constructed, as shown in
Fig. 11. The relevant experiment parameters are given in
Table 2, and the rotational coupler is designed according to
the preceding simulation results in Section IV.

The system is powered by a DC power supply with a
24V input voltage. A 100 kHz PWM control signal is pro-
vided by the STM32 microcontroller. The system employs
an S-S compensation network, and metal polypropylene film
capacitors (CBB) are used as compensation capacitors. The
half-bridge inverter circuit is mainly composed of two MOS-
FETs (C2M0080120) and an IR2104s driver chip. The full
bridge rectifier is mainly composed of four diodes (DSEI30-
06A), and the system is loaded with a 15� resistance.

The experimental testing is conducted on the RTR-WPT
system platform under static conditions, in which the rotor
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TABLE 2. Experiment parameters.

FIGURE 11. RTR-WPT system experimental platform. (a) Rotating
experimental. (b) Radial flux coupler.

does not rotate. When the rotation angle θ are 0◦ and 180◦,
respectively, the experimental waveforms of UP, IP, US, IS,
IDC, Iout, Uout are obtained, as shown in Fig. 12. It can
be observed that the transmitting and receiving sides have
consistent frequencies, and the voltage and current phases of
the primary and secondary are the same. Thus, the system has
achieved a unified resonant state.

Through experiments, system efficiency testing and loss
analysis can be conducted. At θ = 0◦, the transmission
efficiency is about 73%. The DC input power is 12.72W, the
primary side input power is 12W, the secondary side output
power is 10.856W, and the DC output power is 9.28W. As a
result, the inverter sustains a loss of 0.72W, the magnetically
coupled resonance section loss is 1.144W, and the rectifier
bridge incurs a loss of 1.576W. Within the magnetically
coupled resonance part loss, the primary components are coil

FIGURE 12. Experimental waveforms at different angles. (a) 0◦. (b) 180◦.

loss, magnetic core loss, and resonant capacitor loss. Based
on the equivalent resistance of the coil and capacitor, the
coil loss can be determined to be 0.58W and the capacitor
loss to be 0.15W. Consequently, it can be calculated that
the magnetic core sustains a loss of 0.41W. At θ = 180◦,
the transmission efficiency is about 71.7%. The DC input
power is 16W, the primary side input power is 15.068W, the
secondary side output power is 13.458W, and the DC output
power is 11.44W. Therefore, the inverter sustains a loss of
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0.93W, the magnetically coupled resonance section loss is
1.61W, and the rectifier bridge experiences a loss of 2.018W.
Similarly, it can be deduced that the coil loss is 0.78W, the
capacitor loss is 0.25W, and the magnetic core loss is 0.58W.
From the calculation results, the proportion of rectifier loss
is the largest. Among the losses of the magnetic coupler, coil
loss accounts for the largest proportion, and the resonance
capacitor loss accounts for the lowest proportion.

In addition, the fluctuation patterns of output power, effi-
ciency, IDC, Uout, and Iout of the RF-R-WPT system with
varying rotation angles are obtained through measurements,
as shown in Fig. 13 and Fig. 14. It can be seen that the mea-
surement results are consistent with the previous simulations.

FIGURE 13. IDC , Uout , Iout with rotation angle changing.

FIGURE 14. Output- power and coefficient with rotation angle changing.

The above experiments on transmission characteristics are
performed under static conditions, to obtain the dynamic
performance of the RTR-WPT system proposed in this paper,
a rotation experiment is conducted. When the rotation rate
are 150 r/min and 300 r/min, respectively, the experimental
waveforms of IDC, Iout,Uout are obtained, as shown in Fig. 15.
It can be observed that the variation trends of IDC, Uout, Iout
under rotating conditions are consistent with the simulation
results. The output power and efficiency are not influenced by
rotate speed at this level, which is consistent with the previous
analysis. Under the conditions of a 24V DC input voltage and
maintaining a constant rotational speed, the average output
power of the RTR-WPT system is about 10.33W, the average
transmission efficiency is about 72.1%.

In summary, the input and output characteristics of the
RTR-WPT system collected in the above experiment are in

FIGURE 15. Experimental waveforms at different speeds. (a) 150r/min.
(b) 300r/min.

accord with the previous analysis and meet the expected
effects, thus validating the proposed theory and scheme.

The designed system is compared with the recent R-WPT
systems in this paper, and the results are shown in Table 3.
In comparison to [17] and [18], although our system has
certain limitations in terms of efficiency and power level,
it boasts a longer transmission distance and employs a
coupling structure with distinct advantages. This structure
does not require the high assembly precision demanded by
cylindrical coupling methods, thus preventing potential com-
ponent interference caused by improper installation. As a
result, it enhances the system’s reliability and makes it
more suitable for high-speed applications. Additionally, the
installation and disassembly processes are greatly facilitated.
Furthermore, the coupling coil adopts a planar coil design,
which compared to solenoidal coils, offers simpler wind-
ing, smaller size, lighter weight, and lower production costs,
making it ideal for large-scale production and application.
Compared to the decentralized parallel coils adopted in [19],
the coupling coil proposed demonstrates higher stability
under rotating conditions in this paper. Compared to [20], the
proposed system exhibits better transmission performance.
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TABLE 3. Comparison of different R-WPT systems.

In summary, the described system exhibits good performance
characterized by stable output, safety and reliability, high
installation flexibility, and relatively long transmission dis-
tance in this paper.

VI. CONCLUSION
To address the current problems in rotary wireless power
supply systems, a new RTR-WPT system is proposed in
this paper. The working principle, compensation topology,
and circuit model of the system are analyzed in this article.
A rail-type rotary coupler is designed, and corresponding
parameters design methods are provided. By optimizing the
magnetic core structure, energy losses of the system are
reduced. An experimental platform for the RTR-WPT system
is constructed and tested. The experimental results align well
with the simulation results, verifying the feasibility of the
proposed design in this paper. Based on the results, it can
be concluded that the new rail-type coupler is reliable and
easy to install, and its coupling degree varies periodicallywith
the rotation angle. The RTR-WPT system realizes a stable
power output of 10.33W with a transmission efficiency of
approximately 72.1% at the constant rotational speed, and the
power and efficiency are not affected by rotation rate. The
future work will focus on further improving system stability,
integration, and transmission efficiency.
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