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Abstract—It is attractive to achieve multi-receiver wireless
power transfer (WPT) through a megahertz operating frequency.
However, the power distribution among receivers can be a
difficult task due to the different load characteristics, i.e., power
requirement, receiver size, and coupling coefficient. This paper
proposes a general design methodology of efficiency optimization
and power distribution of a MHz multi-receiver WPT System. A
Class E rectifier is introduced in the MHz multi-receiver WPT
system to provide the design freedom for the power distribution
and efficiency optimization. Based on the fundamental analysis
and analytical derivations of the Class E rectifier and coupling
coils, a numerical optimization problem is formulated to achieve
the power distribution and maximized efficiency simultaneously.
Finally, an example 6.78-MHz three-receiver WPT system is built
to verify the proposed design methodology. The experimental
results show that the proposed design can meet the power
requirement of loads within 5% error and achieve system
efficiency of 90% at a power level of 25W.

Index Terms—multi-receiver, megahertz Wireless power trans-
fer, Class E rectifier, power distribution

I. INTRODUCTION

Megahertz (MHz) wireless power transfer (WPT) is now
being considered a promising candidate for the mid-range
transfer of a medium amount of power [1], [2]. A higher
operating frequency (such as 6.78 and 13.56 MHz) is desirable
for a more compact and lighter WPT system with a longer
transfer distance and make it possible to charge multiple
receivers simultaneously. Lots of researches have been done on
the design and optimization of one-receiver WPT systems [3]-
[7], however, there are still many unsolved problems to apply
these techniques for a multiple-receiver system due to the
different power requirement and charging condition among
loads. For the the multi-receiver WPT system, most of works
focus on efficiency, resonance frequency, or cross coupling
analysis [8]-[10]. However, there are few works addressing
power distribution among receivers. Further research work
is needed to address the most critical problem in the multi-
receiver WPT system for real applications.

Initial discussions about the power distribution for a two-
receiver WPT system can be found in [11], where the e-
quivalent series resistance (ESR) of coils are ignored and the
proposed model is too complicated to analyze the WPT system
with more receivers. In [12] a power distribution control
method is discussed by adjusting the load impedance of the
receivers. However, an additional hardware is required for the
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load impedance adjustment. Ref. [13] proposed an impedance
matching and power division method utilizing impedance
inverters at the receiver sides. Generally, the additional control
circuits or the impedance inverters will increase the system
complexity and power loss in the real application. In [14], [15],
a frequency-shifting based method was investigated to realize
the power control in a multi-receiver WPT system. Band pass
filters or certain resonance circuits were used to implement
frequency selection among the multiple receivers. However,
the complicated power transmitter and filtering circuits of
the frequency shifting method make it difficult to charg-
ing multiple receivers simultaneously. Furthermore, frequency
shifting or frequency tuning is impractical in megahertz WPT
applications due to the ISM band limitation.

Based on power distribution and efficiency optimization,
this paper proposes a novel design method for a multi-receiver
WPT system with simple topology and fixed components.
Firstly, the input impedance and efficiency of the Class E
rectifiers is given and serve as the basis to analyze the coupling
coils. Then the efficiency of the coupling coils is derived and
formulated. Then the basic principals of power distribution
among receivers and the overall system efficiency is analyzed
and formulated. Based on the analytical derivations, the whole
system design is formulated as an optimization problem to
achieve the power distribution and efficiency optimization. Fi-
nally, a 6.78-MHz WPT system with three receivers is built to
validate the proposed design method. The experimental results
shows that the WPT system using the proposed optimization
design method can meet the power requirement of each load
and achieve the system efficiency of 90%.

II. MODELING AND ANALYSIS

The entire configuration of a MHz multi-receiver WPT
system is demonstrated in Fig. 1 (a), including a power
transmitter 77X and n receivers RX;(i € [1,...,n]). i is
always used to denote different receivers. The T'X consists of
a MHz power source and a transmitting coil. The transmitting
coil is fully resonant with the compensation capacitor Ci, to
achieve an unit power factor. Each RX; consists of a receiving
coil, a current driven Class E rectifier and a DC load. The
receiving coils are also compensated by a series-connected
capacitor Cy, ;. In the following subsection, the efficiencies
of the Class E rectifier and coupling coils are formulated
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Fig. 1. Circuit configuration (a) Typical multi-receiver WPT system config-
uration. (b) Equivalent circuit of the 7°X.

analytically considering the power loss in the self-resistances
of coupling coils (ry, and r,;), on-resistance of the rectifying
diode (rp,.), and ESR of the filter inductor (rr,, ). The overall
system efficiency and power distribution principals are also
analyzed and formulated to serve as the basis of the systematic
parameter design.

A. Class E rectifier analysis

The circuit of the current-driven Class E rectifier in Fig. 1
(a) consists of a DC filter inductor L,., a rectifying diode D,.,
a parallel capacitor C).;, and a filter capacitor C,. C,.; is the
only design parameter in the Class E rectifier, which can be
uniquely determined by the duty cycle of the diode D; and
final DC load Ry, ;. The parameters of L,, D, and C, are
assumed to be the same among all the rectifiers. Based on
the equivalent circuit analysis [16], the efficiency and input
impedance of the rectifier, 9y¢c,; and Zyec,i (ERrec,i+7Xrec,i)
can be obtained.

Dreei = Prri _ Rp; 0
reat Prec,i RL,i + TLT + Sii:;é?:ec
D; ) 1 .
¢ = > + Dism2¢rec)i — — 8in Grec,i COS(Grec,s — 2mD;)
7r
1 3
+ —sin(2¢reci — 4TD;) + —5iN2¢rcc. i 2)
8 ’ 8 ’
1-— 2rD;
@rec,i = arctan cos o 3)

Sin(27TD7;) + 27T(1 — Dz)
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Xrec i = T i 4
’ T L}C'm- + TD’"f] “)
e, = ’/T(l — Dz)[]- + 2sin ¢rec,i sin(gbrec,i — 27TD1)]
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— sin ¢rec,i Sin(¢7'ec,i - 277Di) (6)

In the above equations ¢,..; is the initial phase of the input
current to the rectifier and c¢;, e;, f; are all intermediate
variables. The duty cycle of the i¢-th diode, D;, can be
implicitly expressed as

i . iy — . 2
1 bin@rDOEr(DIL _ 972(1 — D;)* — cos(2mD;)

T —

27TUJ(RLJ‘ +rn,. + TDT)

(7)
where 7, and rp, are the ESR of the inductor and the diode.
From (1)—(6), it can be seen that the 7),.c.; and Z,.; are
uniquely determined by the DC load Ry ; and duty cycle of
the diode D;. For the convenience of formulation, D; is con-
sidered as a design parameter in the system design approach,
then C,; can be calculated by the uniquely determined D,
and the final DC load Ry, ;. Therefore, the design variable of
the rectifier is finalized as D, and Ry, ; is seen as a constant
parameter.

B. Coupling coils analysis

In the coupling system shown in Fig. 1 (a), Ly, 7tz, Cis,
Lyyi, Trs,i and C ; are the self-inductances, self-resistances
and in-series compensation capacitors of the transmitting coil
and receiving coils. The L, ; and 7,,; can be different for
each receiving coil due to the different size or power require-
ments. M; is the mutual inductance between the transmitting
coil and the ¢-th receiving coil. Cy, is well designed to fully
resonant with the transmitting coil and C,,; serves as the
design variable to realize the power distribution among RX;.
As shown in Fig. 1 (b), the loading effect of the RX; on the
TX can be represented by the reflected impedance (Z,.y,;)
connecting in series at the transmitting side. The reflected
impedance Zrcf; (= Ryeci + jXrec,s) can be expressed in
(8) and (9). The derived input impedance of rectifier in (4) is
taken into consideration for a more accurate modeling.

w2M12 (Rrec,i + Trm,i)

Rrefi = 5 3
1
(Rrec,i + rrm,i) + (Wer,i - Tm + Xrec,i)
®)
szi2 (Wer,i - ﬁ + Xrec,i)
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2
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)
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In the above equations, M; is the mutual inductance between
the transmitting coil and i-th receiving coil, which can be
represented as

Mi = kl \/ Ltera:;i

According to the Kirchhoff voltage law, the efficiency of the
transmitting coil and ¢-th receiving coil, 7)coii, iz and 7coii,ra,is
can be derived as

(10)

n
Rrefﬂ’
1=1
Neoilte = (11)
Z Rref,i + rig
i=1
Rrec,i
o ureet 12
Ncoil ra,i Rrec7i + Trai ( )
Then efficiency of the overall system is defined as
n
Nsys = Ncoil,tx Z Necoil,rx,illrec,i (13)

i=1
Note that the overall system efficiency defined in (13) doesn’t
consider the efficiency of the power source activating the
transmitting coil.

C. Power distribution analysis

Since the loading effect of the RX; on the TX can be
represented by the reflected impedance (Z,..¢ ;) connecting in
series at the transmitting side, the power received by each RXj;
is equal to the power dissipation on the reflected impedance.
Thus the resistance of the reflected impedance can be properly
designed to realize the power distribution among each load.
From (8) it can be seen that C'., ; and Z,..; can be properly
designed to get the desired R,y ;. Here we define the coil
efficiency from T'X to RX; as

Prec,i

e — (14
Pcoil,tz

Neoil,i =
where P,... ; is the input power of the ¢-th rectifier and Py 15
is the input power of the transmitting coil. Then 7.:;,; can be
derived as follows.
Rrec,i
Rrec,z’ + Tray

Rref,i

(15)

Neoil,i = —

2 R, fi T Tt
From (12) we know that a higher R, ; can achieve a higher
Neoil,rz,i» and may lead a higher 7)c4;,;. While a higher R, ;
may also lead to a lower R,.r; and thus a lower 7coi;.
Therefore, there exist a optimum R,..; for each receiver to
achieve the highest overall system efficiency. The power of
the final DC load can be derived based on the coil efficiency
as
(16)

PRL,i = Pcoil,txncoil,inrec,i

In combination with section II-A, it’s obvious that D, can
serve as the design parameter in the rectifier to achieve the
desired 7rec,; and Ryecq, while C,; ; serves as the design
variables to achieve the desired R,y ;. Then the well designed

Nrec,i» Lerec,s and Rpqr,; can achieve the desired power dis-
tribution and optimum overall system efficiency. Therefore,
in the multi-receiver WPT system, the design parameters are
finalized as D; and C, ;.

III. OPTIMIZATION PROBLEM

Based on the aforementioned analysis and derivations of
the multi-receiver WPT system, a systematic parameter de-
sign approach is developed below that maximizes the system
efficiency while the power requirement of each load is met.
The systematic parameter design can be formulate as an op-
timization problem that aims to achieve the maximum system
efficiency while the power requirements of each load serve
as the constrains. Firstly, the constant parameters P and the
design variables X are defined in vector as

P = (w, Ltma Tta, kiv er,iv Traxis TL.y TD, RL,i)
X = ( Omc,ia Di) (17)

Here w is the operating frequency of the MHz WPT system,
which is usually 6.78MHz or 13.56MHz. L;;, , and L, ;,
Trq,i denote the inductance and ESR of the transmitting coil
and receiving coils. k; is the coupling coefficient between the
transmitting coil and ¢-th receiving coil. 7, and rp_ are the
ESR of the dc filter inductor and the on-resistance of the
rectifying diode. Ry, ; is the equivalent final DC load of the
i-th rectifier. The feasible range of the design variable X can
be defined as

X e (Xlower,Xupper) (18)

where X !¢ and X “PPe" are the lower and upper bounds of
the design parameters X, respectively. The feasible range of
X can be finalized according to the power level of the system
as well as the commercially availability of the devices. The
objective function f(X, P) is selected as the system efficiency
defined in (13).

f(X7P) = Tsys

The load power derived in (16) have to meet the target
power requirements Pp 9, which serve as the constraints
of this optimization problem. Note that the input power of
the transmitting coil, i.e., Py e, doesn’t act as a design
parameter in this optimization problem, because when this
system is designed to achieve it’s maximum efficiency and
the required power output, the input power of the system,
namely, P,y +s, 1S uniquely determined. The constraints of

the optimization problem is given as follows.

target -
PRL,i:PRLng' ,1 € (].7

19)

) 1) (20)

Based on the aforementioned analytical derivations, the
optimization problem is formulated to achieve the maximum
overall system efficiency while the power requirements of each
load serve as the constraints.

maz (X, P) = nays, X € (X007, X1PET)

sit.Prpi = PR ie(1,... (1)
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Given the nature of this optimization problem, a popular
population-based heuristic approach, Genetic algorithm (GA),
can be used to address the global or at least near to global
optimal solution. When solved as an optimization problem, the
equality constraints is difficult to deal with and it is better to
define minimum allowable error of the load power and transfer
the equality constraints in (21) into inequality constraints.

IV. EXPERIMENTAL VERIFICATION

As shown in Fig. 2, an example 6.78-MHz WPT system
with three receivers is built up to verify the above analytical
derivations and parameter design based on power distribution
and efficiency optimization. This experimental system shares
the same circuit configuration with the one in Fig. 1 (a). Note
that a 6.78-MHz current output power amplifier is used as
the power source and the electronic loads serve as the final
dc loads in this system. All the three receiving coils used in
this system are the same. The vertical distances between the
transmitting coil and receiving coils are 2cm and the coupling
coefficients are about 0.1. All the constant parameters and the
target load power are given in Table 1.

Current

source

Fig. 2. The experimental multi-receiver WPT system

TABLE 1
PARAMETER WITH CONSTANT VALUE

w Ly Tty Lrg i Tre,i

6.78 MHz | 423 nH 0.95 Q 1.59 uH | 045 Q
TL, k D, Rpa Rp 2
0.2 Q 0.1 0.2 Q 5Q 8 Q
Rp,3 Perd” | Py | Pris. -
10 Q SW s W 10 W —

The feasible range of the design variables X is finalized as
Xlower — [100pF, 100pF, 100pF, 0.3, 0.3, 0.3]
Xupper = 12000pF, 2000pF, 2000pF, 0.7, 0.7, 0.7] (22)

The feasible range of the duty cycle of the diode D; is deter-
mine considering the power output capacity of the rectifier as
well as the voltage stress of the diode. Based on the proposed

optimization given in section III, the optimal results X * are
calculated as follows.

[Cmc,h CTJ:,Qv Or:c,?n D17 D27 DS} =
[424pF, 408pF, 389pF, 0.70, 0.63, 0.56] (23)
Based on the optimization results, the shunt capacitors of the
rectifying diode, C, ;, can be calculated according to (7).

[Cra, Cro, Cy3] =] 443pF, 310pF, 705pF] (24)
Fig. 3 shows the waveforms of the voltage across the diodes
Vprs in the Class E rectifiers. The peak voltage across
the diodes can be calculated to guide the selection of the
diode during the system design. It can be seen that the peak
value of the Vp,.1, Vpr2 and Vp, 3 are 24V, 39V and 45V,
respectively. Schottky diode DFL.S260 is used as the rectifying
diode in the Class E rectifier. Actually, three different diode
can be used in the three rectifiers to maximize the system
efficiency and cost performance. The Class E rectifiers is well
designed to achieve zero voltage switching (ZVS) and zero
voltage derivative switching (ZVDS) in order to diminishing
the switching losses, which can be well verified by the diode
voltage waveforms Vp,. ;.

Fig. 4 shows the variation of load power Pry,; and overall
system efficiency 7,,, with respect to the input power of the
transmitting coil Py .. It can be seen that as Py, changes
from 20W to 30W, the load power is proportional to growth,
which is consistent with the theoretical analysis in (16). When
the Poi1,t, is between 25.25W and 26.84W, the errors of the
load power are within 5%, which well verify the calculated
results of GA (26.24W). When the P, changes from
25.25W to 26.84W, 14y, changes within 89.5% and 91.1%,
which is quite close to the calculated result of GA (91.6%).
Note that this system efficiency doesn’t take the efficiency of
power amplifier into account.

VDr,i (V)

Time (50ns/div.)

Fig. 3. Voltage waveforms across the diodes
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Fig. 4. Load power and overall system efficiency of the WPT system

V. CONCLUSIONS

In this paper, system efficiency and power distribution
among loads are analytical derived and serve as the basis of the
system design. Then an optimization problem is formulated
to achieve the maximum system efficiency with constraints
on power distribution of the system. Finally, an example
6.78-MHz three-receiver WPT system is built to verify the
proposed analytical derivation and design methodology. The
experimental results show that the proposed design can meet
the power requirement of loads within 5% error and achieve
system efficiency over 89.5% at a power level of 25W.
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