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Abstract—High frequency wireless power transfer (WPT) such
as working at megahertz (MHz) is widely considered to be a
promising candidate for charging the lithium-ion batteries of the
mobile electronic devices. However, in a real battery charging
application, the varying battery voltage and charing current
will significantly affect the system efficiency and lead to the
high power losses in the whole charging process, especially at
MHz. In order to reduce the power losses, a 6.78-MHz wireless
battery charging system is proposed and an optimization design
procedure is developed to minimize the average power loss in
the whole charging process. By using the circuit model of the
wireless battery charging system, the system efficiency is derived
and services as the basis of the optimization design. Finally, the
simulation results are provided for verification. It shows that
the system using the proposed optimization design can achieve a
27.6% reduction of the average power loss compared with that
using the conventional design method.

Index Terms—Megahertz Wireless Battery Charging System,
Lithium-ion Battery, Optimization, Power Loss

I. INTRODUCTION

Wireless power transfer (WPT) using inductive resonance
coupling is now being applied to charge various electronic
devices and even electric vehicles [1], [2]. For large-power
applications, WPT working at kilohertz (kHz) is making rapid
progress particularly in terms of coil design and control [3]—
[7]. In order to build more compact and lighter WPT systems,
it is desirable to further increase operating frequency to
several megahertz (MHz) such as 6.78 and 13.56 MHz. At
the same time, a higher level of spatial freedom, namely
a longer transfer distance and higher tolerance to coupling
coil misalignment, can be achieved with the higher operating
frequency. However, a major limitation is that the present
power electronics devices can not afford the high power and
the high operating frequency at the same time. Therefore, the
MHz WPT is usually considered to be suitable for mid-range
and low-power mobile consumer electronics [2], [8]-[10].

A practical challenge for MHz WPT systems is the high
switching loss of the conventional hard-switching-based power
amplifiers (PA) and rectifiers. The soft-switching-based ones
are promising candidates to build high-efficiency MHz WPT
systems, such as the Class E PA and rectifier. The Class E PA
was first introduced for high-frequency applications in [11].

Jibin Song
College of Instrumentation
and Electrical Engineering,
Jilin University,
Changchun, Jilin, P. R. China
Email: jbsongsjtu@gmail.com

Chengbin Ma*!-2
1. Univ. of Michigan-Shanghai Jiao Tong
Univ. Joint Institute,

2. School of Mechanical Engineering,
Shanghai Jiao Tong University,
Shanghai, P. R. China
Email: chbma@sjtu.edu.cn

It has been applied in MHz WPT systems thanks to its high
efficiency and simple structure [12], [13]. Similarly, the Class
E rectifier has also been proposed for high-frequency rectifi-
cation [14]. A high efficiency of the class E rectifier, 94.43%,
was reported for an 800 kHz WPT system in [15]. Thus both
the Class E PA and rectifier can be applied to achieve high-
performance MHz wireless battery charging systems.

It is known that lithium-ion batteries are widely used in the
consumer electronics due to its high performance [16]. The
typical charging profile of the lithium-ion battery consists of
two parts, the constant current (CC) mode and constant voltage
(CV) mode. At the beginning of a charging cycle, the battery is
charged in CC mode and the battery voltage increases. When
the battery voltage reaches the nominal value, the charging
system goes into the CV mode and the charging current drops
rapidly. Considering the battery lifetime and recycle time,
a wireless battery charging system should provide accurate
charging current and voltage according to the battery charging
profile [17].

In conventional WPT systems with the Class E PA and the
Class E rectifier, the system parameters are optimized only for
a specific target operating condition, namely fixed coil relative
position and final load [18]. However, in the real battery
charging applications, the varying final load, i.e., the varying
battery voltage and charging current, will significantly affect
the system efficiency and lead to the high power losses in the
whole charging process, especially at MHz. Thus, this paper
proposes a 6.78-MHz wireless battery charging system and
an optimization design procedure with respect to the varying
final load. In order to improve the system efficiency in the
whole charging process, a L matching network is employed
in the system to suppress the adverse effect of the varying
load. The efficiency of the proposed battery charging system
is derived by using batteries as the final load. Based on the
charging system and the efficiency derivation, a parameter
design procedure is developed for the battery charging system
to optimize the average power loss in the whole charging
process. The final simulation results validate the proposed
6.78-MHz wireless battery charging system and the parameters
optimization design.



II. FUNDAMENTAL ANALYSIS

The circuit configuration of a typical 6.78-MHz wireless
battery charging system is shown in Fig. 1. It consists of
the power amplifier (PA), coupling coils, the rectifier, and the
lithium-ion battery. Z;,, is the input impedance of the coupling
coils. Z,,; is the input impedance seen from the receiving coil.
In the wireless charging system, V3, is the battery voltage and
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Fig. 1. Circuit configuration of a 6.78-MHz wireless battery charging system.

Iyq: is the charging current. Fig. 2 shows a typical charging
profile of the lithium-ion battery pack (4S1P) from SANYO
(UR18650A). Here the constant charging current is 1A and the
constant battery voltage is 16.8V. Due to the varying battery
voltage and charging current, the impedance Z,,; is varying
with the battery charging profile.
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Fig. 2. A typical charging profile of the lithium-ion battery pack.

The performance of the 6.78-MHz wireless battery charging
system is then investigated using a well-known RF circuit
simulation software, the advanced design system (ADS) from
Keysight. Fig. 3 (a) shows the simulation results of the
resistance and reactance of Z,,;, R+ and X, in the whole
charge process. A Class E rectifier [refer to Fig. 5] is used
in the simulation. It can be seen that the reactance X,
increases dramatically in the CV mode. The large reactance
will significantly affect the efficiency of the coupling coils.
Fig. 3 (b) shows the simulation results of the efficiency of
the coupling coils. Here the parameters of the coupling coils
given in table I is applied. It can be seen that the efficiency
of the coupling coils decreases rapidly with the increasing
reactance in the CV mode [refer to Fig. 3 (a)]. Fig. 4 gives
the simulation results of the input impedance of the coupling
coils. The resistance and the reactance of Z;,, R;, and X;,,
decreases rapidly in the CV mode due to the increasing X ;.
The small resistance of Z;,, will lead to the high power losses
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Fig. 3. Simulation results of the input impedance of the rectifier and the
efficiency of the coupling coils. (a) Zout. (b) Neoil-
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Fig. 4. Simulation results of the input impedance of the coupling coils Z;,.

TABLE 1
PARAMETERS OF THE COUPLING COILS.

k Ltz
02 | 3.34 ud

LT(L‘
334 pi

Ctz
165 pF

Cra Ttx Trx
165pF | 0.7 Q | 0.7 Q

on the parasitic resistance of the components of the PA. Thus
the increasing X, also affects the PA efficiency.

Based on the above analysis, a 6.78-MHz wireless battery
charging system is proposed to achieve the high overall
efficiency and the low power losses in the whole charging
process, as shown in Fig. 5. The Class E PA and rectifier are
employed in the charging system due to their high efficiencies
for high frequency applications. For the purpose of improving
the overall efficiency in the whole charging profile, a L
matching network is used to suppress the variations of Z,,;.
The L matching network consists of a series inductor L, and



a parallel capacitor Cp. In the system, Lg. and Ly are the
dc filter inductor of the Class E PA and rectifier, respectively.
Cy and C are the series and parallel capacitors of the Class
E PA, respectively. C,., is the compensation capacitor of the
receiving coil L,,. C, is the shunt capacitor of the Class E
rectifier. C, is the dc output capacitor of the rectifier. Based
on the proposed wireless battery charging system, the system
efficiency with respect to the battery voltage and charging
current is derived and an optimization design method for the
system parameters is developed by using the derived system
efficiency to optimize the average power loss in the whole
charging process.
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Fig. 5. The proposed 6.78-MHz wireless battery charging system.

III. CIRCUIT MODEL AND EFFICIENCY DERIVATION

Fig. 6 shows the equivalent circuit model of the 6.78-MHz
wireless battery charging system given in Fig. 5. In the circuit
model, the dc filter inductors Lg. and Ly are equivalent to the
resistances 71, and rr,, respectively. rp_ is the equivalent
series resistance (ESR) of the ac inductor L,. r¢ is the on-
resistance of the switch Q. V¢ and rp,. are the forward voltage
drop and the on-resistance of the diode D,.. Z,.. is the input
impedance of the Class E rectifier. Ry, is the equivalent
resistance of the charging system shows to the dc power
supply. I4. and Ip 27 are the dc input and output current of the
charging system, respectively. 7;, and 7., are the sinusoidal
input and output current of the coupling coils, respectively.
irec 18 the sinusoidal input current of the Class E rectifier. i¢
is the current in the switch when Q is on. Similarly ip, is the
current that flows through the diode when D, is on. According
to [19], the following equations for the Class E rectifier in this
charging system can be derived as
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where ¢, is the initial phase of i,.., D is the duty cycle of the
rectifier, w is the operating frequency(6.78-MHz here), R,...
and X, are the resistance and reactance of Z,.c., Iy, rec is the
amplitude of 7,.., a and b are the intermediate variables. By
using the law of conservation of energy, the following equation
can be obtained

2 72 2
Im,outR(mt - Im,recRTec + Im,recrst (8)

where I, o, is the amplitude of ¢,,; and R, is the equiv-
alent resistance of Z,,;. Based on the circuit model given in
Fig. 6, the equivalent resistance and reactance of Z,,;, Rout
and X,.¢, can be derived as

Rrectrr,

Row = @O (Brectre,) by rwlor X O
(WO (Rreetrr ) +(Xreetwls)
Kout = (WCp)* [(Rrectrr,)* +(gby +wlatXree) ] (10)
Substituting (1) into (8) gives
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Im,out = T bat i i L (11)
|sin ¢ | Rout

Similarly, by using the law of conservation of energy and the
above eqautions, the amplitude of 7,y¢, L out, 1S derived as

J A Ibat \/Rrec +7rs \/Rout + Ty
e |Sin ¢1‘ Rout Rzn — Ttz ’

where the equivalent resistance and reactance of Z;,, R;, and
X;n, can be obtained as follows based on the circuit model.
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L, is the mutual inductance and it can be expressed as
Ly, =k V Liy Ly, (15)

where k is the mutual inductance coefficient. According to [20]
and the circuit model, the following equations can be obtained.
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where R, is the equivalent resistance of the charging system
shows to the dc power supply, ¢o is initial phase of %;,, g and
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Fig. 6. Equivalent circuit model of the 6.78-MHz wireless battery charging system.

o are the intermediate variables. Substituting (12) into (16)
gives

Ibat \/Rrec +7Ls \/Rout + Tra
g |blIl ¢1‘ out Rin — Ttx .
For the simplifying purpose, the ESRs of the dc filter
inductors(Lg4. and Ly) and the parasitic parameters of the
switch Q and the diode D, are neglected in the above
derivations. However, the power losses on them should be
taken into consideration when deriving the system efficiency.
Thus, the system efficiency can be expressed as
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Substituting (21)(23)(24) into (22) gives (27). It can be seen
from (27), the system efficiency depends on the battery voltage
Viats the charging current Ip,:, the parasitic parameters of
the components, and the system parameters. Note the system
parameters are included in Rg., Rin, Rout, and R,e.

IV. DESIGN PARAMETERS OPTIMIZATION

As discussed in section II, the varying battery voltage and
charging current significantly affect the performance of the
wireless battery charging system. Based on the derivation of
the system efficiency [refer to (27)], an optimization design
method for system parameters is proposed to minimize the
power losses in the whole charging process. In this approach,
an average power loss with respect to the whole charging pro-
file of the target battery pack is defined and used to optimize
the system parameters. At a given time of the charging profile,
t, the system output power can be expressed as

PO (t) = Ibat (t)%at (t>7 (28)

where Ipq:(t) and Vpe.(t) can be obtained from the charging
profile of the battery pack [refer to Fig. 2]. Then, the power
loss at the time ¢ is

_ ol Tt ®)Vint(0)
BOSS (t) B nsys(t) Nsys (t) (1 Nsys (t()z)g)

Here 7,,s(t) can be calculated by substituting I, (¢) and
Vbat(t) into (27). In order to obtain the average power loss in
the whole charging process and use the numerical optimization
to design the system parameters, the continuous charging
profile of the battery pack is discretized into N points. It
means that the entire charging time is averagely divided into
N parts for the system power loss calculation. In this case, the
objective function of the parameters optimization design, i.e.,
the average power loss, can be defined as

N
Tvat(ti) Voar (ti
2. %(1 — Tsys(ti))

i=1

Pavg,loss = N

- Po(t) =

(30)

It can be seen from (30), the average power loss includes the
characteristics of the charging profile of the battery pack. In
the charging system [refer to Fig. 5] and optimization design
procedure, the inductor of the L matching network, L, is
viewed as a constant parameter and Cj, is the design parameter
to be determined. Cy and C| are the design parameters of the
Class E PA. For a more general discussion, the coupling coils
are also viewed as the constant parameters in the optimization
design of the charging system. But the compensation capacitor
C,, is taken as the design parameter and it is not pre-
assumed to be resonant with the receiving coil. C, is the
design parameter for the Class E rectifier. Thus, the design
parameters in the optimization design can be defined as

X = [CS7CO7CT‘JC7CpaOT]' (31)

where x is a vector representing the design parameters. The
feasible range of x is defined as

x € (x,xY), (32)

where x and xVY- are the lower and upper bounds of

x, respectively. The constant parameters in the optimization
design of the charging system are

Pcon = [Lt;m L’rla Vf7 "Dy sTLysTtes Tras UL, TLf s TQ,W, k]
(33)
Based on the above equations, the entire numerical optimiza-
tion problem can be formulated as

m;nf(x) = Pavg,loss (X7 Pcon; lbat (t)a Vbat (t)) 34)
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It can be seen that the average power loss is determined
by the design parameters, the constant parameters, Ipq:(t)
and Vpq:(t). Since Ipq:(t) and Vpee(t) are determined by
the charging profile of the battery pack, the average power
loss depends on the charging profile. The purpose of the
optimization problem is to find an optimal set of the design
parameters, Xqpt, that achieves the lowest average power
loss (Pyug,10ss) With respect to a specific charging profile.
Given the nature of the optimization problem in (30)—(34),
it is appropriate to apply genetic algorithm (GA), a popular
population-based heuristic approach, to find a global or at least
near-to-global optimal solution [5], [21].

V. SIMULATION VERIFICATION

An example simulation model is built up to validate the
proposed 6.78-MHz wireless battery charging system and
parameters optimization design by using the RF circuit sim-
ulation software, the advanced design system (ADS). The
simulation system has a same configure as the one in Fig. 5,
where the constant parameters pcon in Table II are applied.
The Pspice models of the diode STPSC406 and the MOSFET
SUDO6N10 are used in the simulation.

TABLE II
CONSTANT PARAMETERS

w Lig Lyy Vf "D, TLy
678 MHz | 334 uH | 334 pH | 1.2V | 03Q 0.3 Q

k Ttx Trx TL, T‘Lf TQ

0.2 0.7 Q 0.7 Q 0.2 Q 0.2 Q 0.225 Q

In the optimization design, the feasible range of the design
parameters, x = [Cg, Cy, Cyp, C1, C,], are given as

x™ = [100 pF, 100 pF, 100 pF, 100 pF, 100 pF],
xY" = [2000 pF, 2000 pF, 2000 pF, 2000 pF,2000 pF]. (35)

Here the feasible range are chosen based on the inductance
of the coupling coils and the charging profile of the battery
pack. By using the design procedure developed in section IV,
the system efficiency derived in section III, and the charging
profile given in Fig. 2, the optimal design parameters, Xopt,
are calculated as follows

Xopt = [105 pF, 250 pF, 195 pF, 192 pF, 120 pF|.  (36)

Note in the above calculation, the number of discretization
points, N, is chosen as 50. Based on the optimized system pa-
rameters, the simulation results in the whole charging process
are given in the following. In the simulation, the CC mode
and the CV mode of the charging profile given in Fig. 2 are
achieved by tuning the dc input voltage of the charging system
Vie [refer to Fig. 5]. The corresponding dc input voltage of
the charging system is given in Fig. 7. It can be seen that
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Fig. 7. Simulation results of the dc input voltage V.

TABLE III
OPTIMIZED RESULTS OF CONVENTIONAL DESIGN

Cs
130 pF

Co
168 pF

CTCE
165 pF

Cr
420 pF

Ve increases in the CC mode and decreases rapidly when the
charging process goes into the CV mode.

Fig. 8 and Fig. 9 give the simulation results of the system
efficiency and power losses in the whole charging process,
respectively. The simulation results of a 6.78-MHz WPT
system using the conventional design method is also given
for the comparison purpose. In this conventional design [18],
the design parameters are optimized to let 1) resonance of the
receiving coil at the target frequency, 6.78 MHz here; 2) ZVS
operation of the Class E PA that maximizes the PA efficiency
with respect to the specific Z;,, here Z;,, at V4; = 16.8 V and
Iyar = 1 A; 3) aduty cycle D (=0.5) of the Class E rectifier, to
lower the voltage stress on the rectifying diode [19]. Note the
matching network is not used in the conventional design and
the circuit model can be obtained from Fig. 5 by just removing
the L matching network. Following these requirements, the
optimized parameters of the conventional design are calculated
and listed in Table III, based on a specific operating point of
the charging profile, i.e., Vpq: = 16.8V and I, = 1A at t =
115 min.

It can be seen from Fig. 8, the charging system using
the optimization design can achieve the higher efficiency
than that of the system using the conventional design in the
whole charging process. It is because the optimization design
method tends to improve the overall system efficiency in the
whole charging process to minimize the average power losses
of the charging system. As shown in Fig. 9, the wireless
battery charging system using the optimization design can
achieve the much lower power losses than that of the system
using the conventional design in the whole charging process,
which is consistent with the simulation results of the system
efficiency. In order to validate the system efficiency derivation,
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the calculation results are also given in Fig. 8 and Fig. 9.
The good matching between the simulation and calculated
results verifies the correctness of the equations of the system
efficiency. Table IV lists the average power loss in the whole
charging process. It can be seen that, by using the proposed
optimization design method, the average power loss is lowered
from 3.552 W to 2.573 W. The reduction of the average power
loss is about 27.6%.

TABLE IV
SIMULATION RESULTS OF AVERAGE POWER LOSS

Conventional Design
3552 W

Optimization Design
2573 W

Average Power Loss

VI. CONCLUSIONS

This paper proposes an optimization design of a 6.78-
MHz wireless battery charging system to minimize the av-
erage power loss in the whole charging process. Based on
fundamental analysis, a 6.78-MHz wireless battery charging
system is proposed and the system efficiency is derived when
using battery as the final load. Then a parameter design
procedure is developed to optimize the average power loss
of the charging system. Finally, the simulation results are
given for verification. It shows that, by using the proposed
optimization design, the wireless battery charging system can
achieve a huge reduction (27.6%) of the average power loss
compared with that using the conventional design method.
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