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Abstract—Magnetically coupled resonant (MCR) wireless power
transfer (WPT) is one of the most promising WPT technologies for
its remarkable capability of simultaneous noncontact power trans-
fer for multiple independent loads. Nevertheless, diverse energy
requirements of different loads and efficiency quota make it diffi-
cult to design and optimize the multiload system. In this paper, a
novel driver configuration for the MCR WPT system with multiple
loads is proposed, in which the transmitting resonant tank is driven
synchronously by multiple inverters operating at multiple switch-
ing frequency and sharing a common dc voltage source, then a
multifrequency superposition methodology is presented to achieve
high efficiency and targeted power distribution. The dominant fea-
tures of the methodology are listed as follows: 1) the multifrequency
power components from multiple inverters can be simultaneously
delivered to multiple loads through a single transmitter; 2) the
receiving coils are elaborately designed at different resonant fre-
quencies that correspond to the operating frequencies of multiple
inverters to achieve targeted power transfer and high efficiency; 3)
the resonant frequency of the transmitter can be modulated within
the adjacent area of multiple operating frequencies, and the power
distribution to meet the requirements of selective loads will be re-
alized; and 4) the resonant frequencies of receivers can also be
adjusted to effectively realize the power distribution. In this paper,
a double-frequency MCR WPT system with two loads is compre-
hensively investigated as a representative example, and the studied
methodology has been experimentally verified by two prototypes
of the proposed circuit configurations.
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I. INTRODUCTION

TO SATISFY increasing requirements of various charging
applications, such as electric vehicles, smart home,

portable electronic devices, and implantable devices [1]–[4],
widespread attention has been paid to the research work
of wireless power transfer (WPT) for its great convenience
of being cordless and safety in wet and harsh environment
compared with the traditional cable power transfer. In 2007, a
60-W bulb was successfully lighted up over a distance above
2 m by scientists in Massachusetts Institute of Technology,
which is viewed as a landmark event of rapidly developing WPT
technologies [5]. Currently, magnetically coupled inductive
(MCI) and magnetically coupled resonant (MCR) are two main-
stream WPT technologies, which employ near field to transfer
the power based on electromagnetic induction principles [6].
Some MCI WPT cases have exhibited high power transmission
efficiency, normally larger than 90% within the transmission
distance of several centimeters [7]. However, the transmission
distance is still constrained due to the large leakage inductance
of the loosely coupled transformers. In contrast, MCR WPT
can cover wider transmission range with high efficiency and
high power under loosely coupled conditions [8]; thus, it has
become a hotspot in the midrange WPT applications at present.

For MCR WPT technology, simultaneous delivering power
to multiple loads is a unique and attractive advantage. However,
there are still numerous challenging issues of the operation of
multiload MCR WPT systems, among which, high efficiency
and power distribution are two important issues and have been
gradually taken into consideration. Differed from single-load
systems [9]–[12], the transmission characteristics of multiload
systems are significantly affected by multiple loads and intricate
couplings among transmitter and multiple receivers, which ex-
hibit more complicated for the theoretical analysis and param-
eters design [13], [14]. Nowadays, some practical techniques
based on single-frequency power transfer have been put for-
ward to settle relevant issues. In [15], the resonant frequencies
of multiple receivers are commonly designed at the operating
frequency for maximum efficiency under specific loads, but the

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.

https://orcid.org/0000-0001-8015-6125
https://orcid.org/0000-0003-1718-171X


9006 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 10, OCTOBER 2018

condition for maximum efficiency does not necessarily guar-
antee maximum power transfer. To maximize the amount of
power transfer, the resonant frequency of the transmitter need to
be tuned to the same resonant frequency of receivers. However,
the power distribution to the specific loads cannot be adjustable
in this system. Yin et al. [16] present a method of cascading
converters at the receiving sides to modulate equivalent load
resistances for power distribution. The defect is that the sys-
tem efficiency will fluctuate with the variation of equivalent
load resistances and be difficult to maintain at high levels in
some special operation points. Fu et al. [17] discuss the ex-
istence of optimal loads to achieve maximum efficiency for a
general single-transmitter multireceiver system under a fixed
operating frequency. Compared with the unified receiving reso-
nant frequency mentioned above, different resonant frequencies
of receivers are designed in [18]. One of multiple loads can
obtain high power and high efficiency through adjusting the
operating frequency to its own resonant frequency, but it is im-
practical to simultaneously obtain diverse power for selective
loads with persistently high efficiency. It is worth mentioning
that some literatures such as [19] and [20] put forward a time-
sharing mechanism for power distribution of multiple loads in
the single-frequency systems, essentially not transferring power
simultaneously.

On the other hand, the multifrequency concept begins to be
introduced into the multiload systems and is expected to find
appropriate methods to supply energy with high efficiency and
power distribution [21], [22]. Multiple transmitting coils are
adopted and operated under respective arranged frequencies to
simultaneously provide multifrequency power components for
individual loads, as presented in [23] and [24]. In [23], all coils
of transmitters and receivers are tuned into resonance at one
common frequency, and the dynamic power distribution to se-
lective loads and system efficiency can be enhanced by rotating
a repeater that combines multifrequency power from transmit-
ters and delivers power to receivers through couplings. In [24],
the operating frequencies are widely apart and each pair of
transmitting and receiving coils is tuned to a designed oper-
ating frequency, which means that traditional single-frequency
theory can be utilized to handle the efficiency and power dis-
tribution issues. However, in [23] and [24], all the systems are
composed of multiple transmitters, which will make the driver
circuit configuration and transmitting coils complicated.

In this paper, a novel multifrequency circuit configuration for
the MCR WPT system with multiple loads is proposed from a
new perspective, in which a single transmitting resonant tank is
driven simultaneously by multiple inverters sharing a common
dc voltage source. As a representative example, the transmission
characteristics of a double-frequency system with two loads are
analyzed in detail based on the equivalent circuit model. Then,
a methodology is proposed to explain the principle of achieving
high efficiency and expected targeted power distribution. A su-
perior feature of the proposed configuration and methodology is
that the multifrequency power components from multiple invert-
ers can be simultaneously delivered to multiple loads through a
single transmitter. Meanwhile, the receiving coils are elaborately
designed at different resonant frequencies that correspond to the
operating frequencies of multiple inverters to achieve targeted

Fig. 1. Configuration of the multifrequency MCR WPT system with multiple
loads.

power transfer and high efficiency, and the resonant frequencies
of the transmitter and receivers are modulated to distribute
power to selective loads. Finally, a prototype based on the
proposed circuit configuration is built to confirm the validity
of the methodology. As a comparison, an improved circuit
configuration is presented for the double-load application and
the system efficiency is increased by about 5%.

II. DESCRIPTION OF THE PROPOSED MULTIFREQUENCY MCR
WPT SYSTEM WITH MULTIPLE LOADS

Fig. 1 shows the proposed circuit configuration of the
multifrequency MCR WPT system with multiple loads. As
illustrated, the transmitting resonant tank is driven by multiple
voltage-fed inverters sharing a common dc voltage source
and operating at multiple switching frequencies, namely
f1 , f2 , . . . , fn . To combine the square voltages of each inverter
under multiple frequencies, a superposition scheme that
adopts secondary series-connected transformers is proposed,
representing that the transmitting resonant tank is driven by a
mixed-frequency square voltage. Multiple receivers cascaded
by rectifiers are designed at different resonant frequencies that
correspond to the respective switching frequencies, and the
power components under different frequencies coming from
the transmitter are expected to be transferred to the selective
loads through the exclusive channel of specific frequency.

In Fig. 1, LP is the self-inductance of the transmitter includ-
ing the leakage inductances of transformers. LS1 , LS2 , . . . , LSn

are the self-inductances of receivers. CP ,CS1 , CS2 , . . . , CSn

are the compensated capacitors. RP ,RS1 , RS2 , . . . , RSn are
the equivalent series resistances and considered to be constant
for simplicity, representing the conduction loss of coils, trans-
formers, power semiconductors, etc. MP Si and MSiSj (i =
1, 2, . . . , n, j = 1, 2, . . . , n, i < j) are the mutual inductances
between transmitter and receivers.

In this paper, a typical double-frequency MCR WPT system
with two loads is investigated in detail as a representative ex-
ample for simplifying the theoretical analysis, and its circuit
configuration is given in Fig. 2. As shown, two half-bridge in-
verters and double-voltage rectifiers are adopted for the voltage
conversion, and external capacitors are inserted in series with the
primary winding of transformers to block the output dc voltage
component of inverters.
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Fig. 2. Configuration of the double-frequency MCR WPT system with two
loads.

Fig. 3. Key voltage and current waveforms of the double-frequency MCR
WPT system.

Fig. 3 depicts the key voltage and current waveforms of
the double-frequency system. vin1 and vin2 are the midpoint
voltages of half-bridge inverters operating at the frequencies of
f1 and f2 , respectively. ip , is1 , and is2 are the resonant cur-
rents of transmitting coils and receiving coils. vo1 and vo2 are
midpoint voltages of double-voltage rectifiers. From Fig. 3, it
can be known that the resonant currents consist of the multi-
frequency components because the transmitting coils are driven
by a mixed-frequency square voltage. Meanwhile, the dominant
frequency components of each output are f1 and f2 , which in-
dicates that the power components at different frequencies are
mainly transferred to the selective loads effectively.

III. MODELING AND ANALYSIS OF TRANSMISSION

CHARACTERISTICS

Generally, the quality factors of resonant tanks are high
enough to adopt the fundamental harmonic analysis (FHA)
method for the steady-state analysis, which only considers
the fundamental component and neglects the dc component or
higher harmonics. The equivalent circuit model of the system
consisting of double-frequency components based on FHA is
shown in Fig. 4, in which phasors U̇

(1)
in and U̇

(2)
in , respectively,

stand for the fundamental harmonics of the output ac voltages
at frequencies of f1 and f2 in two half-bridge inverters with
dc input voltage Vin , phasors İ

(i)
P , İ

(i)
S1 , and İ

(i)
S2 are the reso-

nant currents of transmitter and receivers at fi , respectively, and

Fig. 4. Equivalent circuit model of the double-frequency MCR WPT system.

RL1eq and RL2eq are the equivalent values of load resistances
RL1 and RL2 looking from the double-voltage rectifiers.

Due to the half-bridge configuration, the norms of U̇
(1)
in and

U̇
(2)
in can be calculated as follows:

U
(1)
in =

∥
∥
∥U̇

(1)
in

∥
∥
∥ =

√
2

π
Vin , U

(2)
in =

∥
∥
∥U̇

(2)
in

∥
∥
∥ =

√
2

π
Vin . (1)

The relationships between the equivalent load resistances
RL1eq , RL2eq and the real load resistances RL1 , RL2 are

RL1eq =
2
π2 RL1 , RL2eq =

2
π2 RL2 . (2)

At the steady state, the circuit matrix is given below at a
certain operating frequency fi (i = 1 or 2)
⎡

⎣

U̇
(i)
in
0
0

⎤

⎦ =

⎡

⎢
⎣

Z
(i)
P −jωiMP S1 −jωiMP S2

−jωiMP S1 Z
(i)
S1 jωiMS1S2

−jωiMP S2 jωiMS1S2 Z
(i)
S2

⎤

⎥
⎦ ·

⎡

⎢
⎣

İ
(i)
P

İ
(i)
S1

İ
(i)
S2

⎤

⎥
⎦

(3)
where ωi = 2πfi , Z

(i)
P = RP + j(ωiLP − 1/ωiCP ), Z

(i)
S1 =

RS1 + RL1eq + j(ωiLS1−1/ωiCS1), and Z
(i)
S2 = RS2 +RL2eq

+ j(ωiLS2 − 1/ωiCS2).
Solving (3), one can get

İ
(i)
P = U̇

(i)
in

/

Z
(i)
in (4)

İ
(i)
S1 =

U̇
(i)
in

(

ωi
2MP S2MS1S2 + jωiMP S1Z

(i)
S2

)

Z
(i)
in

[

Z
(i)
S1 Z

(i)
S2 + (ωiMS1S2)

2
] (5)

İ
(i)
S2 =

U̇
(i)
in (ωi

2MP S1MS1S2 + jωiMP S2Z
(i)
S1 )

Z
(i)
in

[

Z
(i)
S1 Z

(i)
S2 + (ωiMS1S2)

2
] (6)

where the input impedance of the system is, Eqn. (7) as shown
bottom of the next page.

Therefore, the transmission power of each load and the system
efficiency at fi can be expressed as, Eqn. (8–10) as shown
bottom of the next page, where Re() means the real part of a
complex number.

As the two equivalent voltage sources of f1 and f2 drive the
transmitter simultaneously, the total transmission power and the
overall system efficiency can be obtained as

Po1 = P
(1)
o1 + P

(2)
o1 (11)

Po2 = P
(1)
o2 + P

(2)
o2 (12)

ηsys =
P

(1)
o1 + P

(2)
o1 + P

(1)
o2 + P

(2)
o2

P
(1)
in + P

(2)
in

. (13)
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According to the theoretical analysis above, it can be re-
vealed that the transmission characteristics of the system are
intensively related to the operating frequencies, the resonant
frequency of transmitting tank, and the resonant frequencies of
receiving tanks.

IV. METHODOLOGY FOR HIGH EFFICIENCY AND TARGETED

POWER DISTRIBUTION

For single-frequency MCR WPT systems, it is easy to achieve
high system efficiency when the power distribution of multiple
loads is irrespective. However, when specific demands of power
allocation are taken into consideration, it will be difficult to
realize high efficiency because the regulation of the mutual in-
ductance and equivalent load resistances, as effective means
of power distribution, makes the system efficiency very low at
some operation points. In this paper, considering the transmis-
sion characteristics of the multifrequency system as analyzed
above, a practical methodology for high efficiency and targeted
power distribution of the multifrequency MCR WPT system is
proposed in the following.

A. Design for High System Efficiency

Substituting (10) into (13), the overall system efficiency can
be expressed as

ηsys = k1η
(1)
sys + k2η

(2)
sys (14)

where k1 and k2 are coefficients related to input power of the
system, and k1 + k2 = 1(k1 > 0 and k2 > 0)

k1 =
P

(1)
in

P
(1)
in + P

(2)
in

, k2 =
P

(2)
in

P
(1)
in + P

(2)
in

. (15)

From (14), ηsys is the weighted average of η
(1)
sys and η

(2)
sys .

Obviously, high ηsys can be easily realized if both η
(1)
sys and

η
(2)
sys reach high values, respectively, and then the influence on

the overall efficiency from the variations of k1 and k2 can be
neglected.

Fig. 5. System efficiency versus resonant frequency of the transmitter.

Under given specifications, as (10) revealed, η
(i)
sys is princi-

pally influenced by operating frequency fi and resonant fre-
quencies of receivers. To achieve high efficiency at both f1 and
f2 , the resonant frequency of Receiver 1 (corresponding to RL1)
fS1r is designed at f1 and the resonant frequency of Receiver 2
(corresponding to RL2) fS2r is tuned at f2 , i.e.

f1 =
1

2π
√

LS1CS1
, f2 =

1
2π

√
LS2CS2

. (16)

Substituting (16) into (10), it can be found that both η
(1)
sys and

η
(2)
sys can reach high levels. Fig. 5 illustrates the curves of system

efficiency as a function of transmitting resonant frequency,
and the specifications are listed as follows: Vin = 24 V, f1 =
fS1r = 190 kHz, f2 = fS2r = 210 kHz, LP = LS1 = LS2 =
21 μH,MP S1 = MP S2 = 1.7 μH,MS1S2 = 0.39 μH, RP

= 0.25 Ω, RS1 = RS2 = 0.11 Ω, and RL1 = RL2 = 10 Ω. As
shown in Fig. 5, the values of η

(1)
sys and η

(2)
sys are not affected by

the transmitting resonant frequency, which can also be proved
by (10). However, the system efficiency, ηsys shows a slight
difference under different transmitting resonant frequency,
because the variation of fpr will change the input impedance at
specific receiving resonant frequency according to (7), and the

Z
(i)
in =

U̇
(i)
in

İ
(i)
P

= Z
(i)
P +

(ωiMP S1)
2Z

(i)
S2 + (ωiMP S2)

2Z
(i)
S1 − j2ωi

3MP S1MP S2MS1S2

Z
(i)
S1 Z

(i)
S2 + (ωiMS1S2)

2
. (7)

P
(i)
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∣
∣
∣İ

(i)
S1

∣
∣
∣

2
RL1eq =

∣
∣
∣
∣
∣
∣

Uin

(

ωi
2MP S2MS1S2 + jωiMP S1Z

(i)
S2

)

Z
(i)
in

[

Z
(i)
S1 Z

(i)
S2 + (ωiMS1S2)

2
]

∣
∣
∣
∣
∣
∣

2
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P
(i)
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∣
∣
∣İ

(i)
S2

∣
∣
∣

2
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∣
∣
∣
∣
∣
∣

Uin

(

ωi
2MP S1MS1S2 + jωiMP S2Z

(i)
S1

)

Z
(i)
in

[

Z
(i)
S1 Z

(i)
S2 + (ωiMS1S2)

2
]

∣
∣
∣
∣
∣
∣

2

RL2eq (9)

η(i)
sys =

P
(i)
o1 + P

(i)
o2

P
(i)
in

=

∣
∣
∣
∣
∣

ωi
2MP S2MS1S2 + jωiMP S1Z

(i)
S2

Z
(i)
S1 Z

(i)
S2 + (ωiMS1S2)

2

∣
∣
∣
∣
∣

2

RL1eq +

∣
∣
∣
∣
∣

ωi
2MP S1MS1S2 + jωiMP S2Z

(i)
S1

Z
(i)
S1 Z

(i)
S2 + (ωiMS1S2)

2

∣
∣
∣
∣
∣

2

RL2eq

Re
(

Z
(i)
in

∗) (10)
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Fig. 6. System efficiency versus resonant frequency of Receiver 1.

related input power will change accordingly. From (15), it can
be known that k1 and k2 will change along with dynamically
varied input power P

(1)
in and P

(2)
in , which results in the variation

of system efficiency tendency under different transmitting
resonant frequency. It is noteworthy that the fluctuation of
system efficiency curve is so minor that it can be neglected in
the practical design. Due to k1 + k2 = 1 (k1 > 0 and k2 > 0),
ηsys always fluctuates between η

(1)
sys and η

(2)
sys , and thus high

overall system efficiency can be always achieved.
It should be noted that η

(i)
sys (i = 1 or 2) is not the maximum

value when fS1r = f1 and fS2r = f2 . Assuming fS2r = f2 ,
the system efficiency curves under various resonant frequencies
of Receiver 1 is plotted in Fig. 6, in which fP r is adopted at
200 kHz. Taking η

(2)
sys as an example, as illustrated, η(2)

sys increases

first and then decreases along with fS1r . The peak value of η
(2)
sys

occurs in the vicinity of f2 (210 kHz), instead of f1 (190 kHz).
However, if fS1r is tuned to the neighborhood of f2 to maximize
η

(2)
sys , the overall system efficiency ηsys will dramatically decay

along with η
(1)
sys , which indicates that the overall efficiency can-

not be kept a high level only by maximizing η
(2)
sys . As a result,

there is a tradeoff in designing η
(1)
sys and η

(2)
sys , and each efficiency

component should be taken into consideration comprehensively
to obtain relatively high overall efficiency.

Given that the resonant frequencies of multiple receivers are
severally tuned in accordance with the operating frequencies,
a group of system efficiency curves with various receiving
resonant frequencies as a function of transmitting resonant fre-
quency is plotted in Fig. 7. As illustrated, the overall system
efficiency can be generally maintained at a high level, and there
is no obvious difference between efficiency curves under differ-
ent groups of receiving resonant frequencies, which proves that
the proposed high efficiency implementation method is insensi-
tive to the variation of both receiving resonant frequencies and
transmitting resonant frequency.

B. Method of Targeted Power Distribution

Substituting (8), (9), and (16) into (11) and (12), the output
power of RL1 and RL2 can be obtained, see (17) and (18) shown
at the bottom of the next page.

Fig. 7. Group of system efficiency under different transmitting and receiving
resonant frequencies.

Fig. 8. Transmission power of Receiver 1 versus transmitting resonant fre-
quency.

1) Modulate the Resonant Frequency of the Transmitter:
From (17) and (18), the resonant frequency of the transmitter,
fP r is a key parameter that can be utilized for power distri-
bution without detriment to the system efficiency. Through the
modulation of fP r within the adjacent area of f1 and f2 , di-
verse targeted power distribution to the selective loads can be
achieved.

For RL1 , as fS1r is designed at f1 and differs from f2 , the
impedance of Receiver 1 at f2 , Z

(2)
S1 is larger than that at f1 ,

Z
(1)
S1 . The current component of f2 İ

(2)
S1 is seriously attenuated

compared to the component of f1 , İ
(1)
S1 ; thus, the power

component of f2 P
(2)
o1 is overall small and the majority of Po1

is provided by the power component of f1 , P
(1)
o1 , as shown in

Fig. 8, which means that the variation trend of Po1 is primarily
determined by P

(1)
o1 . And the peak value of Po1 almost coincides

with that of P
(1)
o1 , by which the corresponding fP r can be

calculated by seeking for the minimum input impedance, Z
(1)
in .

Similarly, the targeted power transfer to RL2 can be obtained
and the variation trend of Po2 can be predicted through the
modulation of fP r under elaborative parameters design.

Comprehensively considering the double-frequency superpo-
sition on the two selective loads, the targeted power distribution
as a function of transmitting resonant frequency is plotted in
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Fig. 9. Transmission power versus transmitting resonant frequency of two
selective loads.

Fig. 9, in which three typical groups of power distribution are
marked by solid lines with labels. As illustrated, varied power
distribution is obtained successfully with wide range of power
ratio by modulating fP r elaborately.

2) Modulate the Resonant Frequency of Receivers: As an
alternative, adjusting receiving resonant frequencies (equal to
operating frequencies) can be treated as another effective means
to implement the targeted power distribution. In Fig. 10, a group
of transmission power curves versus transmitting resonant fre-
quency is plotted under the aforementioned three series of re-

Fig. 10. Group of transmission power versus transmitting resonant frequency.

ceiving resonant frequencies, where Po1 and Po2 are illustrated
in solid and dashed lines, respectively. As depicted, the peak
transmission power of each load shifts along with various com-
binations of receiving resonant frequencies. By modulating re-
ceiving resonant frequencies, the power ratio of receivers can
be controlled under a specific transmitting resonant frequency,
as given by the solid line with different labels. It is noteworthy
that two operating frequencies should be designed taking the
transmitting resonant frequency into consideration together to
achieve arbitrary targeted power distribution under the modula-
tion of the resonant frequencies of transmitter and receivers.

Po1 =

∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

Uin

(

ω1
2MP S2MS1S2 + jω1MP S1Z

(1)
S2

)
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Z
(1)
P +

(ω1MP S1)
2Z

(1)
S2 + (ω1MP S2)

2Z
(1)
S1 − j2ω1

3MP S1MP S2MS1S2

Z
(1)
S1 Z

(1)
S2 + (ω1MS1S2)

2

]
[

Z
(1)
S1 Z

(1)
S2 + (ω1MS1S2)

2
]

∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

2
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+
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∣
∣
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]
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2
]

∣
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∣
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∣

2

RL1eq

(17)

Po2 =

∣
∣
∣
∣
∣
∣
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∣

Uin

(

ω1
2MP S1MS1S2 + jω1MP S2Z

(1)
S1

)

[

Z
(1)
P +
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S1 Z
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2

]
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2
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∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

2
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+

∣
∣
∣
∣
∣
∣
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∣
∣
∣
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(
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(2)
S1

)

[

Z
(2)
P +

(ω2MP S1)
2Z

(2)
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2Z
(2)
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Z
(2)
S1 Z

(2)
S2 + (ω2MS1S2)

2

]
[

Z
(2)
S1 Z

(2)
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2
]

∣
∣
∣
∣
∣
∣
∣
∣
∣
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2

RL2eq

(18)

where Z
(1)
S1 = RS1 + RL1eq , and Z

(2)
S2 = RS2 + RL2eq
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Fig. 11. Prototype of the proposed double-frequency system with two loads.

Fig. 12. Calculations and experiments of transmission characteristics when
f1 = 190 kHz and f2 = 210 kHz based on original circuit configuration. (a)
System efficiency. (b) Transmission power.

C. Comparison Between the Proposed Method and Other
Multiload WPT Techniques

To illustrate the superior performance of the proposed su-
perposition methodology in this paper, the comparison between
different multiload and multifrequency MCR WPT topologies
has been carried out in Table I, in the perspective of transmis-
sion mechanism, number of transmitters, system performance,
etc. As shown in Table I, due to only one transmitting coil in
the proposed configuration, the topology in this paper has a
compact size and low weight; meanwhile, it can also achieve

Fig. 13. Calculations and experiments of transmission characteristics when
f1 = 187.5 kHz and f2 = 212.5 kHz based on original circuit configuration.
(a) System efficiency. (b) Transmission power.

TABLE I
COMPARISONS BETWEEN DIFFERENT MULTILOAD/MULTIFREQUENCY WPT

TOPOLOGIES

Transmission Number of System System
mechanism transmitting efficiency configuration

coils

[18] Simultaneous Single Medium Simple
[19] Time-sharing Single – Simple
[23] Simultaneous Multiple Medium Complex
Proposed
method in
this paper

Simultaneous Single High Simple

simultaneous power transfer to multiple loads and relatively
high system efficiency by designing the resonant frequency of
receivers appropriately.

V. EXPERIMENTAL VERIFICATIONS

To verify the validity of the theoretical analysis and the feasi-
bility of the proposed methodology, a prototype is implemented
in the laboratory, as shown in Fig. 11. The specifications are
given in Table II.



9012 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 10, OCTOBER 2018

TABLE II
PARAMETERS OF THE PROTOTYPE

Fig. 14. Calculations and experiments of transmission characteristics when
f1 = 185 kHz and f2 = 215 kHz based on original circuit configuration.
(a) System efficiency. (b) Transmission power.

A. Original Circuit Configuration

According to theoretical calculation and experimental mea-
sured data, the transmission characteristics with transmitting
resonant frequency of f1 = 190 kHz and f2 = 210 kHz (Case

Fig. 15. Calculations and experiments of the system with unequal load
(RL 1 = 15 Ω, RL 2 = 10 Ω) when f1 = 190 kHz and f2 = 210 kHz.
(a) System efficiency. (b) Transmission power.

1) based on the original proposed circuit configuration in Fig. 2
are plotted in Fig. 12, and the other curves at f1 = 187.5 kHz and
f2 = 212.5 kHz (Case 2), and f1 = 185 kHz and f2 = 215 kHz
(Case 3) are shown in Figs. 13 and 14, respectively. It is observed
that the experimental results are well in agreement with the the-
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Fig. 16. Key experimental waveforms at f1 = 190 kHz and f2 = 210 kHz
based on original circuit configuration. (a) fP r = 190 kHz. (b) fP r =
200 kHz. (c) fP r = 210 kHz.

oretical analysis by comparison. Thanks to the methodology of
tuning the resonant frequencies of receivers at operating fre-
quencies, high system efficiency can be always achieved within
the variation of fpr . There is a minor error between the theoret-
ical and experimental efficiency due to the nonnegligible losses
of power devices. And various power distributions of multiple
loads are successfully realized simultaneously by the modula-
tion of transmitting resonant frequency and receiving resonant
frequencies.

As a necessary supplemental verification, Fig. 15 demon-
strates the theoretical and experimental transmission character-
istics of the system with unequal loads (RL1 = 15 Ω, RL2 =
10 Ω); as shown, the tendency of curves is similar to those
of the system with equal load, and the output power of each

Fig. 17. Calculated power distribution when f1 = 190 kHz and f2 =
210 kHz. (a) fP r = 190 kHz. (b) fP r = 200 kHz. (c) fP r = 210 kHz.

load exists inherently a peak value in the adjacent area of res-
onant frequency point. Therefore, the proposed power distri-
bution method is definitely applicable to the real system with
independent and time-varying loads. In the real system, one can
introduce a dc/dc converter cascaded at the output terminal of
each rectifier to control the output power of each load; thus, the
output power can be easily controlled independently by modu-
lating the duty cycle of each dc/dc converter dynamically.

As an example, the key experimental waveforms at f1 =
190 kHz and f2 = 210 kHz under different transmitting reso-
nant frequencies are given in Fig. 16. As shown, is1 and is2
mainly consist of two frequency components, which manifests
that the output power of each load is inherently composed
of the same frequency components. When fP r = 190 kHz,
the midpoint voltage of Rectifier 1, vo1 is larger than that of
Rectifier 2, vo2 , which means that higher power is assigned to
RL1 , and when fP r = 210 kHz, more power is distributed to
RL2 . When fP r = 200 kHz, the output power of RL1 and RL2
is approximately equal as the output power curves overlap under
this operation point according to Fig. 12.

Fig. 17 shows the calculated distribution of the power losses
under the transmitting resonant frequency of 190, 200, and
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Fig. 18. Configuration of an improved double-frequency system with two
loads.

Fig. 19. Experimental transmission characteristics when f1 = 190 kHz and
f2 = 210 kHz in the original and improved circuit configuration. (a) System
efficiency. (b) Transmission power.

210 kHz. It can be observed that the power losses are domi-
nantly distributed in transformers, transmitting coils, and receiv-
ing coils, in which the losses of transformers can be eliminated
by removing the additional transformers. In double-load MCR
WPT systems, the transformers can be easily saved by optimiz-
ing the driver circuit configuration, which will be discussed in
the following. In multiload MCR WPT systems, the opportuni-
ties to get rid of the additional transformers really exist, such

Fig. 20. Experimental transmission characteristics when f1 = 187.5 kHz
and f2 = 212.5 kHz in the original and improved circuit configuration.
(a) System efficiency. (b) Transmission power.

as integrating multiple driving signals with different switch-
ing frequency into power switches, which will be investigated
thoroughly in the future work.

B. Improved Circuit Configuration

Fig. 18 shows the improved double-frequency MCR WPT
system without additional transformers, in which a full-bridge
inverter is adopted and two bridge legs are operating at differ-
ent switching frequencies. The output voltages of each bridge
leg are subtracted to produce an alternative voltage driving the
transmitting resonant tanks. Although this improved configu-
ration cannot be extended to the application of multiple loads
(more than two loads), it will be very beneficial to increase the
overall efficiency for double-frequency and double-load MCR
WPT system due to the removed transformers and dc blocking
capacitors. Adopting same system parameters, the transmission
characteristics versus transmitting resonant frequency of the
original and improved topologies are plotted in Figs. 19–21. As
shown, the system efficiency of improved circuit is increased
by about 5% compared with the original driver circuit, owing
to the reduction of the magnetic core loss and the transmitting
equivalent resistance. Meanwhile, the overall power levels of
each load are also improved.
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Fig. 21. Experimental transmission characteristics when f1 = 185 kHz and
f2 = 215 kHz in the original and improved circuit configuration. (a) System
efficiency. (b) Transmission power.

VI. CONCLUSION

To provide energy for multiple loads with high system ef-
ficiency and targeted power distribution, the concept of mul-
tifrequency is proposed from a new perspective. A multifre-
quency driver circuit configuration for the MCR WPT system
with multiple loads and an applicable superposition methodol-
ogy are proposed in this paper. As a representative example, the
transmission characteristics of a double-frequency system with
two loads are analyzed, and the methodology is discussed in
detail to explain the principle of achieving high efficiency and
expected power distribution. The proposed configuration and
methodology have the following superior characteristics: 1) the
simultaneous multifrequency power transfer can be achieved
by utilizing a mixed-frequency voltage superimposed by sec-
ondary series-connected transformers to drive a single trans-
mitting tank; 2) the receiving coils are elaborately designed at
different resonant frequencies that correspond to the operating
frequencies of multiple inverters to achieve high system effi-
ciency and make selective loads realize targeted power transfer;
3) through the modulation of the transmitting resonant frequency
within the adjacent area of multiple operating frequencies, the
power distribution to meet the requirements of selective loads
can be realized; and 4) the resonant frequencies of receivers can

also be modulated to effectively realize the power distribution.
Moreover, an improved circuit configuration is put forward to
increase the transmission efficiency in the application of the
double-load MCR WPT system. Finally, experiments from two
prototypes are implemented to verify the validity of the theoret-
ical analysis and the feasibility of the proposed methodology.
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