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Separate Power Allocation and Control Method
Based on Multiple Power Channels for
Wireless Power Transfer

Yongcan Huang
Yang Xiao

Abstract—Most of the existing one-to-multiple wireless power
transfer systems are single-channel one-to-multiple wireless power
transfer (SOWPT) systems. They only utilize one power channel
to charge multiple receivers. In this article, a novel multichan-
nel one-to-multiple wireless power transfer (MOWPT) system is
proposed, which can deliver power to different receivers simulta-
neously with separate power channels. In the proposed MOWPT
system, the composited compensation topology is utilized to build
multiple power channels, which possess totally different resonant
frequencies and nearly do not affect each other. Compared with
those existing SOWPT systems, the power of receivers of the pro-
posed MOWPT system can be simply and separately controlled
by changing the duty cycles of the inverters without a complex
control method and extra dc—dc converters. In order to analyze the
performances of the proposed MOWPT system, a 0-LC MOWPT
system, which utilizes the air transformers to provide multiple
power supplies of different frequencies, is modeled and analyzed
in detail. Moreover, based on the analysis results, a corresponding
parameter design method is proposed to simplify the design proce-
dure of this MOWPT system. Finally, an experimental prototype
is built up to verify the performances of the proposed MOWPT
system and the parameter design method.

Index Terms—LCL compensation topology, multiple power
channels, power allocation, wireless power transfer (WPT).

I. INTRODUCTION

IRELESS power transfer (WPT) technology has been
widely used in industry and home appliances for safety
and convenience [1], [2]. With the increasing commercialization
of the medium- and small-power WPT system, utilizing one
transmitter to charge multiple receivers has attracted more and
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more attention [3]-[5]. In addition, one-to-multiple wireless
power transfer (OWPT) technology has been introduced on
wireless charging for various medium- and small-power mobile
devices because it can directly decrease the cost of building
transmitters [6].

The OWPT systems can be classified into two types according
to their different characteristics and control methods. The first
type of OWPT system utilizes the impedance transformation of
the dc—dc modules to allocate the power to the different load
receivers [6]—[8]. The second type of OWPT system utilizes
the different frequency characteristics of receivers [9]-[13]. For
the first type of OWPT system, the power can be accurately
allocated to the load receivers according to their requirements.
Then, the zero-voltage switching can be realized easily. But the
extra dc—dc modules will result in the unexpected power loss,
which will further decrease the transfer efficiency. Besides, the
more serious problem of this method is that the realization of the
precise power allocation of receivers relies on the cooperation
of all dc—dc converters. It means that the control method will be
relatively complex. On the other hand, for the second type of the
OWPT system, the control method and circuit could be relatively
simple. However, soft switching is difficult to be achieved for
both the power supplies while the transmitter is simultaneously
charging the multiple receivers at the rated power.

Most of the second type of the OWPT systems are single-
channel one-to-multiple wireless power transfer (SOWPT)
systems. The SOWPT system cannot charge all receivers in max
power simultaneously because only one power channel can be
built for a specific period of time. In [9] and [10], the transmitter
of the SOWPT system alternately works at different frequencies
for a period of time. Thus, for a specific period of time, only
one receiver can get enough power from the transmitter because
the impedances of other receivers are mismatched. In [11] and
[12], a multifrequency superposition methodology is proposed,
which superimposes multiple powers with different resonant
frequencies in the same transmitter. However, the transmitter
can only work alternately at different resonant frequencies
to charge different types of receivers. Thus, their receivers
cannot achieve the expected power simultaneously. Besides,
the transformers used in these articles are not analyzed, which
actually have a big impact on the resonance of the whole
system. In [13], a dual-band wireless power system is proposed,
which can simultaneously charge two receivers by using an
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improved Class-E converter. However, the number of receivers
is limited, and the control method is relatively complex. In [14],
a multiple-to-multiple WPT system is proposed, which can
simultaneously allocate power to different receivers. But there
are so many transmitters that need to be arranged in practical
applications and the circuit of the whole primary side of the
WPT system is complex. In [15], a multifrequency multipower
one-to-many WPT system is proposed. But this system needs
to work at a time-sharing mode to allocate power to receivers.
In [16], a multiple outputs WPT system for electric vehicles is
proposed, which also works at the time-sharing mode. In [17],
the frequency bifurcation is utilized to simultaneously charge
many loads. However, although the frequency bifurcation can
be used to select and charge suitable receivers, the transmitter
still works in a time-sharing way, which means the fully simul-
taneous charging still cannot be realized. In summary, many
attempts have been made to transfer more power to different
loads simultaneously. But these attempts make the topology and
the corresponding control methods more complex. Actually,
there is still a lack of fully simultaneous charging technology.

In this article, a new multichannel one-to-multiple WPT
(MOWPT) system is proposed, which can overcome the above-
mentioned problems. The proposed system is especially useful
to charge the devices of different power levels in the same zone,
such as the mixed parking area of electric vehicles (EVs) and
electric bicycles, the smart kitchen with many different electric
appliances, and the human body with different charging-level
microrobots, as well as the occasion with different charging-
pattern devices. In such mentioned WPT systems, building too
many transmitters will lead to extremely high cost and great
inconvenience. Thus, in these emerging applications, with the
proposed MOWPT system, the power of the source can be
simultaneously transferred to the different devices under dif-
ferent power levels through different power channels without
complicated control strategies. The proposed idea is full of great
potential for practical applications.

The key work and contributions of this article are listed as
follows. First, recent works related to the OWPT system are an-
alyzed and summarized. To make the results clear, based on the
experimental results, a comparison table is given in Section V,
which shows the advantages of this work. Second, the composite
compensation topology based on the LCL topology, which has
more than two natural resonant frequencies, is utilized to con-
struct multiple power channels. Third, based on the fundamental
harmonic analysis (FHA) method, the basic MOWPT system
is modeled, and the two air transformers are also taken into
consideration. Third, the transmitter characteristics of the basic
MOWPT system with two different receivers are investigated.
The analysis results show that there are multiple resonant angle
frequencies that can be used to construct the corresponding
power channels for different receivers. When compared with the
method in [11] and [17], the circuit of the proposed MOWPT
system is much simpler. This is because the practical MOWPT
with two channels only needs one extra coil, which can even
be replaced by the secondary sides of transformers in series.
Moreover, the control method is simpler when compared with
the above-mentioned methods. The power channels have totally
different resonant frequencies and almost do not affect each
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other. It means that the power of receivers can be adjusted
separately by simply changing the duty cycles of inverters.
Fourth, a practical system design method is elaborated and then
an experimental prototype is designed based on the proposed
method. Finally, the designed experimental prototype is built
up. The experimental results are given to verify the validity
of the performances of the proposed MOWPT system and the
parameter design method.

II. PROPOSED MOWPT SYSTEM

The proposed OWPT system with multiple power channels
is proposed, as shown in Fig. 1. This system has multiple
different half-bridge converters to provide the power of different
frequencies. The LCL topology is utilized as the basic com-
pensation topology of the transmitter, which can provide two
natural resonant frequencies to construct two energy channels.
The series LC section can be added to the basic LCL topology to
provide more resonant points. All receivers are coupled with the
same transformer coil to get the power simultaneously. Then,
the conventional uncontrollable rectifiers and filter capacitors
are used to convert ac—dc for loads.

In Fig. 1, L; and C; are the inductance and capacitance
of the ith LC circuit. For the transmitter, Lge e 18 the first
inductance of the basic LCL topology, C), is the compensation
capacitance of the basic LCL topology, and L, is the self-
inductance of the transmitter coil of the basic LCL topology.
Lg1, Lgo, ..., Lg; are the self inductances of inductors of re-
ceivers. Cy1, Csa, ..., Cy; are the capacitances of compensated
capacitors of receivers. I, Rq1, Rsa, ..., Ity are the equiv-
alent series resistances of coils and they are considered to be
constant in the mathematical model to simplify the analysis.
M;(i=1,2,...,n,j=1,2, ..., n) are the mutual induc-
tances between the transmitter and receivers. M;; are the mutual
inductances among receivers.

A. Power Supply

Based on the work in [11], the air-core transformers are
utilized in this article to realize the superposition of ac sources
with different frequencies, which is also shown in Fig. 1. The
advantages of using air-core transformer are listed as follows.

1) The secondary sides of transformers can be used as the
series inductor of the basic LCL circuit or the series LC
circuit, which can simplify the circuit.

2) Different power channels can be isolated, which can sim-
plify the modeling of the whole system.

3) The power of each channel can be controlled by simply
changing the duty ratios of half-bridge inverters. Thus, itis
unnecessary to adjust the output power by the extra dc—dc
circuits.

To properly utilize air-core transformers to supply power to
the MOWPT system, the inductance L,,; of the primary side of
air-core transformer and branch resonant capacitor C; should
satisfy (1). The parameter w,; is the switching angle frequency,
which should be close to the natural angle resonant frequency wy;
of receivers after the parameter design

1

2T ——— = Wi 1
— (1)
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B. Circuit of Transmitter

To transfer power to different types of receivers, the resonant
topology of the transmitter should have more than one natural
resonant frequency. Generally, the common series and parallel
resonant topology only have one natural resonant frequency,
which obviously cannot satisfy the requirement of the MOWPT
system. Thus, one composite resonant topology is proposed in
this article, which combines the basic LCL topology and several
LC circuits in series. The circuit of the composite compensation
topology is shown in Fig. 1. The LCL topology is necessary for
the MOWPT system, which has more than two natural resonant
frequencies. Among these natural resonant frequencies, there are
two resonant frequencies suitable as the switching frequencies
to build power channels. While the power supplies operate at the
two switching frequencies, the transmitter can transfer relatively
maximum power for different receivers through different power
channels. Importantly, the two power channels are independent,
which means the time sharing is unnecessary in the proposed
MOWPT system.

Moreover, the basic LCL topology with LC circuits in series
can provide more natural resonant frequencies for the MOWPT
system. With the increase in the number of the LC circuits in
series , the number of more natural resonant frequencies of the
transmitter will also increase, namely, more power channels
can be built to transfer energy to different types of receivers
according to the requirements of the practical applications.

C. Circuit of Receivers

The receivers of the MOWPT system generally use the series
circuit as the compensation topology because the series circuit
has great frequency characteristics. This is different from the
parallel compensative circuit of the WPT system [6]. The series

Rectifier Ry;

Proposed MOWPT system and the power supply method by using air-core transformers.

compensative circuit can resonant at a fixed frequency with
different resistance components, namely the resonant frequency
of the series compensative circuit will be constant when its
resistance component is changing. This is especially useful for
the OWPT systems with varying loads or different loads in
their receivers, which is able to keep the resonant frequency
of systems unchanging. Besides, the reflected impedance of
the series circuit is purely resistive, while the frequency of
the current is equal to the natural resonant frequency, which
is also helpful to initiate and design the natural frequencies of
the transmitter. After the resonant circuit of each receiver, an
uncontrollable rectifier is connected in series, which can change
the ac—dc for the load.

The main advantage of the MOWPT system is that there are
no dc—dc circuits in the receivers to allocate the output powers
among the loads. The power of each channel can be adjusted by
changing the duty cycle of the corresponding converter.

III. MATHEMATICAL MODEL OF PROPOSED 0-LC MOWPT

Generally, the circuit of the transmitter of the proposed
system includes several LC circuits to provide more resonant
frequencies to build the power channels, namely the “n-LC”.
The “0-LC” means that there are no more LC circuits connected
in series before the basic LCL circuit of the transmitter. In this
article, the 0-LC MOWPT system is used as a presentative
example for simplifying the theoretical analysis in which the
circuit and model are shown in Fig. 2(a) and (b). As mentioned
above, the FHA method is adopted to analyze the steady state of
the 0-LC MOWPT system, which is based on the high-quality
factors of resonant tanks. In Fig. 2(b), U; and U, denote the input
ac voltages, whose frequencies are different. [;;,(;), Ip(n NV STOR
and I,5(;) are the input current, the current of transmitter, and
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Fig. 2. Circuit and model of the 0-LC MOWPT system.

the currents of receivers, respectively, where 7 in the brackets
means at a certain switching frequency f; (i = 1 or 2).

Due to the half-bridge configuration utilized in this circuit,
the norms of U; and Us can be calculated as follows [11], [18],
[19]:

U1 UDC , U2 = UDC (2)

_ V/2sin (D7) V/2sin (D7)

where Dy and D5 are the duty cycles of converters.
Besides, the equivalent loads R.q1 and R.42 can be calculated
as follows [11], [18], [19]:

8 8
Req1 = ﬁRle Reg2 = ﬁRL% 3)
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Then, according to KVL and KCL, the matrix of the model
can be given as follows:

U; Zingi) ﬁ 0 0 Lingi)
0 ngi Zpaiy — —jwiMy —jw; My N0
0 0 —jwiMy  Zaw o jwiMs T
0 0 —jwiMy jwiMs  Zgoa T
4)
where

Zing) = Jwiln + B1 + jwile + ; Zirj
JF
1

Zp(i) = jwin + Rp +

JjwiCp
Zsl(i) = .jwile + Rsl + M%u + RLI
Zsz(’i) = jwiLs2 + Rgo + m + Rys.

By solving (4), the currents can be obtained from (5) shown
at the bottom of this page, which are shown in the following
text. Moreover, the powers and efficiency can be calculated
by combining (5) and (6) while the two power channels work
simultaneously

) 2
Pry = Z a1 ’2Reqlv Pra = Z {ISQ(”FREO‘Q
i=1 =1
P, P,
p=2Lttire (6)

]Dinl + PinQ .

From (1) to (6), it can be seen that the characteristics of the
0-LC MOWPT are difficult to be directly analyzed. Thus, in
Section IV, the receivers of the 0-LC MOWPT system will be
analyzed first. Then, based on the analyzed results, the transmit-
ter will be deeply explored. Meanwhile, the parameter design
method will be given based on the analysis conclusions.

IV. ANALYSIS OF POWER CHANNELS

To further reveal the characteristics of the 0-LC MOWPT
system, especially the frequency characteristic, the system will
be analyzed in two steps. In the first step, the two receivers and
their reflected impedances are analyzed at different operating
frequencies. Then, the transmitter will be analyzed based on the
analysis results of the receivers.

Ui(C2Zp(1) Zor(y Zn(iywi +C2ME Z iy wi+CEME Z oy (1ywi+CEM3E Z g1y wi—2§C2 My My Msw?)

D Zay Zeay TMEWHCE Zin (i) Zp (i) Zs1.(i) Zs2(iy WiHCE M3, ) Zp () Wi HCE M3 Zin (0) Zs1. 0y WiHCE MY Zin (i) Z a2 (iyw; —2§ CF My M2 M Zi (i) w7

JCpU w1 (Zs1(i)ng<i)+1Vf32wf)

Z1(1) Zs2(iyTMZWHCE Zin (i) Zp(i) Zs1(1) Zs2(iyWitCEME Zin(3) Zp (i) WiHC2 M3 Zin (1) Zs1(5) WiHC2 M3 Zin (i) Zs2(s)wi—2§C2 My Mo M3 Zyy, 1y w3

CpU;w? (le ZsZ(i)+M21\'{3UJ1)

32103y Zs2(iyHM3WHHI C2 Zin (i) Zp(i) Zs1(i) Zs2(1)WiHT C2M3 Zin (i) Zp(1ywiHT CE M3 Zi (i) Zs1(3yw i+ C2 M3 Zin (i) Zs2(s)wiH2CE My My M3 Zi, (yw?

Ty =

CpUiw? (jMaZs1+ My Msws)

32105y Zs2(iy FIMEWI G C2 Zin(i) Zp(s) Zs1(i) Zs2(0) Wit CEM3 Zin (i) Zp(1ywWiHi C2 M3 Zin (i) Zs1(0) Wi CZ M3 Zin (1) Zsa(iywi+2CE My My M3 Zyy (i) w7

)
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A. Receivers and Their Reflected Impedances

The circuit of the receivers is shown in Fig. 3. At a certain
operating frequency f; or fo, the two receivers will get the amount
of power from the transmitter. At the same time, for power
channel i, the receivers will have reflected impedances Z,., ;)
and Z,5(;) in the transmitter coil, which are only related to the
parameters of the circuits of receivers. The equations of Z,. ;)
and Z,5(;) can be obtained as (7).

When the alternating frequency f; of the first ac power satisfies
(7), the Z,1(1) will be a purely resistive load and Z,.5(1) will be
an inductive or capacitive load. Also, when the frequency of the
secondary ac power satisfies (7), the Z,.;(2) will be an inductive
or capacitive load and Z,.5(2) will be a purely resistive load

S WM Wi M
() Zsi)  smom Tiwilst + Rei + Reqn
L wME wi M3 (7
r2(i) Zvi) m + jwiLlso + R + Reg2
2
w; =2 sl = —/———
L= =
W = 27Tf52 = 2 ©

\% LSZOSQ .

By substituting (8) into (7), the equations of reflected
impedances can be simplified as follows:

2972 2772
__wiMj — wi M,
ZTI(l) T Rs1+Reqr’ ZTQ(I) - jw1lcs2 +jwiLso+Rso+Reg2
21\42 W2M2
7 — _Wo My 7 — 2 Vo
r1(2) .7“’210,s1 tjwaLls1+Rs1+Req1’ r2(2) Rso+Req2
)
272 w2 M2
7 — Wiy Wi M)
r(1) Rs1+Req1 + m+jw1Lsz+R32+ch2 10
P w3 M w3 M2 (10)
r(2) = m+ﬁw2le+Rsl+Req1 Roo+Req2 *

Besides, the total reflected impedance of the two receivers can
be obtained from (10) at different switching frequencies.

To find the resonant frequencies of the whole reflected
impedance of receivers, the imaginary part of every Z,.(;) should
be close to zero. Those found resonant frequencies can be used
to set the power channels of the transmitter. Fig. 4 illustrates the
curves of the reflected reactance of two receivers as functions
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Fig. 4. Curves of the reflected reactance of two receivers.
Fig. 5. Equivalent circuit of the proposed 0-LC MOWPT system for each

power channel.

of switching frequency. The specifications are listed as follows:
LS1 = LSQ =50 /,I,H7 Csl = 15.64 I’IF; CSQ =10.47 HF; Reql =
Reqz = 5.674 Q); Ry1 = Reo = 0.030; My = My = 12.5 pH;
and M3 = 2.25 pH. It can be noted that when one reflected
reactance equals to 0, the other one can be relatively large. So,
for one ac power, there is only one receiver that can get enough
power. If two receivers want to get power simultaneously, two
different ac power with corresponding switching frequencies are
necessary. Moreover, the transmitter should provide multiple
power channels to transfer the power with different frequencies.

B. Transmitter With Its Resonant Frequencies

The equivalent circuit of the transmitter of the proposed 0-LC
MOWPT system is illustrated in Fig. 5. Fig. 5(a) is for the
power channel 1 and Fig. 5(b) is for the power channel 2. Each
represents the transmitter that is driven by one ac source in
the proposed system. Thus, only one of them will be analyzed
because they share the same circuit structure. To simplify the
analysis, the loss resistances of inductors are ignored.

The input impedance Z;,, of the transmitter for ac source i can
be given as follows:

1

, t=1or2

(1)

1
JwiLlp+Zr(i)

Zin(i) = jwiLser + Ztr(i) + ]wC T
1~p
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j winri( 7) +

By decomposing it into imaginary and real parts, the Z;,, can
be expressed as (13), shown at the bottom of the next page.

To realize zero phase angle (ZPA) and zero-current switching
(ZCS) operation, the imaginary part of Z;, should be set to
zero. Generally, the parameters Ly, Leer, Ls1, Ls2, Cs1, Cio,
Requi1, and Reqy2 are fixed for the limited space of the practical
application. So, the compensation capacitor C, of the transmitter
will be used as the variable in this article to realize ZPA and ZCS
operation.

Generally, the resonant frequencies can be obtained by solving
(14), shown at the bottom of the next page. However, it is hard to
getanalytical solutions because the order of (14) is high. Besides,
the Z,c¢(;) and Zy,.(;) are related to the resonant angle frequency
wj, which means (14) is an implicit function of resonant angle
frequency w; and the analytical solutions of (14) are useless.
Thus, instead of the analytical solutions, combined with the
formula in (14), the numerical solutions are used to find the
ZPA points.
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Except the parameters of receivers, the specifications of the
transmitter and the air-core transformers are listed as follows:
L, =50uH; C, = 7.8nF; Lyey = 100 pH; Leect = Lsoc2 =
50 /LH, Reql =5.674 Q; Rqu =5.674 Q; Lpril = Lpri2 =50 ,LLH,
R =0.1Q; Ryo =0.19Q; and My,q = My,o = 4.25uH. All
the parameters are manually designed by the method proposed
in the Section IV-C.

Fig. 6(a) shows the impedance angle of the input impedance
Ziy,:. Fig. 6(b) shows the sweeping result of output powers for
the first power source. It can be seen that when the impedance
angle of the input impedance closes to zero, the output power
of the load 1 is much larger than the output power of the load 2.
The switching frequency f; of the first power source is also close
to the natural resonant frequency fs1, which means the received
reactive power of the first receiver is small. Besides, Fig. 6(c)
shows the impedance angle of the input impedance Z;, 5, and
Fig. 6(d) shows the sweeping result of output powers for the
power source 2. When the switching frequency f> of the second
power source is 206 kHz, which is close to the natural frequency
of the second receiver, the ZPA operation of the second power
channel can be realized. Furthermore, the output power of the
load 2 is much larger than the output power of load 1, which
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Fig. 7. Flowchart of the proposed parameter design method.

means most of the input power of the source 2 is received by the
second receiver.

From Fig. 6(a)—(d), it can be seen that the ZPA points of both
two power sources are not the maximum power points and the
ratios of Py1(1) t0 Poa(1) and Poa(2) to Po1(2) are also not the best.
Actually, this 0-LC WPT system can further optimized be by
replacing the manual design with some optimization algorithms,
such as the genetic algorithm.

C. Method of Parameters Design for 0-LC MOWPT System

In this section, an iterative design method is proposed to
design and optimize the 0-LC MOWPT system. The flowchart of
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the proposed parameter design method is shown in Fig. 7. First,
the expected resonant angle frequencies w,; and w.2 should be
decided, which also are the expected switching angle frequencies
of half-bridge inverters and the natural resonant angle frequen-
cies of receivers wy and wgo. Then, the parameters Lgq, Lgo,
Cs1, and Cyo of receivers should be designed according to the
physical requirements, such as the size of devices. Also, the loads
Ry1 and Ry should be determined to calculate the equivalent
loads R.q1 and Rqq2. Then, the inductance of the transmitter
coil L, should be determined. After the transmitter and receivers
are placed suitably, the mutual inductances M1, M5, and M3 can
be measured by the LCR meter.

With the above parameters, the reflected impedances of re-
ceivers can be obtained. Then, the initial values of variable C;,
and Lge, could be decided by the designer. At this point,
the parameters selection is finished. With all parameters, the
impedance of each power source can be calculated by (13). Then,
it can be seen that whether there are angle frequencies of suitable
ZPA points. However, if the angle frequencies cannot be found
by the existing parameters, the variables C!, and L, should be

Zingiy = Re (Zir(s)) +

Re (Z,@;))

Re(Zr(,;))z

((Re (Ze)*+ (Lywi+Tm (Zo(s))*) (

(Re(Zr(i)))2+(pr7:+1m(Z,‘(i)))2)

2
Lpwi+Im(Zy ;)
O £
7 <(‘sz ! (Re(Zr(z‘)))2+(pri+1m(z"(“))2>

Lywi+Im(Z, ;)

WiCp - P 3
. Re(Z,.; +(Lpw;+Im(Z,;

+ 5 | wiLser + T (Zop)) — T (RolZeto))"+ (Bt (L))) o . (13)

e\ “r(i) pwi+Im(Z,. ;)

+ w,;C — >
((Re(Z,‘“)))2+(pri+1m(2r(,;)))2)2 ( P (Re(Zew))) H (Lpwitim(Z,))”
Lpwi+Im(Z,(;))

WiCp - P 3

wiLser + Im (Zt’r‘(l)) - (Re(ZT(i))) +(prl+1m(zr(i>)) =0 (14)

Re(Z,v(i))2 ws _ pri+lrn(Z,,,(i)) ‘ 2
(<(Re(zr<z‘>))2+(pri+1m(zr<i>))2)2 +( Cr (RC(ZM))2+(pri+1m(zr<i>))z) )
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Fig. 9. Experimental prototype.
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Fig. 10.  Currents of receivers and corresponding duty cycles of converters. (a) D1 = 0.5, Do = 0.5. (b) D1 = 0.5, D2 = 0.75. (c) D1 = 0.25, D2 = 0.5.

changed regularly to solve this issue until the suitable w.; and
weo can be found. Moreover, it is hard to make the w.; and w.o
perfectly equal to the natural resonant frequencies wg; and wys.
Thus, the index named A is proposed as the acceptable index of
the design, which generally is a percentage. In this article, it is
chosen to be 5%. It should be noted that the parameters used in
the sweeping process in Section I'V-B are all manually designed
with the proposed parameter design method. The process of the
optimization of w,; is shown in Fig. 8. The ZPA points will occur
when the C), reach a certain value. But the ZPA points will be
away from wy; with the continuous increase of C,. Thus, after
making a tradeoff, the C), is chosen as 8.2 nF in this experimental
design.

V. EXPERIMENTAL PERFORMANCES

In this section, some experiments are used to demonstrate
the effectiveness of the proposed 0-LC MOWPT system and
the corresponding parameter design method. The experimental
platform is shown in Fig. 9. In this prototype, the oscillo-
scope and function generator have come from Tektronix, whose
models are TPS2024B and AFG3052C. The model of MOS-
FET is STC3080KL and the model of field programmable gate
array (FPGA) is Altera Cyclone II EP2C5T144CS8. Besides,
the parameters are measured by an LCR meter, whose model
is ISO-TECH LCR 821. The parameters of this experimental

TABLE I
EXPERIMENTAL SPECIFICATION

Para- Value Para- Value

meter meter
Power Wo1 176.7 kHz Uyie 60 \%
source Wo2 206.3 kHz

Ly 50.81 uH | Ly» 50.58 uH
Air-core L1 50.58 uH | L 50.85 uH
transformer [ A7, 4155 4H | M,  40.97uH

Cy 16.7 nF C, 12.33 nF

. Ly 87.1 uH | Cp 83 nF

Transmitter R, 024 O

M, 13.13 wF M, 13.5 uF
Coupler 7/ ™ 75 zF s

Ls1 50.45 uH Ls2 51.1 wuH
Receiver R 0.17 Q R 0.17 Q

Cs1 14.75 nF Cs2 12.15 nF
Loads R 7.05 Q Ri> 7.05 Q

prototype are given in Table I. From this table, it can be seen that
the experimental parameters are different from the theoretical
parameters due to the measurement error in the process of
construction.
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TABLE II
CALCULATED AND EXPERIMENTAL RESULTS

D=0.5 D=0.5 D=0.25
D2=O.5 D2=0.75 D2:0.5 D1:0.25 D2=0.75
. U (V) 20.4 19.7 15.1 14.2
176.7 kHz (Experiment) Pry (W) 508 558 08 29
. U (V) 17.8 13.3 16.9 11.9
206.3 kHz (Experiment) Prr (W) 456 254 411 20
. Ui (V) 21.35 20.73 15.94 15.09
176.7 kHz (Calculat
z (Calculation) Py (W) 65.6 61.8 36.52 32.8
. U, (V) 19.27 14.72 18.25 13.02
206.3 kH Icul
06.3 kHz (Calculation) P (W) 53.44 31 47, 244
Currents of power source 2.19A 1.91 A 1.69 A 1.09 A
(Experiment)
Total efficiency (Experiment) 80% 71% 73% 75%
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Vil
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<+
Vi DY
Via - H2 First, the system is initialized and the initial duty cycles of the
8.1V inverters are set at 0.5. Fig. 10(a) shows the currents of receivers
B and the voltages of two loads are shown in Fig. 11(a). The input
b currents and corresponding voltages are shown in Fig. 12. It can
‘ be seen that ZCS is well realized in both channels of this system
B ’ e T ‘-"""W‘“ s I simultaneously. The whole system works as expected.
i hed U / __ ,,_‘ Second, the control experiment is carried out to verify the
D, =0.75 % independence of power channels. When the duty cycle of one
SR iy “l:: ;’:fﬁ:‘_ﬂ e g inverter is changed, the output power of the corresponding load

(b)

Fig. 11.  Voltages of receivers and corresponding duty cycles of converters.
(a) D1 =0.5,D2 = 0.5. (b) D1 = 0.5, D2 = 0.75.

In the experiment, the whole system is an open-loop system.
The whole system is controlled by changing the duty cycles
of the inverters as the formula (2) without any extra circuits.
Fig. 10(a)—(c) shows the currents of receivers at different duty
cycles. Fig. 11(a) and (b) shows the voltages and corresponding
duty cycles. Meanwhile, the data of these figures are counted in
Table II with the corresponding analysis results. The efficiencies
are measured from dc power to the loads and the currents of the
power source are also listed in Table II.

should change accordingly, while the output power of the other
load almost maintains unchanged. While the duty cycle D; of
the first receiver changes from 0.5 to 0.25, the received power
of load R decreases from 59.8 to 32.8 W, and the received
power of the load R 2 only changes about 5 W. The experimental
results match the calculated results well. Then, the duty cycle Do
of inverter 2 is changed. While the D, changes, the results are
always the same. It is obvious that the 0-LC MOWPT system
can work as expected. The difference between them is caused
by the inevitable forward voltages of diodes in the rectifiers.
Third, to further verify this conclusion, as shown in Fig. 13, an
fast Fourier transform (FFT) analysis is made in Simulink, where
the current /45, shown in Fig. 10(a), is analyzed. From the analy-
sisresults, it can be seen that the main power obtained by receiver



HUANG et al.: SEPARATE POWER ALLOCATION AND CONTROL METHOD BASED ON MULTIPLE POWER CHANNELS FOR WPT

COMPARISON RESULTS WITH REFERENCES

TABLE III

9055

Control method of the

Reference Number of Num!)er of Charging method power allocation E'xtra “r cuit
transmitters receivers . In receiver
(Complexity)
[6] one Multiple Time-sharing \ No
[7] one Multiple Simultaneous No power allocation No
Impedence
Simultaneous / Only one gets transmformation
[8] one Two its own maximum power (Complex) Yes
[9] one Two/Three Simultaneous No power allocation No
Simultaneous / Only one gets Coordinate control
[10] one Multiple its own maximum power (Complex) No
Simultaneous / Only one gets Coordinate control
[11] one Multiple its own maximum power (Complex) No
Simultaneous / Only one gets Coordinate control
[12] one Multiple its own maximum power (Complex) No
Simultaneous / All receivers
get their own maximum Separate control
[13] one Two power (Complex) No
Simultaneous / All receivers
get their own maximum Separate control
[14] Multiple Multiple power (Simple) No
[15] one Multiple Time-sharing \ No
[16] Multiple Multiple Time-sharing \ No
Multiple
(Repeater Simultaneous / Only one gets \
[17] coil) Multiple its own maximum power Yes
Simultaneous / All receivers
get their own maximum Separate control
This study one Multiple power (Simple) No

Signal

Selected 5|gnal 20. 69 cycles FFT wmdow (m red) 20 cycles

With the verified conclusions, the proposed system is com-

Signal mag.
c

'
n

sf Hm V\,ﬂ “\‘:\‘ AW\MJ | NV\

VI. CONCLUSION

pared with those systems in [6]-[17]. The compared results are
given in Table III. It can be seen that the proposed system is
obviously better than the existing OWPT systems.

’ : ) Time (s) ’ x10° . . . .
S In this article, a new MOWPT system is proposed, which
Fundamental (207000Hz) = 3.669 , THD= 14.46% can deliver the power to different receivers simultaneously with
S0 S a separate power channels. The key contributions of this article
£ 80 are as follows.
2 6ol 1) The MOWPT system is first proposed. It is based on the
; sl ‘ | LCL topology, which has multiple natural resonant angle
§ 2l frequencies and can charge multiple loads simultaneously.
SN AU P S S Based on the experimental results, the proposed MOWPT
0 05 1 5 2 2 335 4 system is compared with the OWPT system of other works.
Frequency (Hz) x10° 2) The mathematic model of the 0-LC MOWPT system is

Fig. 13.

FFT analysis results of /5o (D1 = 0.5, D2 = 0.5).

constructed based on the FHA, where the transformers
are also taken into consideration. Moreover, the frequency
characteristics of this system is analyzed in detail.

2 is of the power 220 kHz, which can verify the above conclusion.
Besides, with further optimized parameters and bigger differ-
ence between the two resonant frequencies, the receiver 2 will
get less power from power channel 1. The experimental results
and the FFT analysis verify the independence of power channels.

3) A parameter design method is proposed, which can be
used to design and optimize the MOWPT system.

4) The two power channels are independent, which means
the output power of one can be regulated by changing the
duty cycle of the corresponding half-bridge inverter.
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Accordingly, the experimental results are offered to confirm
the validity of the proposed MOWPT system and the parameter
design method.
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(3]
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(71

(8]

(91
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