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Radial-Flux Rotational Wireless Power Transfer
System With Rotor State Identification

Longyang Wang , Jiangui Li , Huiying Chen, and Zijun Pan

Abstract—A radial-flux rotational wireless power transfer (RF-
R-WPT) system with rotor state identification function has been
proposed to provide power to the devices mounted on a rotating
shaft in this article. It can not only transmit electric power from
the stationary side to the rotating side but also monitor the rotor
state at the same time, improving the stability, security, and service
life of the traditional brushes and slip rings. First, the topology and
operation principle of the RF-R-WPT system have been proposed.
Second, the radial-flux coupler has been designed and optimized.
Third, the rotor state identification algorithm has been proposed.
Fourth, the voltage and current variation of the primary side
and the secondary side of the S–S compensation topology and
LCC-S compensation topology have been studied separately, while
the coupling degree of the coupler changes. A mutual inductance
identification model has been proposed. Fifth, a prototype has been
built and tested. From the experimental results, it is verified that
the system can realize the power transmission of 13.5 W with a
comprehensive efficiency of 74.1% and measure the rotor speed
stably to determine its state at the same time.

Index Terms—Efficiency, mutual inductance, rotational wireless
power transfer system, state identification.

I. INTRODUCTION

ROTATIONAL electrical equipment is widely used in in-
dustry these days [1]–[3]. At present, brush and slip ring

is one of the main electric power transmission equipment for
rotating loads. However, the contact of the slip ring and the
bushes may cause electric spark, leading to accident in some
cases [4]. In addition, the contact surface of the slip ring might be
worn out for long-term work, increasing the contact resistance.
Eventually, it leads to poor contact between the brush and the
slip ring [5]. These problems greatly reduce the service life of
the brushes and slip rings and also reduce the reliability of the
power supply of the rotating equipment.

To solve the problems of poor safety and stability caused by
traditional contact electric power supply, rotary transformer is
proposed and used for power transmitting [6], [7]. The overall
reliability and lifetime have been improved because of the ap-
plication of the rotary transformer. However, its low-frequency
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characteristics make it necessary to have a small working air gap,
which is usually only 1 mm or less. This limits its application in
the cases involving large vibration and shock.

The magnetic coupling resonance wireless power transfer
(MCR-WPT) technology, in which the electric power is con-
tactless transmitted based on the resonance of the coupler, was
proposed. It played important roles in areas, such as robots [8],
unmanned aerial vehicles [9], electric vehicles [10], and power
grid monitoring equipment [11] because of its long transmitting
distance, noncontact characteristics, high security, and high
reliability. The application of wireless power transfer technology
in rotating equipment has also been proposed as a substitute of
brushes and slip rings, greatly improving the stability of rota-
tional equipment and reducing equipment maintenance costs.
Different from the rotary transformer, rotational wireless power
transfer (R-WPT) system works at a much higher frequency
(usually 20 kHz–5 MHz), and it can transmit power with a larger
gap (1 cm or more) between the transmitting and receiving part
while maintaining a high transmitting efficiency. In recent years,
R-WPT technology has attracted more and more attention of
scholars [12]–[14].

Song et al. [12] designed an R-WPT system for the solar
wing driving of the spacecraft. It is characterized by high effi-
ciency, safety, and flexibility. However, large volume and low
integration limit its development. Lee and Ahn [13] presented
an R-WPT system for powering diagnostic sensors on a rotating
spindle. The receiving coil had been installed on the spindle at
30-cm interval, which picks up electric energy and supply power
to the sensors, and the transmitting coil was fixed on the side
bracket. But its stability, integration, and transmission power
need to be improved. Sofia et al. [14] proposed an R-WPT device
for biological centrifuges, of which uninterrupted work is often
needed and the sensors, such as temperature and humidity, are
also needed to be powered. Higher efficiency R-WPT system
with extended function are preferable to its promotion and
application.

In this article, a radial-flux rotational wireless power transfer
(RF-R-WPT) system with rotor state identification function has
been proposed in order to supply electric power to the devices
mounted on the rotating shaft. It can transmit energy and monitor
the rotor state at the same time. First, the structural topology and
working principle of the RF-R-WPT system have been analyzed.
Second, a radial-flux coupler has been proposed, and the charac-
teristic of mutual inductance during its rotation has been studied.
The radial-flux coupler and its magnetic shielding pad have been
optimized, respectively, considering the coupling coefficient and
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Fig. 1. 3-D schematic diagram of RF-R-WPT system.

magnetic shielding ability. Third, a state identification algorithm
based on the RF-R-WPT system has been proposed. Fourth, the
voltage and current characteristics based on the S-S and LCC-S
compensation topologies have been studied separately with the
degree of coupling changing. The mutual inductance identi-
fication models based on the LCC-S compensation topology
have been proposed. Fifth, the RF-R-WPT system experimental
platform with state identification function has been built, and
the input and output characteristics of the RF-R-WPT system
at constant rotor speed and locked rotor state have been studied
separately.

II. TOPOLOGY AND PRINCIPLE

The purpose of the proposed RF-R-WPT system is to supply
electric power to the devices on the rotating shaft. The overall
power required is 13 W. The system can monitor the rotational
speed of the rotor, and warning is given when the rotating
shaft is locked. The 3-D schematic diagram of the proposed
RF-R-WPT system is shown in Fig. 1. There are mainly three
parts, the transmitting coils, receiving coils, and the power
electronic circuits. The transmitting coils and receiving coils
together are referred as radial-flux coupler in this article. The
dc voltage source, high frequency inverter, current acquisition
circuit, and primary compensation circuit are mounted on the
shell (not shown in Fig. 1). The secondary side compensation
circuit, rectifier, wave filter, and current acquisition circuit are
embedded in a box, which is mounted on the rotating shaft with
rubber vibration isolation (not shown in Fig. 1).

The system topology and principle are shown in Fig. 2. On
the stationary side (primary side) of the RF-R-WPT system, the
measuring sensor is introduced between the dc power supply and
the inverter, to monitor the output current IDC of the dc power
supply. On the rotating side (secondary side), the measuring
sensor is connected between the filter and the voltage regulator,
to monitor the output voltage UWF and output current IWF

of the filter. For the measuring sensor on the rotating side,
connecting it after the filter CWF can effectively reduce the
sampling frequency required and improve the sampling accu-
racy. The high-frequency components of the voltage and current
of the rotating side will be filtered out by the filter CWF, and
only the low-frequency components related to the change of
mutual inductance are retained. It should be noted that the filter
capacitor CWF cannot be too large, otherwise the low-frequency

components of the voltage and current will also be filtered out,
which will result in the inability to measure the current and
voltage changes.

The receiving coil of the radial-flux coupler (proposed and
optimized in Sections III and IV) rotates with the shaft. The
mutual inductance of the coupler changes with the rotation angle
of the shaft. Therefore, the rotor state can be obtained by state
recognition algorithm (proposed in Section V), according to the
actual mutual inductance. The variation of mutual inductance
will cause the change of input current IDC and output voltage
UWF and current IWF of the RF-R-WPT system. Based on the
input current and output voltage and current, the real time mutual
inductance is obtained by the mutual inductance identification
model (proposed in Section VI).

III. RADIAL FLUX COUPLER

Mutual inductance is one of the key factors affecting the
transmission performance of WPT systems. Improving mutual
inductance within a certain range can improve system trans-
mission efficiency and reduce power loss [15]–[18]. For the
radial-flux coupler, the mutual inductance changes with the
rotation of the receiving coil.

The radial-flux coupler proposed in this article is composed of
four coils, namely, two transmitting coils and two receiving coils,
as shown in Fig. 3. The two transmitting coils are wound on the
inner surface of the shell (each coil taking up half of the area), and
the receiving coils are wound on the outer surface of the shaft.
The transmitting coils and the receiving coils are connected in
series, respectively. The transmitting coils and receiving coils
are mounted coaxially, as shown in Fig. 4. The diameter of the
transmitting coils is 100 mm (limited by the inner diameter of the
shell), and the diameter of the receiving coils is 80 mm (limited
by the outer diameter of the shaft). The distance between the
transmitting coil and the receiving coil is 1 cm, which can avoid
the collision damage caused by shaft vibration and improve the
reliability of the system.

The copper core of the litz wire used has a circular cross-
section with a diameter of 1 mm and a cross-sectional area of
0.785 mm2. The litz wire consists of 600 copper wires (0.04 mm
in diameter of a single copper wire) to avoid skin effect. The
litz wire is characterized by excellent heat resistance, it can
withstand 155 °C high temperature.

It is known from the above sections that the size of the
radial-flux coupler is restricted by the installation environment,
especially for the transmitting coils. In the design, to obtain
greater transmission power, the transmitting coils are designed
as large as possible. The parameters of the transmitting coils are
given in Table I.

Given the parameters of the transmitting coils, the receiving
coils can be optimized to obtain the best coupling performance
by finite-element method (in static magnetic field). The length
lR and high hR of the receiving coils have greater influence
on the coupling degree of the coupler than other parameters.
Therefore, the relationship between the length lR and height hR
of the receiving coils and the coupling degree of the coupler has
been studied through the finite-element method. It is important
to note that the coupling degree of the radial-flux coupler varies
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Fig. 2. RF-R-WPT system topology and principle (“M” is the measuring sensor used to measure current and voltage; CWF is the filter capacitor; RL is the load;
IDC and UDC are the output current and voltage of the dc power supply, respectively; IDC is the pulsed current; IP and UP are the output current and voltage of
the inverter, respectively; IS and US are the input current and voltage of the rectifier, respectively; and IWF and UWF are the output current and voltage of the
filter, respectively).

Fig. 3. Expansion view of radial flux coupler (rT, dT are the diameter and line spacing of the litz wire used in the transmitting coils respectively; lT, hT, and nT
are the length, height, and number of turns of a single transmitting coil, respectively; dP is the distance between the two transmitting coils; rR, dR is the diameter
and line spacing of the litz wire used in the receiving coils; lR, hR, and nR are the length, height, and number of turns of a single receiving coil; and dS is the
distance between the two receiving coils).

Fig. 4. Schematic diagram of radial-flux coupler.

TABLE I
PARAMETERS OF TRANSMITTING COILS

with the rotation angle α. Furthermore, the relative position of
the transmitting coils and the receiving coils changes with the
rotation angle α of the rotor. Therefore, the rotation angle α
should be taken into consideration during optimization design.



WANG et al.: RADIAL-FLUX ROTATIONAL WIRELESS POWER TRANSFER SYSTEM WITH ROTOR STATE IDENTIFICATION 6209

Fig. 5. Schematic diagram of rotation angle α. (a) At α= 0°, 180°, and 360°.
(b) At α = 90° and 270°.

Fig. 6. Mutual inductance and coupling coefficient with different parameters.
(a) With lR changing. (b) With hR changing.

The maximum (at α = 0°, 180°, and 360°) and minimum (at
α = 90° and 270°) coupling degree are shown in Fig. 5(a) and
(b), respectively. To simplify the design, the receiving coils have
been optimized at α = 0° and α = 90°.

At α = 0° and 90°, the mutual inductance and coupling
coefficient of the coupler versus the length LR of the receiving
coils is shown in Fig. 6(a) at hR = 48 mm. It can be clearly
seen that the mutual inductance and coupling coefficient of the
coupler are proportional to LR.

At α = 0° and 90°, the mutual inductance and coupling
coefficient of the coupler versus the high hR of the receiving coil
is shown in Fig. 6(b) at LR = 53 mm. It can be known that the

TABLE II
PARAMETERS OF RECEIVING COILS

Fig. 7. Mutual inductance and coupling coefficient with rotation angle chang-
ing.

increase of hR contributes to the increase of mutual inductance
and coupling coefficient of the coupler. Specially, the increase
in hR has a greater impact on the coupling coefficient of the
coupler at α = 0°, than that of α = 90°.

The coupling coefficient is generally in the range to 0.1–0.5
according to the specific design [19]–[22]. Considering the
power, efficiency, and frequency splitting, the coupling coef-
ficient of the coupler (with ferrite) selected in this article is
0.28 at the rotation angle of 0°. The coupling coefficient of the
radial-flux coupler without ferrite selected in this article is 0.21.
The parameters of the receiving coils have been determined, as
listed in Table II. At α = 0°, the mutual inductance and the
coupling coefficient of the radial-flux coupler without ferrite
is 2.06 μH and 0.21, respectively; at α = 90°, the mutual
inductance and the coupling coefficient of the coupler without
ferrite is 1.25 μH and 0.13, respectively.

Finally, the mutual inductance and coupling coefficient of the
radial-flux coupler proposed in this article with the rotation angle
α changing is shown in Fig. 7. It can be known that the mutual
inductance value of the radial-flux coupler reaches the minimum
value at α = 90° and 270°, which is 1.25 μH. At α = 0°, 180°,
and 360°, the mutual inductance is 2.06 μH. At α = 60°, the
mutual inductance is 1.72 μH. The mutual inductance changes
twice in one rotation period.

IV. OPTIMIZATION DESIGN OF MAGNETIC SHIELDING PAD

Ferrite pad is added to the WPT system to improve the
coupling degree and reduce the leakage flux [23]–[25]. In this
section, the magnetic shielding pad of radial-flux coupler has
been optimized, considering the coupling degree, magnetic field
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Fig. 8. Radial-flux couplers with different magnetic shielding mechanisms.
(a) No ferrite pad. (b) Ferrite pad B. (c) Ferrite pad C. (d) Ferrite pad D.

TABLE III
MATERIAL PROPERTY PARAMETERS OF FERRITE

TABLE IV
SIZES OF DIFFERENT FERRITE PAD

distribution, and eddy current field distribution. The radial-flux
coupler without ferrite pad and with ferrite pad B, C, and D
have been designed, as shown in Fig. 8(a)–(d), separately. The
material property parameters of ferrite are given in Table III.
The sizes of ferrite pad B, ferrite pad C, and ferrite pad D are
shown in Table IV.

The finite-element method has been adopted and the simu-
lated magnetic field distribution, eddy current field distribution,
mutual inductance, and coupling coefficient of the radial-flux
coupler with the above-mentioned four kinds of ferrite pad have
been obtained at α= 0°. The magnetic field distribution (which
is obtained by static magnetic field simulation analysis, and
the simulation current is 1 A) is shown in Fig. 9, the eddy
current field distribution (which is obtained by eddy current field
simulation analysis, and the simulation current and frequency are
1 A and 300 kHz) is shown in Fig. 10, and the mutual inductance
and coupling coefficient (which is obtained by static magnetic
field simulation analysis, and the simulation current is 1 A) of
the radial-flux coupler are shown in Fig. 11.

Fig. 9. Magnetic field distribution of the coupler under different ferrite pads.
(a) No ferrite pad. (b) Ferrite pad B. (c) Ferrite pad C. (d) Ferrite pad D.

It can be known from Fig. 9 that comparing with the radial-flux
coupler without ferrite pad, ferrite pad B can effectively weaken
the magnetic field around the radial-flux coupler. In addition,
with the increase of ferrite, pad C is better than B for magnetic
shielding ability, but pad D is similar to that of C. In summary,
the increase of ferrite leads to better magnetic shielding ability.
But after the ferrite reaches a certain amount, adding ferrite alone
has little effect on the magnetic shielding ability.

As shown in Fig. 10, the eddy current on ferrite pad B is the
smallest and that on ferrite pad D is the largest. The eddy current
increases with the increase of ferrite number and volume. This
will lead to greater energy loss. Therefore, considering the eddy
current effect, the number and volume of ferrite should also be
limited.

It can be recognized from Fig. 11 that the radial-flux coupler
with ferrite pad B is provided with larger mutual inductance and
coupling coefficient than that of the radial-flux coupler without
ferrite pad. Ferrite pad C is better than B in terms of mutual
inductance and coupling coefficient improvement. However,
comparing with C, the ferrite pad D does not significantly
improve the mutual inductance and coupling coefficient.

Comprehensive consideration of magnetic shielding, eddy
current field, mutual inductance, and coupling coefficient, the
radial-flux coupler with ferrite pad C is chosen in this article.
Finally, the self-inductance and resistance of the transmitting
coil with ferrite are 29.6 μH and 0.189 Ω, respectively. The
self-inductance and resistance of the receiving coil with ferrite
are 8.2 μH and 0.047 Ω, respectively. The above results are
obtained by finite element simulation.

V. STATE IDENTIFICATION ALGORITHM

The state identification algorithm has been proposed in this
article, as shown in Fig. 12. The identification algorithm is as
follows.

1) First, under the optimal load and voltage (introduced in
Section VII), the primary side current of the RF-R-WPT
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Fig. 10. Eddy current field distribution of different ferrite pads. (a) Ferrite pad B. (b) Ferrite pad C. (c) Ferrite pad D.

Fig. 11. Mutual inductance and coupling coefficient of radial-flux coupler
under different ferrite pads.

Fig. 12. State identification algorithm (Mcompare is the mutual inductance
value obtained through the mutual inductance identification model at α = 60°;
fP(x) is the mutual inductance identification model based on IDC(t); t is the
time variable; IDC(t) is the current collected at time t; Δt is the sampling time
interval; and S is the speed signal (r/min)).

system is obtained by the measuring sensor, at α = 60°.
According to this current, Mcompare is obtained by the
mutual inductance identification model (proposed in Sec-
tion VI), and is set as a comparison (It can be seen from
Fig. 7 that at α = 60°, the mutual inductance value of the
radial-flux coupler is between 0° and 90°. Using the above-
mentioned mutual inductance as a comparison can avoid
misjudgment caused by mutual inductance identification
model error).

2) According to the real-time current IDC(t) of primary side,
the corresponding mutual inductance Mactual is calculated
by the mutual inductance identification model fP(x).

3) Comparing Mcompare with Mactual, if Mactual<Mcompare,
repeat Step2 and continue acquire IDC(t) and Mactual until
Mactual > Mcompare, thus the variant t is obtained.

4) With Mactual > Mcompare, the current of the primary side
at the next sampling interval IDC(t +Δt) is obtained. The
mutual inductance at this time is calculated by fP(IDC(t +
Δt)).

5) Comparing Mcompare with Mactual, if Mactual>Mcompare,
repeat Step2 and continue obtaining IDC(t) and Mactual un-
til both conditions are met. Thus, the variant t is obtained,
and t1 = t + Δt/2.

6) Repeat the above steps to get the next time t2 that meets
the conditions.

7) The rotor speed is obtained by S = 30/(t2 − t1).
8) The initial value of i is 1, and each time the program is ex-

ecuted, i is incremented by 1. When i remains unchanged
for a long time, it can be known that the rotor is locked.
At a constant speed, the increase of i within one minute is
twice that of S. This can be used to monitor the speed S
for errors.

It should be noted that there are three types of mutual induc-
tance identification models, namely fP(x), fSC(x), and fSV(x).
The corresponding inputs of the above three mutual inductance
identification models are IDC, IWF, and UWF, respectively.
Different models correspond to different functions. According to
fP(x), the rotor state can be identified on the stationary (primary)
side. According to fSC(x) or fSV(x), the rotor state can be iden-
tified on the rotating (secondary) side. For the state recognition
algorithm, the three mutual inductance identification models can
substitute with each other, according to actual applications.
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Fig. 13. Equivalent circuit diagram of WPT system based on different com-
pensation topologies (UP1, UP2, US1, US2, Req1, and Req2 are the input,
output voltage, and equivalent load of the two systems, respectively; LP1, LS1,
RP1, RS1, CP1, CS1, IP1, and IS1 are the self-inductance, parasitic resistance,
compensation capacitance, and current of the RF-R-WPT system based on the
S–S compensation structure; and LP2, LF, LS2, RP2, RF, RS2, CP2, CF, CS2,
IP2, and IS2 are the self-inductance, parasitic resistance, compensation capaci-
tance, and current of the RF-R-WPT system based on the LCC-S compensation
structure). (a) S-S. (b) LCC-S.

VI. COMPENSATION TOPOLOGY AND MUTUAL INDUCTANCE

IDENTIFICATION MODEL

The previous section introduced the RF-R-WPT system topol-
ogy and state identification algorithm. This section focuses on
the compensation topology and mutual inductance identification
model. Compensation topologies can effectively improve the
power factor and reduce energy loss. Currently, the commonly
used compensation topologies are mainly S-S and LCC-S. The
input and output characteristics of the WPT system based on
the aforementioned two compensation topologies have been
analyzed separately, to find a compensation topology suitable
for the frequent variation of mutual inductance.

The transmitting coils and the receiving coils of the radial-flux
coupler are consisting of two serial coils in series, respectively.
For convenience, the mutual inductance between the transmit-
ting coils and the receiving coils is equivalent to Mtotal. It
is assumed that the dc power, rectifier, and inverter used are
ideal components. Based on the fundamental component of
square wave, the WPT circuit is analyzed [26]. The equivalent
circuit diagrams of the WPT system based on the S–S and
LCC-S compensation topologies are shown in Fig. 13(a) and
(b), respectively.

For the RF-R-WPT system with S–S compensation topology,
according to Kirchhoff’s voltage theorem (KVL), the following
equation can be obtained:
⎧⎨
⎩
UP1 = IP1

(
jωLP1 +

1
jωCP1

+RP1

)
+ jωMtotalIS1

−Req1IS1 = jωMtotalIP1 + IS1

(
jωLS1 +

1
jωCS1

+RS1

)
.

(1)
When jωLP1 + 1/jω CP1 = 0, jωLS1 + 1/jω CS1 = 0, in

the case of ignoring RP1 and RS1, the following equation can be
obtained as follows:

⎧⎪⎪⎨
⎪⎪⎩

IP1 =
UP1Req1

ω2Mtotal
2

IS1 = UP1

jωMtotal

US1 =
UP1Req1

jωMtotal
.

(2)

For the WPT system with LCC-S compensation topology,
according to KVL, the following equation can be obtained as
follows:
⎧⎪⎪⎪⎨
⎪⎪⎪⎩

UP2 = IP2(jωLF +RF ) + (IP2 − IP3)
1

jωCF

(IP2 − IP3)
1

jωCF
= IP3(jωLP2 +

1
jωCP2

+RP2)

+jωMtotalIS2

−Req2IS2 = jωMtotalIP3 + IS2(jωLS2 +
1

jωCS2
+RS2).

(3)

When jωLF + 1/jω CF = 0, jω(LP2 − LF ) + 1/jω
CP2 = 0, jωLS2 + 1/jω CS2 = 0, in the case of ignoring
RF, RP2, and RS2, the following equation can be obtained as
follows: ⎧⎪⎪⎨

⎪⎪⎩

IP2 = Mtotal
2UP2

LF
2Req2

IS2 = MtotalUP2

LFReq2

US2 = MtotalUP2

LF
.

(4)

From (2), it can be found that for the S–S topology, the
effective values of IP1, IS1, US1 are in inverse proportion ei-
ther to Mtotal or Mtotal

2, respectively. Therefore, with Mtotal

decreasing, IP1, IS1, and US1 will increase accordingly. This
will increase the loss and the current and voltage stress of the
components, which is not suitable for the condition of mutual
inductance changing frequently. From (4), it can be found that
for the LCC-S structure, the effective values of IP2, IS2, US2 are
proportional either to Mtotal or Mtotal

2, respectively. Therefore,
as Mtotal drops, IP1, IS1, US2 will experience different degrees
of decline. Although it will not increase the current and voltage
stress of the components, it will sacrifice a certain amount of
transmission power.

Comprehensively, the LCC-S compensation topology has
been selected as the compensation topology of the RF-R-WPT
system in this article. To simplify the analysis, it has been
assumed that the components used are ideal components. Then
for the WPT system based on LCC-S compensation topology,
IP2 = IDC, US2 = UWF, IS2 = IWF. The identification model
of mutual inductance is shown as follows:⎧⎪⎪⎨

⎪⎪⎩

fP (x) =
√

xLF
2Req2

UP2
, x = IDC

fSC(x) =
xLFReq2

UP2
, x = IWF

fSV(x) =
xLF

UP2
, x = UWF.

(5)

The inverter and rectifier are assumed to be ideal components.
Ignoring RF, the transmission efficiency η and transmission
power POUT of the RF-R-WPT system based on the LCC-S
compensation topology can be obtained as follows:

⎧⎪⎨
⎪⎩

POUT =
Mtotal

2Req2UP2
2

(RS2+Req2)
2LF

2

η =
Req2

(RS2+Req2)(1+
RP2RS2+RP2Req2

ω2Mtotal
2 )

.
(6)

VII. EXPERIMENTS AND ANALYSIS

To verify the theory proposed in this article, the RF-R-WPT
system experimental platform has been built, as shown in Fig. 14.
The values of the inductance, capacitance and resistance of the
primary and the secondary are given in Table V. The full bridge
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Fig. 14. RF-R-WPT system experimental platform. (a) Rotating experimental
platform. (b) Radial flux coupler.

TABLE V
PROTOTYPE PARAMETERS

inverter was used to generate square wave voltage and the full
bridge rectifier is used to obtain stable output. The full bridge
inverter is mainly composed of two IR2110s and four MOSFETs
(C2M0080120). The full bridge rectifier is mainly composed of
four diodes (DSEI30-06A).

The mutual inductance and the coupling coefficient of the
radial-flux coupler versus the rotation angle α is obtained
through measurement and simulation, as shown in Fig. 15. It
can be seen from Fig. 15 that the rotor angle α is closely related
to the mutual inductance. When the rotor rotates 360°, the mutual
inductance goes through two cycles. It can also be seen that the
mutual inductance of the radial-flux coupler approach maximum
at α = 0°, 180°, and 360°, which is 4.2 μH; at α = 90° and
270°, the mutual inductance reaches to the bottom value, which
is 2.07 μH. The error of coupling coefficient is 2.3% at α =
0°, and the error of mutual inductance is 2.9% at α = 0°. The
deviation is mainly caused by model manufacturing error and
measurement error. The change trend of mutual inductance and
coupling coefficient is similar.

Fig. 15. Mutual inductance and coupling coefficient with rotation angle α
changing.

Fig. 16. Output power and efficiency with load changing.

To obtain the optimal working load, the output power and effi-
ciency versus the load is obtained atα= 0° and 90°, respectively,
at UDC = 12 V, as shown in Fig. 16.

It can be known that atα= 0°, as the load increases, the trans-
mission efficiency first increases and then remains unchanged,
but the output power gradually decreases. The efficiency reaches
top when the load is 12 Ω. At α= 90°, with the load increasing,
the transmission efficiency and power both decreases. Because
the RF-R-WPT system mainly works with a relatively high
degree of coupling, the final load has been selected as 12 Ω
in this article.

In addition, the relationship between the input voltage UDC

and the output power and efficiency at α= 0° and 90° under the
optimal load has been studied, separately, as shown in Fig. 17.
It can be known that as the input voltage UDC increases, the
output power of the two parameters both increase to different
extents, the efficiency of the two also rises and then stabilizes.
Both efficiencies reach their maximum value when the input
voltage is 12 V.

Furthermore, the fluctuation of the input current IDC, output
voltage UWF and output current IWF of the RF-R-WPT system
with rotation angle α changing has been obtained by measure-
ment, respectively, at the input voltage is 12 V and the load is
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Fig. 17. Output power and efficiency with input voltage UDC changing.

Fig. 18. IDC, UWF, and IWF with rotation angle α changing.

12 Ω, as shown in the Fig. 18. It can be noticed that the changing
trends of input current IDC, output voltage UWF, and output
current IWF are similar to that of mutual inductance. At α= 0°,
IDC = 1.67 A, UWF = 12.96 V, IWF = 1.24 A; at α= 90°, IDC

= 0.58 A, UWF = 6.73 V, and IWF = 0.64 A. To simplify the
analysis, set IDC = IP2, UWF = US2, and IWF = IS2. In this
article, IP2, US, and IS2 are substituted into (5), respectively,
to obtain the corresponding mutual inductance value, as shown
in Fig. 19. Based on the mutual inductance mentioned above,
the rotor state can be identified. It can be clearly found that
the changing pattern of the mutual inductance as α changes
(obtained from Fig. 19) and that of the measured mutual induc-
tance with α changing (obtained from Fig. 15) is similar, but
there is a certain difference between these mutual inductance
values (in Figs. 15 and 19). This difference is caused by the
inaccuracy of the mutual inductance identification model which
might be caused by the neglect of the resistance of the radial-flux
coupler, the internal resistance of the power supply, and the
internal resistance of the inverter. However, the proposed state
identification algorithm in Fig. 12 is still feasible despite this
error. Thus, at α= 60°, Mcompare is the mutual inductance value
calculated by identification model (under optimal voltage and
load), which is between the mutual inductance value calculated
atα= 0° and the mutual inductance value calculated atα= 90°.

Fig. 19. Mutual inductance values obtained by fP(x), fSC(x), and fSV(x).

Fig. 20. Output power and efficiency versus rotation angle.

The output power and efficiency of the RF-R-WPT system
with the rotation angle α changing is shown in Fig. 20. It
can be known that at α = 0°, the transmission power of the
RF-R-WPT system is 16.07 W, and the transmission efficiency
is 80.19%; atα= 90°, the transmission power of the RF-R-WPT
system is 4.31 W, and the transmission efficiency is 61.91%.
Furthermore, the efficiency of the proposed RF-R-WPT system
versus rotation angle at different offset has been measured, as
shown in Fig. 21. With the increase of axial offset (from 5 to
10 mm), the comprehensive transmission efficiency decreases
significantly. Reasons for this phenomenon include (but not
confined to): a. a sharp decrease in the coupling coefficient
of RF coupler due to the radial offset; b. the deviation of the
compensation network from the optimal frequency. The increase
of radial offset (from 1 to 3 mm) has little effect on the efficiency.
This is because the coupling state of the RF coupler does not
change much comparing with the case without offset.

The above experiments on transmission characteristics are
all performed under static conditions, in which the rotor does
not rotate. To obtain the motional performance of the RF-R-
WPT system proposed in this article, a rotational experiment has
been carried out. At 100 and 500 r/min, the input current IDC,
output voltage UWF, and output current IWF have been obtained
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Fig. 21. Efficiency versus rotation angle at different offset (x is the axial offset;
y is the radial offset).

Fig. 22. IDC, UWF, and IWF at different speeds. (a) At 100 r/min. (b) At 500
r/min.

by experiments, as shown in Fig. 22(a) and (b), respectively.
It can be seen that the changing trend of input current IDC,
output voltage UWF, and output current IWF in rotating state is
similar to that in stationary state. At the experimental speed of
100 r/min, twice of the IDC variation cycle is 600 ms. According
to the mutual inductance identification model fP(x), the real-time

Fig. 23. IDC, UWF, and IWF at locked rotor state.

mutual inductance can be obtained, and twice of the real-time
mutual inductance variation cycle is also 600 ms. Furthermore,
the speed obtained from the state recognition algorithm is the
same as the experimental speed, thus it verifies the proposed
theory. The integrated output power of the RF-R-WPT system
is about 13.5 W, the comprehensive transmission efficiency is
about 74.1% and independent of the rotation rate.

Through the locked rotor experiment, the input and output
characteristics of the RF-R-WPT system have been obtained.
At 100 r/min, the input current IDC, the output voltage UWF,
and the output current IWF are obtained, respectively, as shown
in Fig. 23. It can be clearly recognized that when the rotor is at
locked state, IDC, UWF, IWF maintain a fixed value, which is
determined by the rotation angle α.

In summary, the input and output characteristics of the RF-
R-WPT system collected in the above experiment are consistent
with the analysis in Section II. Experiments have confirmed that
the system proposed in this article can not only supply power
but also monitor the state of the rotor and determine whether the
rotor is locked.

VIII. CONCLUSION

Rotational wireless power transfer technology which can
transmit electric power without contact, has attracted more and
more attention. A new RF-R-WPT system with state identifi-
cation function has been proposed in this article. The coupler
topology (including the ferrite pad), compensation topology,
mutual inductance, and its identification model of the proposed
RF-R-WPT system have been analyzed in this article. The
prototype is built and tested. The experimental results agree well
with the analyzation. Based on the results, following conclusion
can be drawn.

1) The RF-R-WPT system realizes a stable power output of
13.5 W and a comprehensive efficiency of 74.1% at the
speed of 100 and 500 r/min. The power and efficiency are
not affected by speed at this level.

2) The coupling degree of the radial-flux coupler changes
periodically with the rotation angle. The proposed system
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can accurately monitor the rotation period and measure
the rotation speed.

3) The RF-R-WPT system can accurately identify the locked-
rotor state of the rotor through the collected voltage and
current signals.
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