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Abstract—This paper proposes and implements a novel class of inductor-capacitor-capacitor wireless
coordinative DC motor drives, which not only performs selective wireless power to motors, but also
achieves power equalization to ensure the same operation for isolated robotic arms. The key is to make
use of the selective wireless power transfer with several resonant frequencies and then use only one
transmitter with the inductor-capacitor-capacitor compensation network to provide multiple-frequency
transmission without relying on the switched-capacitor array. In order to provide simultaneous and
independent wireless power to diﬀerent motors and hence achieve the desired coordinative motion, a
time-division multiplexing scheme and burst ﬁring control are newly employed. Thus, the wireless power
transfer system with multiple receivers can achieve better ﬂexibility and simplicity. Both ﬁnite element
analysis and experimental results are given to verify the validity of the proposed inductor-capacitorcapacitor wireless coordinative DC motor drive. As a result, the motors can achieve independent motion
with 1200 rpm and simultaneous motion with 400 rpm when the torque is 10 Ncm, and the operating
frequencies are set at 110 kHz and 130 kHz.

1. INTRODUCTION
Since wireless power transfer (WPT) was pioneered by Nikola Tesla, more than one hundred years
passed. Until recent decades, the WPT has reattracted substantial attention and becomes one of
the most potential technologies [1–3]. Due to the deﬁnite advantages of high reliability, high safety,
low maintenance, electrical isolation, and better convenience, WPT has been actively developed
for various applications [4–6]. So far, the WPT has been successfully commercialized for domestic
appliances [7], biomedical devices [8, 9], and electric vehicle (EV) charging [10–12]. Recently, the
WPT technique has been extended to emerging applications such as wireless heating [13] and wireless
lighting [14]. Especially, the wireless motor shows great potential and commercial value. This is because
electric motors are electromechanical energy conversion devices, which account for over 80% electricity
consumption [15]. Over the years, their research and development have been focused on improving the
eﬃciency and power density.
However, the portability of electric motors has been a long-term problem because of the need
of physical cables or wires. This problem not only limits their ﬂexibility, but also deters their
applicability [16, 17]. As the WPT can eﬀectively resolve this problem, it shows great potential for
many industrial applications [18–20]. Nevertheless, almost all these applications rely on using WPT to
perform battery charging ﬁrst, and then the charged battery feeds the devices, appliances or vehicles
afterwards [21, 22]. By the same token, the wireless motor can readily be derived so that the portability
problem of electric motors seems to be solved. However, this is not a real wireless motor, which is
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actually a combination of the wireless battery charging system and the battery-powered motor system.
This kind of pseudo-wireless motors suﬀers from using additional battery, controller and converter, which
are bulky, lossy, and costly. Most importantly, it cannot be utilized to work at isolated or inaccessible
environment because the battery has a limited cycle life while the controller and converter have a much
shorter lifespan than the motor.
In order to address this problem, the wireless reluctance motor and separately excited DC motor
drives have been developed to own higher robustness, which do not involve any battery, controller or
converter in the motor side [23, 24]. However, these two wireless motor drives introduced two inevitable
drawbacks, namely, additional switched capacitor array with high switching voltage and received power
diﬀerentiation at diﬀerent operating frequencies. In this paper, the inductor-capacitor-capacitor (LCC)
compensation is introduced to solve these two problems and then make this system refrain from using the
switched-capacitor array. So far, the LCC compensation network used for multiple-frequency operation
is absent in literature.
The purpose of this paper is to propose a novel class of electric motor drives, namely the LCC
wireless coordinative DC motor drive. The key is to artfully incorporate selective WPT into the
DC motor structure in such a way that each pickup coil is connected to each motor winding via
simple rectiﬁcation, and multiple motor windings can be independently excited and controlled by
the same transmitter coil using time-division multiplexing (TDM) and burst ﬁring control (BFC).
Furthermore, the LCC compensation is adopted to eliminate the LC tanks and hence achieve received
power equalization. Consequently, an array of motors can be wirelessly powered with the same power
and independently controlled by the same transmitter, which is highly desirable for some practical
applications such as batteryless humanoid robots walking on electriﬁed ﬂoors or robotic arms operated
in isolated environment.
2. SYSTEM CONFIGURATION AND OPERATION
Firstly, the system conﬁguration will be introduced. Two conventional compensation networks, namely
the primary series and primary parallel compensations, will be analyzed. Hence, the proposed wireless
motor drives with LCC compensation will be presented and analyzed to highlight the advantages of no
switched-capacitor array and power equalization for multiple-receiver WPT. Consequently, the system
operation principle will be given and realized by using BFC and TDM.
2.1. System Configuration
The proposed LCC wireless coordinative motor drive is shown in Figure 1, which includes only
one transmitter connected to an LCC compensation network, and two receiver coils that are series
compensated by two capacitors with diﬀerent resonant frequencies. Each receiver feeds a permanent
magnet (PM) DC motor via a full wave rectiﬁer consisting of four diodes. According to the magnetic
resonant coupling property of WPT, only the receiver that has been tuned at the same operating
frequency of the transmitter can pick up the transmitted energy; meanwhile, another receiver which has
been tuned to another frequency theoretically cannot pick up any energy.
In Figure 1, it can be found that there is no switched capacitor at the transmitter side to determine
the resonant frequency. Thus, the component cost and control complexity are signiﬁcantly reduced.
Furthermore, it should be noted that no battery or power switch is included at the receiver side. Hence,
the receiver side does not need any maintenance and can be totally isolated from the transmitter side
without any physical contacts.
2.2. Conventional Compensation Network Analysis
For the conventional multiple-frequency WPT system as shown in Figure 2, there are two receivers
with diﬀerent resonant frequencies. Generally, the operating frequency of a transmitter should be the
same with that of a receiver. Thus, two operating frequencies should be adopted for two receivers with
two diﬀerent resonant frequencies. As a result, a switched capacitor is generally required to achieve
multiple-frequency operation.
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Figure 1. Proposed wireless coordinative DC motor drive.

Figure 2. Equivalent circuit of conventional multiple-frequency WPT system. (a) Primary series
compensation. (b) Primary parallel compensation.
In a WPT system, both series and parallel compensation networks can be used to reduce the voltageto-current rating in the coil. Actually, the series compensation is most popularly used at the secondary
side. This is because there is no reﬂected reactance from the secondary side when the operating frequency
is set at the resonant frequency of the secondary side [25]. As shown in Figure 2, the primary series
and parallel compensation networks are analysed to reveal their shortcomings, where VS and IS are
the AC output voltage and current from a full H-bridge inverter; LT , CSi , and RT are the inductance,
switched capacitance, and resistance of the transmitter coil (i = A, B); MT i are the mutual inductance
between the transmitter and receiver coils, and the mutual inductance MAB between two receivers is
ignored. LRi , CRi , and RRi represent the inductance, capacitance, and resistance in the receiver i. The
two reversely connected N-type MOSFETs are used to switch one of the two compensation capacitors,
hence achieving two diﬀerent resonant frequencies.
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As shown in Figure 2, there are two receivers with diﬀerent resonant frequencies ωA and ωB , which
can be expressed as
√

ωA = 2πfA = 1/ LRA CRA
√
(1)
ωB = 2πfB = 1/ LRB CRB
Thus, the operating frequencies of the series compensation as shown in Figure 2(a) are
 
1/ LT (CS1 + CS2 ) = ωA
√
1/ LT CS1 = ωB

(2)

and the operating frequencies of the parallel compensation as shown in Figure 2(b) are
⎧
4 M4
ωA
1
⎪
2
TA
⎪
⎪
=
⎨ C +C
2 + ω A LT
LT RA
S1
S2
⎪
ω4 M 4
1
⎪
2
⎪
= B T2B + ωB
LT
⎩
C S1
LT RB

(3)

where the coil resistances are ignored.
Based on the aforementioned equations, the switched capacitances of CS1 and CS2 can be calculated.
For a given input current with 110 kHz and 130 kHz, both switching voltage and received current
waveforms under two diﬀerent compensations can be simulated as shown in Figure 3. It can be found
that the switching voltages across the switch terminals can reach up to 600 V under the 0.5 A inverter
current output, which will bring high voltage stresses to the two switches and thus increase the switching
losses. Moreover, the received currents of two receivers are diﬀerent, namely power disequilibrium will
be resulted due to the conventional series and parallel compensations. In order to address the problems
of high voltage stress and power disequilibrium, LCC compensation in the primary is desired.
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Figure 3. Switching voltages and received currents. (a) Primary series compensation. (b) Primary
parallel compensation.

2.3. LCC Compensation Network Analysis
The equivalent circuit model of the proposed LCC wireless coordinative PMDC motor is shown
in Figure 4, where LT , CT , RT , IT , and IS are the transmitter inductance, transmitter capacitance,
transmitter resistance, transmitter coil current, and AC source current, and LLCC and CLCC are the
inductance and capacitance in the LCC compensation network. The PMDC motor can be equivalently
regarded as a resistor RM i , a back electromotive force Emi , and an inductor LM i connected in series.
URi , UM i , IRi , and IM i represent the corresponding voltages and currents before and after the diode
rectiﬁer, respectively.
Generally, a PMDC motor can be considered as a variable resistor, which is dependent on the motor
speed and load torque. For simplicity, the motor equivalent resistance RM Eq is regarded as a constant
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Figure 4. Equivalent circuit of proposed LCC wireless coordinative PMDC motor drive.
value due to the constant load torque and speed for ﬁxed robot arm applications. Thus, the equivalent
resistance RDRi before the diode rectiﬁer can be expressed as
√
2 2
π
8
UM i / √ IM i = 2 RM Eq
(4)
RDRi =
π
π
2 2
Hence, the receivers’ impedances ZRA and ZRB are given by

ZRA = jωLRA + 1/(jωCRA ) + RRA + RDRA
(5)
ZRB = jωLRB + 1/(jωCRB ) + RRB + RDRB
Referring to the transmitter side, the total reﬂected impedance ZT ref from the secondary side can be
deduced by dividing the reﬂected voltage by the primary current so that the ZT ref from two receivers
can be expressed as
ω 2 MT2 A ω 2 MT2 B
−jωMT A IRA − jωMT B IRB
=
+
(6)
IT
ZRA
ZRB
For each receiver, when the operating frequency is equal to the resonant frequency of receiver i, the
reﬂected resistance Re(ZT ref i ) and reﬂected reactance Im(ZT ref i ) can be deduced as
ZT ref =

ReZref i =
ImZref i =

2 M 2 (R
ωi4 CRi
ωi2 MT2 i
Ri + RDRi )
Ti
=
2 (R
2
RRi + RDRi
(ωi2 CRi LRi − 1)2 + ωi2 CRi
Ri + RDRi )

−ωi3 CRi MT2 i (ωi2 CRi LRi − 1)
=0
2 (R
2
(ωi2 CRi LRi − 1)2 + ωi2 CRi
Ri + RDRi )

(7)
(8)

Since the reﬂected impedance from the untargeted receiver i is much higher, the total reﬂected
impedance ZT ref i can be expressed as
2 M2
2 M2
ωA
ωB
TA
TB
or
(9)
RRA + RDRA
RRB + RDRB
Conventionally, LCC compensation network for a single frequency system can provide constant current
or voltage operation regardless of the impedance of the load [26]. In this multiple-frequency operation
system, constant power should be achieved regardless of the operating frequency variations. The
transmitter current IT can be calculated by

ZT ref =

(jωLT − j/(ωCT ) + RT + ZT ref )(−j/ωCLCC )
jωLT − j/(ωCT ) + RT + ZT ref
jωLLCC
1−
ZS
= VS
jωLT − j/(ωCT ) + RT + ZT ref

IT = IS

(10)
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1
where ZS = jωLLCC + jωC1LCC (jωLT + jωC
+ RT + ZT ref ).
T
Thus, the received currents of each receiver can be expressed as
jωi MT i IT
(11)
IRi =
RRi + RDRi
And then the power transferred to each motor Pi can be calculated by
2
RDRi (i = A, B)
(12)
Pi = IRi
For the proposed LCC wireless coordinative motor system, the receiver A that feeds the PMDC motor
A is tuned to the resonant frequency of 110 kHz, whereas the receiver B that feeds the PMDC motor
B is tuned to the resonant frequency of 130 kHz. The system parameters are resonant frequencies fj
of 110 kHz and 130 kHz, transmitter coil resistance RT of 0.8 Ω, receiver coil resistances RRj of 0.4 Ω,
mutual inductances MT j of 78 µH, transmitter coil inductance LT of 0.79 mH, receiver coil inductances
LRj of 0.50 mH, LCC inductance LLCC of 0.21 mH, transmitter compensated capacitance CT of 2.7 nF,
and LCC compensated capacitance CLCC of 7.3 nF. When the motor A is targeted, the transmitter
should be operated at 110 kHz; when the motor B is targeted, the transmitter should be operated at
130 kHz. Most importantly, the LCC compensated transmitter, without using any switched capacitor
array, can provide the same power to diﬀerent receivers at diﬀerent resonant frequencies. According
to Equations (10)–(12), the received powers of two receivers are plotted in Figures 5(a) and (b) when
the motor equivalent resistance is 25 Ω, namely, the motor is under the torque of 12 Ncm and speed of
1500 rpm. It can be observed that the power equalization with diﬀerent operating frequencies can be
achieved when the inductance of LLCC is selected as 0.21 mH or 0.36 mH.
As shown in Figures 5(c) and (d), the received powers for two receivers are the same when the
resonant frequency of LLCC CLCC tank is equal to 127 kHz or 134 kHz, respectively. Considering
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Figure 5. Received power of two receivers under diﬀerent parameters. (a) Receiver A with 110 kHz.
(b) Receiver B with 130 kHz. (c) Power distribution with 0.21 mH LLCC . (d) Power distribution with
0.36 mH LLCC .
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the lower resistance, the inductor with 0.21 mH is selected for the LCC compensation. Thus, the
capacitances of CT and CLCC can be calculated as 2.7 nF and 7.3 nF. From these results, it can be
conﬁrmed that only one transmitter with LCC compensation can eﬀectively provide the same power to
diﬀerent receivers with diﬀerent resonant frequencies.
2.4. BFC and TDM Operation

Receiver voltage

Since the motor side does not involve any controller or inverter, the motor motion control should be
handled at the transmitter side. Based on the property of selective WPT, when the operating frequency
of the transmitter is tuned to the resonant frequency of receiver A, then only the receiver A can pick
up the wireless power and drive the motor A while the receiver B can pick up nearly no power. Thus,
the motor A can be independently energized by setting the operating frequency of the transmitter at
fA . Similarly, the motor B can be independently energized by setting the operating frequency of the
transmitter at fB . The two resonant frequencies of fA and fB are ﬁxed values. When only one motor is
needed to be targeted, the corresponding operating frequency of the transmitter should be adopted. In
order to provide power control while maintaining the operating frequencies and switching signal duty
ratio, the BFC method is employed, namely, the operating frequency of the transmitter is always kept
at one of the resonant frequencies. The BFC aims to control the eﬀective number of transmitted cycles
Nei over the total number of cycles NT i in a short time section, as shown in Figure 6. The duty ratio
of BFC can be expressed as
Nei
× 100%
(13)
δBF Ci =
NT i
As the resonant frequency is much higher than the BFC time section of 400 µs which includes hundreds
of cycles, this control method can oﬀer smooth control of wireless power. When the two motors need
to work simultaneously under the multiple-frequency operation, the TDM is adopted to divide the
control period into two time sections. The ﬁrst time section is for the motor A with 200 µs and the
second time section if for the motor B with the same 200 µs. In other words, only the motor A is
independently energized by tuning the operating frequency of the transmitter to fA in the ﬁrst time
section. Meanwhile, only the motor B is independently energized by tuning the operating frequency of
the transmitter to fB in the second time section. Since the control period is much shorter than the
electrical time constant of motor windings, the two motors work like simultaneous operation.
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130kHz

0

-Vm
0

Ne1/NT2
100/0
Motor A
targeted

Time-division
Motor B
targeted

100

Motor A and B
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Figure 6. Principle of operation with TDM and BFC.

3. SIMULATION AND ANALYSIS
The performance of the proposed wireless coordinative motor drives is simulated by using the ﬁnite
element analysis software (JMAG). Generally, the total eﬀective ﬂux passes through the pad receiver
can be employed to reﬂect the received current or power transmission ability. Both receiver A and
receiver B are independently selected at 110 kHz and 130 kHz to quantitatively analyze the magnetic
ﬁeld distributions.
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3.1. Finite Element Analysis of Magnetic Field
As shown in Figure 7, both the transmitter and receiver coils adopt the concentrated winding type. It
can be found that only one transmitter is needed to serve the two receiver coils. In order to reduce the
ﬂux leakage and improve the mutual coupling between the transmitter and the receivers, ferrite bars are
adopted at the bottom of the transmitter coil and at the top of the receiver coils. Especially, the ferrite
bars of each receiver are only laid on their non-neighboring sides so as to reduce the cross coupling
between the two receiver coils. By using ﬁnite element analysis, the magnetic ﬂux density above the
transmitter coil at diﬀerent heights are shown in Figure 8.
Ferrite bars
O

60 mm
100 mm

110 mm

O

32 turns

Air gap 100 mm
25 turns
O
O

310 mm

150 mm

240 mm

Figure 7. Transmitter and receiver coil structures with ferrite bars.
It can be observed that the magnetic ﬂux density distributions at diﬀerent heights exhibit diﬀerent
shapes and properties. As shown in Figure 8(a), the magnetic ﬂux density at the height of 60 mm
has a concave area in the central while the magnetic ﬂux densities at the heights of 100 mm and
150 mm exhibit more uniform distributions as shown in Figures 8(b) and (c). Particularly, the width
of uniform magnetic ﬂux distribution at the height of 150 mm is much less than that at the height of
100 mm. As a result, the receiver coils at the height of 100 mm can achieve better tolerance ability of
misalignment. Furthermore, the two receivers can achieve almost the same mutual inductance when
the receiver position is slightly varied, thanks to the more uniform magnetic ﬂux density distribution.
3.2. Independent and Simultaneous Control
As shown in Figure 9(a), when the motor A is targeted, namely, the transmitter is operated at 110 kHz,
the magnetic ﬁeld distribution at the receiver A is much stronger than that at the receiver B, where the
magnetic ﬂuxes mainly cluster at the receiver A; when the motor B is targeted, namely, the transmitter
is operated at 130 kHz, the magnetic ﬁeld distribution at the receiver B is much stronger than that
at the receiver A as shown in Figure 9(b). Moreover, as shown in Figures 9(c) and (d), the current
densities of receivers A and B can be regulated by varying the operating frequency. Thus, it veriﬁes that
the proposed wireless motor can be eﬀectively targeted to run by using the selective coupling between
the transmitter and receivers.
Moreover, the motor speed control is simulated as depicted in Figure 10. In regions 1 and 2, the
motors A and B are individually driven by adopting the BFC duty ratios of 100% and 40%, respectively.
In region 3, the two motors are driven simultaneously by both adopting the 50% duty ratio. It veriﬁes
that the proposed wireless motors can be eﬀectively controlled for various operating requirements.
Moreover, it can be found that the motor speeds of two operating frequencies are almost the same
under the duty ratio control. Hence, the power equalization can be eﬀectively achieved by employing
LCC compensation.
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Figure 11. Experimental setup of proposed wireless coordinative DC motor drive.

4. EXPERIMENTAL VALIDATION
An experimental prototype has been constructed as shown in Figure 11, in which the KENWOOD
PU150-5 and SiC C3M0065090 are used as the DC power supply and inverter switches, the oscilloscope
(Lecroy 6100A) is used to display voltages and currents, the currents are measured by CP030 and TCP
A300, and the mutual inductance is measured by the LCR meter (ISO-TECH LCR821). The operating
frequencies are set at 112 kHz and 134 kHz due to the consideration of practical parameters.
In order to verify the system selectability and power equalization, the currents of the two receivers
and motors are measured as shown in Figure 12. It can be observed that when the inverter output is
with a peak value of 66 V and the operating frequency is set at 112 kHz, the receiver A and motor A
can pick up 1.17 A and 1.0 A, respectively, while the receiver B picks up near no current. At the same
inverter output voltage, when the operating frequency is set at 134 kHz, the receiver B and motor B
can pick up 1.16 A and 0.98 A while the receiver A picks up near no current. These results well verify
that the LCC topology can eﬀectively eliminate the switched-capacitor array and hence provide the
multiple-frequency selective WPT operation. Furthermore, the proposed wireless motor drive is well
veriﬁed to achieve power equalization for the two motors.
Furthermore, by applying the BFC method, the current responses under 40% and 80% duty ratios
are measured as shown in Figures 13(a) and (b), respectively. It can be observed that the currents can
be eﬀectively chopped by the BFC method. Since the control period of 400 µs is much shorter than
the natural time constant of DC motor windings, the motor power can be smoothly controlled by the
chopped current. As shown in Figure 14(a), the two motors can be independently controlled. Namely,
only one motor is targeted to run while another one is idle. By using the TDM scheme, simultaneous
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motor motions can be achieved as shown in Figure 14(b). It can be found that when both frequencies
of 112 kHz and 134 kHz are set at a duty ratio of 50%, the currents of the two motors are produced
alternately in a short period of 200 µs, which is much shorter than the constant time of DC motor
windings. Thus, the motor can be independently and simultaneously operated by combining the BFC
and TDM.
Finally, the speed control at diﬀerent torques is conducted as shown in Figure 15. It can be observed
that the motor can be well controlled from 0 rpm to near 1200 rpm with respect to diﬀerent BFC duty
ratios. The BFC can almost provide the desired linear speed control. Moreover, the two motor speeds at
the same duty ratio under the same torque are almost the same. Thus, the motors can be independently
and also simultaneously controlled by using diﬀerent frequency combinations.
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1000
800
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Figure 15. Speed control at diﬀerent torques by using BFC.

5. CONCLUSION
In this paper, a novel class of wireless coordinative DC motor drives has been proposed and implemented.
Only one transmitter is needed to feed and control multiple PMDC motors without cables. As a
result, there will not be any converter or controller at the motor side and hence robustness can be
improved. In order to achieve multiple-frequency selective WPT, the LCC compensation is adopted so
as to eliminate the switched-capacitor array. By newly employing the TDM scheme and BFC method,
it can provide simultaneous and independent WPT to diﬀerent motors, hence achieving the desired
coordinative motion.
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