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ABSTRACT This article provides a comprehensive overview of on-board wireless motors based on WPT
system. Based on the mathematical models of common wireless motors, the coupling strength of on-board
wireless motors is divided, and their characteristics and advantages are comprehensively summarized and
classified. In order to provide power to the three-phase wireless motors, the rotary transformer is used to
replace the common coupling coil in the WPT system. This paper conducts electromagnetic model on the
rotary transformer, as well as a comprehensive summary of structures and materials of the rotary transformer.
The resonant compensation topology of WPT system is crucial. Comparing the transmission characteristics
and advantages and disadvantages of various compensation topologies is beneficial for selecting appropriate
compensation topologies in different application scenarios. For the control strategy of WPT system, this
paper mainly focuses on the issues of output power and transmission efficiency. Finally, the research
difficulties and directions of on-board wireless motors are proposed, such as electromagnetic interference
and resonance, and this technology is extended to other fields, including wireless charging, robotics, etc.

INDEX TERMS Wireless power transfer (WPT), wireless motor, couplers, compensation topologies, control
strategies, electromagnetic interference (EMI), resonance, wireless charging.

I. INTRODUCTION
Petroleum is one of the most crucial energy resources
globally, extensively utilized in transportation, industrial
production, and chemical manufacturing. However, vehi-
cles emit significant amounts of greenhouse gases, such
as carbon dioxide, during operation, thereby exacerbating
global warming and climate change [1]. In response to this
pressing environmental concern, new energy vehicles have
emerged [2], including electric vehicles, hybrid vehicles,
and hydrogen fuel electric vehicles [3]. The central com-
ponent of these new energy vehicles is the onboard motor.
Presently, the most prevalent onboard motors in the market
include permanent magnet synchronous motors (PMSMs)
[4], [5], electrically excited synchronous motors (EESMs),
switched reluctance motors (SRMs) [6], [7], axial-flux
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motors [8], [9]. Among these motors, PMSMs dominate the
automotive market due to wide speed range, high torque
density, high power density, and low maintenance cost [10],
[11]. PMSMs generate magnetic fields internally through
permanent magnets [12], and the magnetic field of PMSMs
remains fixed, which makes it difficult to adjust the strength
and position of the magnetic field. SRMs are known for their
high starting torque, lack of permanent magnets, and inde-
pendence of phases, which contribute to their high efficiency.
However, the inherently doubly salient structure of SRMs
leads to highly nonlinear magnetic and torque characteris-
tics, which poses challenges for their control strategies [13],
[14]. EESMs generate magnetic fields via external excitation
currents, and the motor allows for speed regulation through
adjustment of the excitation current [15], [16].

For new energy vehicles, the battery serves as the driv-
ing power source for the on-board motor. The progress of
on-board motor and drive technology should be combined
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with advanced technologies. In recent years, wireless power
transmission (WPT), lightweight design, and compact sys-
tem integration design have emerged, all of which aim to
minimum the volume and weight of system. For on-board
motors, using a WPT system for power supply can save
some coils and inverters, reduce the size and weight, thereby
improving the operational quality. The concept of wireless
motors originated from the University of Tokyo [32], where
the research team proposed a wireless motor used for wheel
motors in electric vehicles.

Through WPT system, the electrical energy in the battery
is transmitted to the on-board motor, which in turn drives the
operation of the motor and vehicle (as shown in Figure 1).
WPT system has developed many years and is widely used in
electric vehicle charging [33], [34], biomedical medical [35],
[36], radio-frequency [37], [38] and other fields. Table 1
lists the on-board wireless motors and provides a detailed
description of their characteristics and advantages. According
to the different coupled degrees and motor characteristics,
wireless motors can be divided into three types: weakly-
coupled wireless motors, mid-coupled wireless motors, and
strongly-coupled wireless motors.

1) Weakly coupled wireless motor: The receiving side of
the WPT system requires a rectifier and inverter. These com-
ponents are necessary to convert the high-frequency energy
received from the transmitter to low-frequency energy suit-
able for the motor. Additionally, in order to control the
operation of the wireless motor, the control signal needs
to be transmitted to the receiving side through additional
communication circuits.

2) Mid-coupled wireless motor: some power electronic
components can be eliminated from the receiver side. How-
ever, certain rectifiers and inverters are still retained. The
control signal can be mixed within the power flow and
transmitted to the receiving side, enabling control of the
wireless motor. In certain well-designed motors, the receiv-
ing side may not require any control signals and operates
autonomously based on the power flow.

3) Strongly-coupled wireless motor: No need for a conver-
sion circuit inside the receiver side. Instead, the transmitter
controls the energy amplitude and frequency according to
the motor’s requirements. This allows for precise control
and efficient power transfer. In some well-designed motors,
a portion of the stator coil can also serve as a receiving coil,
further optimizing the efficiency of the wireless motor.

In order to apply theWPT system to themotor, the ordinary
coupling coil of the WPT system can no longer meet the
requirements. Therefore, the rotary transformer is used to
replace the coupling coil to achieve power supply for the
three-phase motor. This article presents an electromagnetic
modeling of the rotary transformer and provides a compre-
hensive study and summary of its structure and materials.
This will help researchers explore simpler and better trans-
mission performance rotary transformers based on previous
research. In addition, the resonant compensation topologies
directly affect the transmission performance ofWPT systems,

and different topology structures have different transmis-
sion effects and advantages and disadvantages. Therefore,
a comprehensive induction and summary of the resonant
compensation topology and control strategy of the WPT sys-
tem have also been conducted. Finally, in view of the fact that
on-board wireless motors are in their early stages, there are
numerous research difficulties and directions. Therefore, this
article also puts forward opinions on this and summarizes the
applications of motors in other fields.

The remaining parts of the paper are as follows: Section II
design mathematical models for common wireless motors.
Section III evaluates and summarizes the advanced research
on the shape, material, and other aspects of the rotary trans-
former for on-board motors; Section IV summarizes and
evaluates the resonant compensation topologies of the WPT
system; Section V summarizes the control strategies of the
WPT system, which includes stabilizing transmission power
and improving transmission efficiency. Section VI analyzes
some drawbacks and research directions of the on-board
motors, and extends this technology to other application
scenarios.

II. MATHEMATICAL MODELS OF WIRELESS MOTORS
BASED ON WPT SYSTEM
When theWPT system is applied to different types of motors,
its mathematical model is related to the operational quality of
the motor. This section conducts mathematical model analy-
sis on common PMSM, IM, EESM and SRM.

A. PMSM BASED ON WPT SYSTEM
Electromagnetic torque of PMSM can be obtained as:

T =
3P
4

(
λ
r
dsi

r
qs − λ

r
qsi

r
ds

)
(1)

The voltages for three-phase stators are expressed as:
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/
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where Vas, Vbs, and Vcs are voltages of stator phase; Vm are
peak voltage of stator; ω are synchronous speed.

Converting the stator voltages in abc axis to the dq axes:
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Equation (4) describe the stator current in the syn-
chronously rotating reference axes:

ieqs =

∫ V e
qs
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− ωe

λaf
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−
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(5)
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TABLE 1. Wireless motors based on wireless power transfer.
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FIGURE 1. Structure diagram of wireless motor based on WPT.

where ieds and i
e
qs represent the current at d axis and q axis;

V e
ds and V

e
qs represent the voltage at d axis and q axis.

The electromagnetic torque produced by the motor can be
obtained as:

T =
3P
4

(
λaf ieqs +

(
Ld − Lq

)
ieqsi

e
ds

)
(6)

The relationship between the load torque and electromag-
netic torque are:

Te = TL + Bωm + J
dωm

dt
(7)

where P is the number of pole pairs; Te is electromagnetic
torque; TL is Load torque; B is damping coefficient; J is
moment of inertia; ωm is rotor speed.

According to equation (), ωm can be obtained as:

ωm =
1
J

∫
Te − TL − Bωm (8)

In addition, ωm can bu used to describe the rotor angle θm.
Rotor electrical speed ωe can be obtained as:

ωe =
P
2

ωm (9)

B. IM BASED ON WPT SYSTEM
The rotating direct-quadrature axes transformed model of
3-phase IM can be described as:

i̇sd = bp�8rq + ba8rd − γ isd + ωsisq + m1usd
i̇sq = −bp�8rd + ba8rq − γ isq − ωsisd + m1usq
8̇rd = (ωs − p�) 8rq − a8rd + aMsr isd
8̇rq = − (ωs − p�) 8rd − a8rq + aMsr isq
�̇ = −c� + m

(
8rd isq − 8rqisd

)
− Tl

/
J

(10)

where isd , isq represent the stator current of d-axis and q-axis,
8rd , 8rq represent the stator flux of d-axis and q-axis, Tl
represents load torque � is angular speed, ωs is stator fre-
quency and p is the number of pole-pair. γ can be described
as follows: 

γ =
L2r Rs +MsrRr

µLsL2r

µ = 1 −
M2
sr

LsLr

(11)

where Rs and Rr are the resistances of stator and rotor, Ls and
Lr are the inductances of stator and rotor, J is the inertia of
motor andMsr is mutual inductance between rotor and stator.
m, m1, a, b, c can be expressed as:

m = pMsr
/
(JLr )

m1 = 1
/
(µLs)

a = Rr
/
Lr

b = Msr
/
(µLsLr )

c = fv
/
J

(12)

where fv is coefficient of viscous damping.
The IM load current can be described as:

IL = isdusd + isqusq (13)

usd , usq are defined as follows based on input switch:{
usd = Voutud
usq = Voutuq

(14)

where Vout is output voltage of WPT system, ud and uq are
switching points of 3-phase inverter dq axis.
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C. EESM BASED ON WPT SYSTEM
The current vector diagram of EESM is shown in Fig. 4.
The dq-axis is transformed from stator current in ABC rotat-
ing coordinate, which rotates at synchronous speed. The
phase variation of id , iq as short-lived out-of-step period
would be simplified considering the relatively minor impact.
In dq-axis, according to the Clark transform and Park trans-
form, themutual inductanceMfd ,Mfq, andMdf of system load
can be obtained as:{

Mfd = 1.5MfA = 1.5Mdf

Mfq = 0
(15)

where MfA is the maximum mutual inductance of A phase
and excitation winding, which is equal to the value of B or
C phase.

When EESM is in a stable state, WPT input variation state,
and stator current variation state, the load excitation winding
of the motor can be equivalent to a, b, and c as shown in
Figure 1. Therefore, the load impedance of EESM can be
expressed as:

Zf = Rf +
dLf (θ )
dθ

ωr +
1
if

(
Lf (θ )

dif
dθ

+Mfd
did
dt

)
(16)

When the stator current id , iq varies according to the reference
value, the excitation current if would fluctuate due to Mfd ,
and the voltage variation is mutual voltage. The electromag-
netic torque of EESM can be obtained as:

Te =
3
2
p0

[(
Lq − Ld

)
id iq +Mfd if id

]
(17)

where p0 is the pole pairs.

D. SRM BASED ON WPT SYSTEM
Due to the stator and rotor poles of SRM are convex, the
inductance of each phase winding varies with the position of
the rotor. Therefore, in order to generate continuous positive
torque, the current of each phase winding should be excited
based on the position of the rotor with the increased phase
inductance. Set the resonant frequencies f1, f2, and f3 to
activate the phase A, B, C , respectively. The electromagnetic
torque Te can be expressed as:

Te =
1
2
i2
dL(θ )
dθ

=
1
2
i2
Lmax − Lmin

βs
(18)

The motion equation of SRM is expressed as:

Te = J
dωm

dt
+ Bωm + TL (19)

where i is the phase current, L is the phase inductance, Lmax
and Lmin are the maximum and minimum phase inductance,
respectively, βs is the stator pole pitch, J is the moment
inertia, B is the viscous friction coefficient, TL is the load
torque, and ωm is the rotor speed. Assuming that all phases
are identical, the voltage equation of SRM can be obtained as:

U = Ri + L(θ )
di
dt

+
dL(θ )
dθ

iωm = Ri +
Lmax − Lmin

βs
iωm

(20)

By combining equation with the current IR and voltage
UR before the rectifier, the equivalent load of SRM can be
obtained as follows:

R(ωm) =
UR
IR

=
8
π2

(
R+

Lmax − Lmin

βs
ωm

)
, m = A,B,C

(21)

The resonant frequencies of the three receiving circuits of
the WPT system corresponding to the three-phase SRM are
different, which can be denoted as ωRj (j = 1,2,3). Then, the
currents of the three receiving circuits of theWPT system can
be calculated as:

IRj(f ) =
ωMTRjIT√(

RRj + R(ωm)
)2

+

(
ωLRj − 1

ωCRj

)2 (22)

III. DESIGN OF COUPLING ROTARY TRANSFORMER
The magnetic circuit model of rotary transformer is estab-
lished. (see Figure. 2): the magnetic flux path (a), the
magnetic resistance model (b), and electrical circuit model
of its adjacent winding (c). In Figure. 2, Rc (Rca, Rcb, and
Rcc) represents reluctances of the magnetic flux path, Rag
(Raga and Ragb) and Rlk (Rlkp and Rlks) represents reluctances
of air-gap and leakage paths, respectively. Lm means the
magnetizing inductance, Llkp and Llks represents the leakage
inductance on the primary and secondary, respectively. Lm
can be achieved as:

Lm =
N 2
p

2(Rca + Rcb + Rcc) + Raga + Ragb
(23)

In equation (23), the reluctance of the pot core can be deter-
mined by 

Rca = Rcc =
1z

µ0µrπ (r2o − r2i )

Rcb =
ln

(
ro

/
ri
)

2µ0µrπ1z

(24)

where ro and ri are the outer and inner core radius of the pot
core, respectively and 1z is the height of the pot core. µo is
the permeability of free space, µr is the relative permeability
of the material. Due to the fringing flux around the air-gap,
an extra fringing flux factor Ff has been added to calculate
the air-gap reluctance:

Rag =
lag

µ0π (r2o − r2i )

1
Ff

Ff = 1 +
lag√

π (r2o − r2i )
ln

(
4hin
lag

) (25)

The leakage inductance can be calculated by the energy stored
in the windings:

1
2
Llk I2 =

1
2

∫
v

BHdv (26)

where H represents the magnetic field strength. When the
secondary winding of the rotary transformer is traversed, the
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magnetic field strength in the air gap will decrease to zero.
The total leakage inductance Llk can be achieved based on
Npip = −Nsis as:

Llk = µ0N 2
p

2π

ln
(
ro

/
ri
) (

hwp + hws
3

+ lag

)
(27)

FIGURE 2. Reluctance modeling for the adjacent winding topology,
(a) magnetic flux paths, (b) reluctance model, (c) equivalent electrical
circuit.

A. IPT ROTARY TRANSFORMER
1) DESIGN OF MAGNETIC CORE AND WINDINGS
The magnetic core of rotary transformers has evolved from
the initial two basic structures (axial pot core and radial pot
core) to more new structures. For conventional axial pot core
[39], [40], we can conclude several characteristics:1) Strong
self-shielding properties; 2) Interchangeability due to stan-
dardized outlines; 3) Cost-effective off the shelf components.
However, this type has difficultymeeting higher requirements
such as high-speed applications, long-distance transmission
applications, etc. The authors in [41] used fiberglass bandages
to replace the ferrite material on the rotor and optimized the
magnetic-core structure to adapt to high-speed applications.
However, this improvement will result in higher eddy current
losses in aluminum. A rotary transformer device based on
local induction was proposed in [42], which only requires
a portion of the magnetic core on the primary. This design
needs no high-precision transformers, so it meets the require-
ments of high speed, safety, and low manufacturing costs.
However, this improvement will lead to severe magnetic
leakage and efficiency loss, so it is necessary to design reso-
nant compensation circuits and windings, which will greatly
reduce the applicability. The authors in [43] proposed a tetra
polar ring coils (TPR-coils) and its decouplingmethod to deal
with the detuning and transmission efficiency decrease of the
IPT system.

All of these rotary transformers are integrated in Table 2
and Figure 5, and it can be seen fromTable 2 that: 1) Although
advanced radial type is more suitable for extremely high-
frequency conditions, extremely-high frequency will make
the mechanical strength of the transformer weaken under

high-temperature and high-speed conditions. In order to bal-
ance the power transmission ability and excellent working
conditions, the frequency can be maintained within 5-20 kHz.
2) The number of winding turns should be kept as small as
possible to avoid prolonged power transmission processing.

FIGURE 3. Cross-sections of winding design (a) Adjacent type (b) Coaxial
type.

Adjacent type and coaxial type, two typical winding types
for the axial pot core, are of great importance for rotary
transformer (Figure 3). By comparing from the static state
and the rotary state of the two types, it can be seen that
the magnetic induction intensity on the secondary is larger
than that on the primary [44]. However, the average values
of the magnetic induction intensity and current density of
adjacent type are larger than those of coaxial type, and coaxial
type may have friction between the primary and secondary.
In addition, by comparing the minimum Pareto fronts, the
power loss of adjacent type is less than that of coaxial type
under the same core volume. To conclude, adjacent type
attracts more attention in IPT rotary transformer.

2) MATERIALS OF MAGNETIC CORE AND WINDINGS
Materials will also affect transmission performance of rotary
transformer. Among these common materials (Table 3),
amorphous is good at suppressing eddy currents [45],
and nanocrystalline has excellent thermal stability and low
loss [46]. However, the vibration and noise of amorphous
increase with the increase of frequency [47], and this prop-
erty will cause high loss. In addition, these two materials
are fragile, which limits their large-scale use. Reversely,
ferrite material is more suitable for WPT due to excel-
lent high-frequency performance and material quality [48].
Figure 4 shows the losses and thermal stability of these
materials.

In order to reduce leakage inductance, some research
focused on new materials. Nonmagnetic composite materi-
als has low rotor centrifugal stress, and it has interleaved
winding, which can reduce leakage inductance [49]. This
improvement will cause shaft heat up, so cooling devices
are required to ensure normal operation. A new type of
transformer with nanocrystalline iron core has been proposed
in [50]. Through experimental comparison, it is found that
this material has better magnetic permeability and lower
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high-frequency loss, which can greatly improve magnetic
leakage. However, due to the thin and brittle properties of
nanocrystalline, the authors needed to propose specialized
magnetic core structures, which increases workload.

For windings, Litz copper wire is the most common wire,
and there are more and more methods for analyzing eddy
current loss of this wire [51], [52]. Compared with Litz
copper wire, high-temperature superconductivity (HTS) can
pass very high critical current [53], however, HTS will gen-
erate significant AC loss when the frequency is between
10-100 kHz. In order to deal with this problem, P Machura
et.al proposed a magnetic flux diverter to reduce the AC
loss [54]. Although this method can solve the above problem,
it will increase the complexity of the system. Considering
the above factors, the selection of HTS should comply with
the following principles: for the two-coils, the transmitter
coil selects HTS and the receive coil selects copper wire;
for the four-coils, the resonators selects HTS and the power
coil selects copper wire [55], [56]. In addition, magnetic
aluminized wire has also been used to replace Litz copper
wire [57].

B. CPT ROTARY TRANSFORMER
1) DESIGN OF CPT ROTARY TRANSFORMER
The main difference between CPT and IPT is that the former
replaces the inductance coils with metal plates. Compared
to the inductance coils in IPT, the metal plates reduce sys-
tem weight and cost, and the metal plate can be shaped to
adapt to different application scenarios. Similar to the rotary
transformer of IPT, the capacitor coupler of CPT is also a
focus of research. In previous studies, capacitive couplers can
be divided into four types: two-plates, four-plates, six-plates,
and electric field repeaters. Figure 6 lists these capacitive
couplers.

Among these capacitance couplers, two-plates requires
fewer metal plates and can reduce cost, and single-wire
type can tolerance large-misalignment applications [59], [60],
[61], [62]. For four-plates with vertical position, it can
increase self-capacitance [63]; for four-plates with horizontal
position, it is easy to realize coupler [64]. Six-plates and
electric field repeater are both composed of more coupling
capacitors, so both of them has high cost. Six-plates has high
coupling capacitance, and it can reduce electric field emis-
sions [65]. Electric field repeater can provide long-distance
power transmission [66]. The vertical structure of four-plates
can provide a compact solution and is easy to achieve equiv-
alent circuits, which makes it the preferred choice in CPT
applications.

In addition to conventional capacitance couplers, some
novel capacitance couplers with stronger functionality are
gradually emerged. Separated circular capacitor coupler can
avoid cross-coupling capacitance and ensure transmission
efficiency [67]. The method of adding dielectric materials
between the primary and secondary metal plates of CPT is
used to solve the problem of weak capacitance coupling.

Compared with traditional four-plates coupler, the capac-
itance coupling is higher and the required inductance is
lower [68].
Simplifying the coupler structure while ensuring transmis-

sion performance has become a new pursuit for scholars. The
author in [69] proposed a sleeve type capacitive coupler for
rotational applications to improve transmission performance,
and the coupler has a smaller physical size and lower resonant
inductance. A hybrid coupler composed of an inductor cou-
pler and a capacitor coupler was proposed in [70], however,
the system model becomes complex due to the integration of
dual parallel frameworks.

2) CPT ROTARY TRANSFORMER IN ELECTRICAL MOTORS
The application of CPT to motors can be roughly divided
into three categories: synchronous motor, single/three-phase
motor, and rotary. Firstly, applying CPT to synchronous
motors can achieve many advantages such as arc free, speed
insensitive, and maintenance free [71]. Wound field syn-
chronous motor can select the rotary rectifier board as the
coupler [72]. For single-phase motors, CPT can achieve con-
tactless transfer between stationary and dynamic components
through the capacitance of linear bearings [73]. For three-
phasemotors, however, the existing research is still immature,
such as stacked four-plates and concentric structures found
to be imbalanced [74]. Rouse et al. summarized the two
three-phase CPT schemes and proposed a three-phase RCPT
suitable for rotary applications [75].

For rotary applications, the author in [69] proposed a new
capacitive coupled CPT system consisting of four layers of
metal sleeves and two layers of dielectric. Through exper-
imental verification, it can be seen that it has advantages
such as low excitation voltage, small size, and low parameter
sensitivity. In addition, some scholars selected aerodynamic
fluid bearings to reduce the distance between stationary and
dynamic components, then enhancing the coupling capaci-
tance [76]. In order to improve efficiency and robustness,
it is recommended to use PI control methods [77] and output
feedback control methods [78] for automatic tuning circuits
in rotary applications. It is recommended to use a three-phase
CPT system for rotary applications to provide balance
and good coupling between electrodes during the rotation
process [75].

There are not many articles on capacitive coupling excita-
tion in existing literature. Only a few research groups have
established EESM working prototypes using capacitive cou-
pling and conducted experiments under load conditions [79].
In fact, capacitive coupling has better field constraints

and smaller electromagnetic interference between capacitor
plates, which is superior to inductive coupling. The qualita-
tive comparison between capacitive coupling and inductive
coupling indicates that capacitive couplingmay bemore com-
petitive [71]. For inductive coupling, rotating transformers
inevitably require additional copper andmagnetic steel, while
capacitive slip rings do not. However, capacitive coupling has
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TABLE 2. Rotary transformers designed for high-speed applications and EESM.

TABLE 3. Features and applications of three common core materials [58].

FIGURE 4. Comparison of losses and thermal behavior of different magnetic materials.

drawbacks such as low power density, complex structure, and
the need for high voltage for power transmission, which not
only poses a safety hazard to operators, but also generates
harmful ozone () [80].

IV. COMPENSATION NETWORKS OF WPT
A. COMPENSATION NETWORKS IN IPT SYSTEM
In terms of mutual inductance and load identification, SS can
accurately measure the identification result, while SP will

obtain two identification results, both of which are right [81].
Besides, SS can realize constant current output, while SP
does not. SS and SP are both misalignment-sensitive topolo-
gies, and this characteristic makes them unsuitable for
large-misalignment applications such as electrical vehicle
charging. Compared with SS and SP, PS and PP can limit
instantaneous large current and prolong the service life of the
capacitor. However, these two topologies have the drawbacks
of high cost and high input impedance [82].
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FIGURE 5. Structures of rotary transformers. (a) axial pot core [44], [47],
(b) radial pot core [49], (c) type based on nanocrystalline-left-right
winding structure [30], [52], (d) type based on nanocrystalline-up-down
winding structure (e) double stator type [51], (f) axial type based on local
induction and (g) advanced radial pot core.

High-order compensation networks have become research
hotspots. S/SP can be seen as a combination of SS and
SP, and research results shown that S/SP not only has the
characteristics of constant voltage output (CVO), but also has
high efficiency and excellent output controllability. However,
this topology still has offset-sensitive characteristic, which
narrow the application scope in practical projects [83], [84].
SP/S can transmit rated power under high misalignment of
the receiving coil width (up to 25% in the research system)
without complex control strategies and with high efficiency
[85]. LCL can be used either on single-side or double-side of
WPT, and the research on parameter selection of this topology
has been matured [86]. In order to achieve larger constant
current and higher excitation intensity, an additional capacitor
and a coupling coil were added in series on LCL [87]. If the
coupling coil in LCL is partially compensated by additional
capacitance, LCL will evolve into LCC, and this topology
can also be used for single-sided [88] or double-sided [89]
applications. Although this topology requires two additional
compensation capacitors, it can be independent of the load
and coupling coefficient variation. All of these compensation
networks are listed in Figure 7.

Considering the relative stability of rotary transformer and
the characteristics of the loads connected to the WPT system,
this review remarks the following compensation networks.

Firstly, SP and PP [90], [91]: both of which can be oper-
ated on the primary to control secondary current of WPT.

Specifically, PP can avoid open circuit and short circuit on
the secondary side, which improves the safety.

Secondly, LCL-S [92]: SS is one of the most used networks
due to its simple configuration and pure resistance reflected
to the primary side, however, the primary current of SS is
affected by the equivalent resistance on the secondary, and
this condition will cause high-coupling state, which will
cause frequency-splitting phenomenon. LCL-S can suppress
the frequency-splitting phenomenon due to its impedance
conversion capability, and maintain simple structure
simultaneously.

Thirdly, XLC/S [93]: Comparing with the previously
method to suppress the power fluctuation in the primary
coil, this method reduced the additional loss. Meanwhile,
it can realize constant current output (CCO) and zero voltage
switching (ZVS) under the flexible adjustment of the radius
of the secondary coil.

For the SS type topology, the compensating capacitor is
only affected by the self-inductance of the coupling coil,
and the power factor reaches 1 under complete compensation
conditions. Therefore, this topology enables the system to
maintain stable output under dynamic changes. For SP com-
pensation, the selection of its compensation capacitor needs
to consider the changes in load and mutual inductance, and
has limitations on the current amplitude at the receiving end.
The PS compensation structure can still maintain high power
factor and efficiency even when the coupling coefficient is
small, but the value of the compensation capacitance at the
transmitting end needs to consider the load. The design of PP
compensation structure is complex and the power factor is
low, so it has not been thoroughly studied. The output voltage
of LCC-S topology will also change after mutual inductance
changes, and the smaller the mutual inductance, the smaller
the output voltage is only affected by mutual inductance.

B. COMPENSATION NETWORKS IN CPT SYSTEM
As the transmission distance increases, the coupling capac-
itance value decreases, so a suitable compensation network
is inevitable. The compensation topologies of capacitive cou-
pling have always been a focus of research. So far, scholars
have proposed topologies including L, LC, LCL, LCLC,
CLLC, LCCL etc. Double-L is the most typical and sim-
ple topology, which has applications in synchronous motors,
three-phase motors, and rotary. However, for high-power
applications, Double-L is clearly not sufficient, so double-
LCL and LCLC have been proposed to increase power
transmission in portable device charging applications. Exper-
iments have shown that LCLC can achieve high power
transmission through an air-gap distance of 150mm [94]. The
key aspect of LCLC is to use a large capacitor connected
in parallel with the coupling capacitor to reduce the reso-
nant inductance, however, the inductance is still larger than
200µH, which is difficult to make in practice [95]. E-LCCL
topology has been proposed to deal with this difficulty [96].
In addition, some mixed topologies have also been analyzed,
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FIGURE 6. Classification of coupler structures. (a) Two-Plates, Quasi Wireless (b). Two-Plates, Single Wire
(c) Four-lates, Vertical (d) Four-Plates, Horizontal (e) Six-Plates (f) Electric Field Repeater.

FIGURE 7. Compensation networks. (a) SS (b) SP (c) PS (d) PP (e) LCC-LCC
(f) SP-S (g) S-SP (h) LCL-S.

such as LC-CLC can improve misalignment tolerance per-
formance of couplers [97], LCL-L can reduce the number

of components while maintaining good transmission perfor-
mance [98]. For rotary applications, LCCL has also been
proposed for rotary applications, however, complex structure
results in a low applicability [99]. Table 4 lists typical com-
pensation networks of CPT.

V. CONTROL STRATEGIES OF WPT
Maximum power transmission (MPT) and maximum effi-
ciency transmission (MET) are two different studies onWPT.
MPT studies the maximum amount of power transferred to
the load, while MET focuses on the efficiency of this process.
Although MPT can be achieved when the load and power
supply reach a certain impedance matching, the transmission
efficiency is only 50% at this time [100]. In most WPT com-
mercial applications, constant voltage output and MET are
two research hotspots, both of which are affected by load and
coupling coefficient variation. How to improve transmission
efficiency while ensuring constant voltage output has become
a research hotspot.

A. CONSTANT VOLTAGE/CURRENT OUTPUT
There were two typical control methods for achieving con-
stant voltage output in previous research: frequency tracking
and DC-DC conversion. Among research on frequency
tracking, frequency-division is a key issue related to the
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transmission efficiency and capability of magnetic resonance
systems. Through adjusting the frequency-division point of
the inverter, the output voltage is not affected by load vari-
ation [101]. In addition, immittance networks also play a
very important role in the output performance of WPT
systems [102], [103].

B. MAXIMUM EFFICIENCY TRACKING
Realizing MET mainly includes the following two schemes:
impedancematching and loadmodulation. Impedancematch-
ing usually applies for low-power charging applications with
high operating frequencies (such as megahertz level). For the
kHz system, impedancematching is used to change the output
performance of the target, while for the MHz system, the real
and imaginary parts of the load impedance change with cou-
pling coefficient variation. The capacitor matrix contained in
the impedancematching networks (IMN) is complex, and this
complexity will increase significantly with the increase of
power capacity, so high robustness is needed in the design
process of IMN. Tunable IMN is one solution. In [104],
due to coupling coefficient variation, the capacitance matrix
of the primary was adjusted to the internal resistance of
the voltage source, which made the system achieve MPT.
According to load variation, the capacitor matrix of the sec-
ondary was adjusted to the best equivalent impedance to
achieve MET. In addition, a capacitor matrix with a control-
lable switch can adjust continuously and has high adjustment
accuracy [105], [106].
There are three types of load modulation schemes for MET

control. One is to adjust the duty cycle of the dc-dc converter
to maintain the equivalent load resistance at the optimal
load resistance, and transmitter controller is responsible for
constant voltage output [107], [108]. However, this method
requires determining the mutual inductance in advance. The
second scheme is to use the dc-dc converter to adjust the
output voltage, while the transmitter controller searches for
the minimum input power to realize MET [109], [110]. The
third scheme is to add dc-dc converters on both sides of
the system, and the experimental results showed that the
maximum efficiency point is tracked within a wide range of
coupling coefficient and load variation. However, this scheme
is not suitable for most WPT systems as it completely sacri-
fices the simple structure of the system [111].
Overall, using DC-DC converters on the secondary can

greatly avoid complex control strategies, which is at the
expense of the simple structure and low cost. Therefore, more
and more researchers are focusing on double-side control
strategies. Li et al. proposed a collaborative control strat-
egy of full-bridge inverter and semi-active rectifier [112].
This strategy not only avoids the DC-DC converter, but
also eliminates wireless communication links between two
sides, which greatly optimized the system and simpli-
fied control strategies. However, when the coupling coils
exist significant misalignment, the control strategy cannot
work properly, so it is necessary to optimize the system

parameters. The optimization algorithm widely used in
photovoltaic power generation applications is expected to
improve this strategy [113]. In [112], the author pro-
posed a collaborative control strategy of phase shift con-
trol and semi-active rectifier, and a collaborative control
strategy of buck converter and semi-active rectifier was
proposed in [114]. Besides, Liu et al. [115] proposed a
double-sided control strategy, which achieved the same
functions as [110]. The main idea of these papers is:
the semi-active rectifier is used to maintain constant out-
put current, while disturbance observation method was
used to control the primary side to search for minimum
input power, therefore, constant output and MET can be
achieved simultaneous. Table 5 lists the comparison between
double-side collaborative control and previous control
strategies.

VI. FUTURE PERSPECTIVE
A. RESEARCH BOTTLENECK
1) RESONANCE
Resonance is an important factor for the system to achieve
maximum transmission efficiency. Fixed resonant frequency
method can simplify control methods and avoid electromag-
netic interference while maintaining maximum transmission
efficiency, therefore, this method achieves more extensive
investigation. However, there is a lack of clear theoretical
basis for the selection of compensation topology, parameter
design, and control strategy [116]. To solve this problem,
impedance matching network has been proposed [117], how-
ever, this improvement made it difficult to keep tuning
because the secondary side can perceive the instantaneous
frequency of the primary and component errors of the
secondary.

2) ELECTROMAGNETIC INTERFERENCE
For electric vehicle charging and robot charging, electro-
magnetic interference can cause damage to the surrounding
environment and human beings, and the most common elec-
tromagnetic shielding methods are aluminum shielding [122]
and magnetic shielding [123]. However, aluminum or mag-
netic electromagnetic shielding will significantly reduce the
self-inductance and mutual inductance. J Kim et.al pro-
posed a novel reactive shielding method having shielding
effectiveness (SE) and power transfer effectiveness (PTE)
[124]. He et.al proposed a dual-band-coil array with novel
high-order circuit compensation [125]. In future work, mag-
netic field research should be the priority. For robot charging,
specific shielding design has also been proposed [126].

B. NOVEL APPLICATIONS
1) WIRELESS CHARGING
Wireless charging applications are mainly divided into four
aspects: electric vehicle charging, robot charging, drone
charging, and underwater charging. Electric vehicle charg-
ing has been a research hotspot in recent years, and the
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TABLE 4. Compensation topologies of CPT.

TABLE 5. Comparison between double-side collaborative control strategy and previous control strategies.

design of magnetic couplers is of great importance, which
is related to the issue of transmission efficiency. In recent
years, many scholars have reached maturity in their research
on the structure of solder pads [127]. Therefore, studying the
materials of solder pads based on the structure has become
a current research hotspot [128]. Future research directions
should focus on new materials with low magnetic flux leak-
age rate and high transmission efficiency. In terms of robot
charging, traditional IPT systems have been mature enough,
but there is not much research on CPT systems. The chal-
lenges mainly include power transmission, system efficiency,
personal safety, transmission distance, and requirements for
transmission media [129]. These challenges are also common
issues in electric vehicle charging, so robot charging can be
seen as an application for micro-charging electric vehicles.

Drone charging and underwater charging focus more on
battery life [130], [131]. In [132], the authors used blockchain
technology to achieve safe and efficient revocable charging
in a vehicle assisted wireless drone network. It proposed
an efficient privacy protection proof scheme named PAS
based on mixed state channels for revocable drone charging,
where drones and UGVs act as blockchain users for off chain
operations to protect privacy and efficiency, while ensuring
security and fairness through on chain mechanisms. PAS

consists of multi-party state channels and multiple two party
state channels, responsible for fee scheduling and transaction
cancellation, respectively.

For underwater charging, CPT system is the best choice
due to its waterproofness. In addition, the high dielectric con-
stant of seawater can improve the coupling capacitance [133].

2) ROTARY ULTRASONIC MACHINING
Rotary ultrasonic machining (RUM) has rotary and ultrasonic
vibration characteristics, and it was used to cut hard and
brittle materials such as diamond and ceramics. For RUM,
the tools and working conditions will affect resonant fre-
quency, and the machining process will affect the transducer.
How to maintain good transmission performance under the
changing condition has being a research hotspot. Previous
studies focused on double-side compensations, Luan and
Zhu studied the compensation performance of four basic
compensation topologies from temperature, cutting force and
ESR, and they concluded that SS compensation has the best
performance [134]. Due to the tool handle occupying space,
the secondary side is difficult to install compensation capac-
itor. Zhang proposed single-side PS dynamic compensation
for the machining process, and this method can achieve
higher transmission efficiency and stability [135]. However,

VOLUME 12, 2024 80601



K. Li et al.: Applications of Wireless Power Transfer System in Motors: A Review

these studies ignore the ESR of compensation capacitor,
which can cause inevitable power loss. Self-compensation
theory can remedy this defect, however, this theory has poor
universality [136].

Very few studies have investigated the effects of dynamic
compensation with load variation on the WPT parameters,
or examined WPT frequency characteristics compared with
transducer frequency characteristics. From the perspective of
load variations, Fu et.al proposed PS dynamic compensa-
tion and extended to the ultrasonic measurement field with
WPT [137]. In future work, the authors should consider the
ESRs of the compensation capacitors and the automatic con-
trol of dynamic compensation.

3) MECHANICAL ARM
Mechanical arm is widely used in conditions such as item
handling, medical equipment, and excavation. The slip ring
and brush on the connector of mechanical arm will cause
wear and damage, so with the development of WPT, a novel
mechanical arm has been designed. Atsutake Kosuge et.al
proposed a rotatable transmission line coupler (RTLC), which
can not only maintain a constant overlapping area at any
rotation angle, but also has a strong resistance to oil and
metal dust [138]. For mechanical arm, this improvement is
conducive to maintaining strong anti-interference ability in
intelligent logistics and other applications.

4) VEHICULAR NETWORKS
Scholars have proposed an innovative dynamic wireless
information and energy transmission scheme for nano
empowered vehicle networks, aimed at improving the effi-
ciency and reliability of information and energy transmission,
and providing support for future intelligent transportation and
communication networks [139].

VII. CONCLUSION
This article provides a comprehensive overview of on-board
wireless motors based on WPT systems.

1. The characteristics and advantages of common on-board
wireless motors are comprehensively summarized and cate-
gorized according to their coupling strength.

2. Mathematical models are conducted for common wire-
less motors.

3. Rotary transformer is introduced to replace the ordinary
coupling coil of the WPT system, thereby achieving the
power transmission of three-phase on-board wireless motors.
Electromagnetic models of the rotary transformer are con-
ducted. In addition, the structures and materials of rotary
transformer are summarized.

4. The resonant compensation topologies of on-board
wireless motors are summarized, and the transmission char-
acteristics of various compensation topologies are compared,
which helps to select appropriate compensation topologies
for different applications.

5. The control strategies of on-board wireless motors
are mainly focusing on the output power and transmission

efficiency. By comparing the advantages and disadvantages,
these control strategies can be further improved, which can
improve the transmission performance of on-board wireless
motors.

6. Research difficulties and directions of on-board wireless
motors are also proposed, such as electromagnetic interfer-
ence and resonance, and extended this technology to other
fields, including wireless charging, robotics, etc.
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