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Abstract—Wireless power transfer (WPT) working at sev-
eral megahertz (MHz), 6.78 or 13.56 MHz, is widely consid-
ered to be a promising candidate for charging electronic de-
vices. The so-called Class E? converter combining the soft-
switching based Class £ power amplifier (PA) and Class F
rectifier are known to be suitable for high-frequency appli-
cations with improved efficiency. However, the charging of
batteries usually need to follow a specific profile, in which
battery voltage and charging current vary over time. The
input reactance of the Class E rectifier also becomes ob-
vious at MHz. This non-neglectable and varying reactance
significantly lowers system efficiency and complicates pa-
rameter design. In this paper, a systematic design approach
is developed that minimizes the energy loss of a 6.78-MHz
Class E? wireless charging system during the entire battery
charging cycle. A LC matching network is added to improve
the loading conditions of the Class £ PA and coupling
coils, and provide new degrees of freedom in the parameter
design. Average power loss is defined based on analyti-
cally derived system efficiency and a discretized battery
charging profile. It serves as an objective function that is
minimized through the proposed battery charging profile-
based parameter design. In final experiments, the proposed
design achieves a 24.5% reduction of the average power
loss when comparing with that through the conventional
design.

Index Terms—Battery charging system, charging profile,
efficiency, lithium-ion battery, megahertz wireless power
transfer.

[. INTRODUCTION

N recent years, wireless power transfer (WPT) through
inductive resonance coupling became popular to charge
various electronic devices (e.g., cellphones, laptop computers,
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wearable devices, medical implant devices) and even electric
vehicles [1], [2]. For high-power applications, WPT work-
ing at kilohertz (kHz) is making rapid progress in terms
of coil design, compensation topologies, control strategies,
etc. [3]-[6]. At the same time, in order to reduce size and
weight of WPT systems, it is preferred to further increase
the operating frequency to several megahertz (MHz) such
as 6.78 and 13.56 MHz. A higher operating frequency also
helps to improve spatial freedom, namely a longer transfer
distance and higher tolerance to coupling coil misalignment,
which is particularly beneficial for charging mobile devices.
However, the power capability of the present switching devices
is insufficient when operating at MHz. At present the MHz
WPT is usually considered to be suitable for mid-range and
low-power applications [2], [7]-[9].

A practical challenge for the MHz WPT is the high
switching loss when using conventional hard-switching-based
power amplifiers (PAs) and rectifiers. Class ' PA and rectifier
are promising candidates to build high-efficiency MHz WPT
systems because of their soft-switching properties. The Class
E PA was first introduced for high-frequency applications
in [10]. It has been applied in MHz WPT systems and shown
improvements thanks to its high efficiency and simple topol-
ogy [11]-[14]. Similarly, the Class E rectifier has also been
proposed for high-frequency rectification [15]. Its application
in WPT was first investigated in [16]. A high efficiency of
the rectifier, 94.43%, was reported at an 800 kHz operating
frequency. Thus the combination of both Class £ PA and
rectifier, i.e., a Class F? converter, is expected to enable a
high-efficiency wireless charging system working at MHz.

Lithium-ion batteries are now widely used in consumer
electronic devices mostly due to its high energy density [17],
[18]. A typical charging profile of the lithium-ion batteries
usually consists of two modes, constant current (CC) mode
and constant voltage (CV) mode. The battery is first charged
in CC mode. When its voltage reaches a nominal value, the
charging system enters the CV mode, in which the charging
current rapidly drops. In order to prolong the battery cycle-life,
a wireless charging system must supply current and voltage
accurately following a specific battery charging profile [19]. In
real applications, the charging profiles can be tracked through
either the input voltage control of the charging system or the
regulation circuit between the charger and batteries.

In the conventional Class E? converter for WPT applica-
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tions, the system parameters are optimized targeting on only
a single specific operating condition, i.e., fixed coil relative
position and final load [20]. However, different with the
conventional constant resistive loads, the battery voltage and
current vary when following a charging profile. In addition,
the input reactance of the Class E rectifier is non-neglectable
at MHz and changes with the varying battery voltage and
current. This obvious and varying input reactance of the Class
E rectifier increases the power loss and complicates the design
of a high-efficiency MHz Class E? wireless battery charging
system. In KHz wireless charging systems, compensation
networks (such as a LLC' network) and designs have been
discussed to achieve a load-variation-independent resonant
frequency [5]. However, these existing approaches are not
valid anymore for the MHz Class E? wireless battery charging
systems due to the non-neglectable and varying input reactance
of the Class E rectifier.

This paper proposes a systematic and general parameter
design approach that achieves a high-efficiency Class E? MHz
wireless battery charging system. The influence of the non-
neglectable input reactance of the Class E rectifier is first
analyzed when working at 6.78 MHz and following a battery
charging profile. This aspect is quite different with the KHz
WPT systems, in which the input impedance of the rectifier
is pure resistive. A LC' matching network is added that works
with the series compensation capacitor of the receiving coil
to mitigate the influence of the non-neglectable and varying
input reactance of the rectifier. The LC' matching network also
provides new degrees of freedom in the following parameter
design. In order to minimize the energy loss of the MHz Class
E? wireless battery charging system during the entire charging
cycle, average power loss is defined and calculated based on a
discretized battery charging profile and analytically derived
system efficiency. This average power loss is used as the
objective function in the following optimization of the system
design parameters. Finally, both the analytical derivations and
design optimization are validated in experiments.

[I. PRELIMINARY ANALYSIS

The configuration of a classical 6.78-MHz Class E? wire-
less battery charging system is shown in Fig. 1. It consists
of the Class E PA, coupling coils, Class F rectifier, and
lithium-ion batteries. L;, and L,, represent the transmitting
and receiving coils, respectively; r, and r,, are equivalent
series resistance (ESR) of L., and L,.; C:, and C,, are
compensation capacitors; Z;, is the input impedance of the
coupling coils, and Z,,; is the input impedance seen from
the receiving coil; Vi, and Ip, are the battery voltage and
charging current, respectively.

The typical charging profile of a lithium-ion battery usually
consists of two modes, constant current (CC) mode and
constant voltage (CV) mode. The wireless battery charging
system is expected to provide accurate charging current and
voltage that well follow the desired charging profile. Fig. 2
shows an example charging profile of a lithium-ion battery
pack with four SANYO URI18650A batteries included (4S1P,
4 series 1 parallel). This battery pack is used in the final
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Fig. 1. The configuration of a classical 6.78-MHz Class E2 wireless
battery charging system.

experiments, section V. In this charging profile, the constant
charging current is 1 A and the constant battery voltage is 16.8
V, i.e., the nominal charging current and voltage, I;'7" and
Vo™ . The varying charging voltage and current will influence
the values of Z,,: and Z;,, and thus negatively affect the
efficiencies of the coupling coil and Class IZ PA, as discussed
below. Their influences become obvious in the MHz Class E?
wireless charging systems due to the highly nonlinear behavior
of the Class E rectifier when working at MHz.
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Fig. 2. The charging profile of the SANYO UR18650A lithium-ion battery
pack.

TABLE |
PARAMETERS OF COUPLING COILS.
k Lo Lrg Cia Cra Ttx Trx
02 | 334 uH | 334 uH | 165 pF | 165 pF | 072 | 0.7 Q

The performance of the above 6.78-MHz Class E? wireless
battery charging system in Fig. 1 is investigated using a
well-known nonlinear radio-frequency (RF) circuit simulation
software, advanced design system (ADS) from Keysight. The
parameters of the coupling coils are given in Table I. In the
simulation, a half-wave Class E rectifier is employed. The
same Class E rectifier is used in the following analysis and
experiments. Fig. 3(a) shows the simulation results of the
resistance and reactance of Z,,;, Ryt and Xy, under the
charging profile given in Fig. 2. The capacitive, i.e., negative,
reactance X,,; dramatically increases in the CV mode. This
large reactance significantly affects the efficiency and thus
power transfer capability of the coupling coils, as shown in
Fig. 3(b). Fig. 4 gives the simulation results of the input
impedance of the coupling coils. Due to the increasing X+,
the resistance and reactance of Z;,, R;, and X;,, decrease
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rapidly in the CV mode. The small resistance of Z;,, will lead
to the high power loss on the self-resistance of L., r¢,, and
parasitic resistances of the components in the Class £ PA. In
addition, the varying R;, and X;,, i.e., the load of the PA,
may negatively affect the ZVS operation of the highly load-
sensitive Class E PA.
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Fig. 3. Simulation results of the input impedance seen from the receiving
coil and efficiency of the coupling coils. () Zowut- (b) Mol -
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Fig. 4. Simulation results of the input impedance of the coupling coils
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Fig. 5. Circuit topology of the proposed 6.78-MHz Class E? wireless
battery charging system.

As discussed above, following a required battery charging
profile leads to a changing impedance characteristics, and
thus significantly affects the efficiencies of the coupling coil
and Class E' PA when operating at MHz. It complicates the
design and implementation of high-efficiency MHz Class E?
wireless charging systems. In order to mitigate the influences
of the changing battery charing current and voltage, a LC
matching network (MN) can be added into the classical Class
E? wireless charging system. As shown in Fig. 5, the matching

network locates between the coupling coils and Class E
rectifier. It improves the loading conditions of the coupling
coils and Class ' PA, and introduces new degrees of design
freedom that optimize the overall system efficiency under the
battery charging profile. In Fig. 5, the compensation capacitor
of the transmitting coil, Cy,, is absorbed into the series
capacitor of the Class E PA, Cy. L4. and Ly are the dc filter
inductors of the Class E PA and rectifier, respectively. Cy is
the parallel capacitors of the Class £ PA. C;. and C, are the
shunt capacitor and dc output capacitor of the Class E rectifier.
L, and C,, are the series inductor and parallel capacitor of the
LC network, respectively.

[1l. EFFICIENCY DERIVATION

The equivalent circuit model of the proposed 6.78-MHz
Class E? wireless battery charging system is given in Fig. 6.
This circuit model facilitates the following derivation of the
system efficiency. In the circuit model, the two dc filter
inductors, L4, and Ly, are represented by their equivalent
series resistances (ESRs) rp,. and rp,, respectively. The ac
inductor of the LC matching network is modeled as a series
combination of its inductance L, and ESR 7 . Table II
summarizes the definitions of all the circuit parameters. Z,,; is
the input impedance seen by the receiving coil, and Z;,, is the
input impedance of the coupling coils. R, is the equivalent
resistance of the entire charging system seen by the dc power
supply. I4. and I, are the dc input and output currents of
the charging system. %;,, and ¢, are the sinusoidal input and
output currents of the coupling coils. ¢,.. is the sinusoidal
input current of the Class F rectifier. ig is the switch current
when @) is on. Similarly ip, is the current that flows through
the diode when D, is on. P;, and P,,; are the input and
output powers of the coupling coil. P, is the input power of
the rectifier.

TABLE Il
CIRCUIT PARAMETERS
Parameter Definition

Ly ESR of dc filter Ly,

rQ on-resistance of MOSFET Q
Cs shunt capacitor of PA
Co series capacitor of PA
Lis inductance of transmitting coil
Ttx ESR of transmitting coil
Lyg inductance of receiving coil
Trx ESR of receiving coil
Lo mutual inductance

Cp parallel capacitor of MN
Ls series inductor of MN
TL, ESR of ac filter Lg

TLg ESR of dc filter L

Cr parallel capacitor of rectifier
Vi diode forward voltage drop
D, on-resistance of diode
Co dc output filter

According to [21], the equations for the Class E rectifier
that involve in the following efficiency derivation can be
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Fig. 6. Equivalent circuit model of the proposed 6.78-MHz Class E?2 wireless battery charging system.

obtained,
Ibat
Im rec — T . 5 1
' sin ¢ M
1 —cos2nD
t = 2
an gy sin27D + 27(1 — D)’ 2)
2moVoui Gy _ | [sin2mD +2m(1 - D))?
Tpai N 1 —cos2nD
—27%(1 — D)? — cos 2nD, (3)
and
2 in?
R, — VeatSiné1 @)
Ibat
1la+b
Xpee = —— 5
T |:UJCT ] )

m(1 — D)+ 27(1 — D) sin ¢y sin(¢p; — 2w D), (6)

1 1
b=sin2wD + 1 sin(2¢; — 47 D) — 1 sin 2¢1, 7

where ¢ is the initial phase of i,...; D is the duty cycle of
the rectifying diode; w is the operating frequency, 6.78-MHz
here; R,.. and X,... are the resistance and reactance of Z,..;
L rec s the amplitude of 4,¢.; a and b are the intermediate
variables.

As shown in Fig. 6, the below relationship exists,

Pout = Prec + PLS,lossa (8)

where Pp,_ 1, is the power loss on L. Because i,y and i,
are sinusoidal, the above equation can be rewritten as

IZ’L,outROUt - Im recRTEC + I72n,recrLs7 ©)

where I,, oy 1s the amplitude of ¢, and R, is the resistance
of the input impedance seen by the receiving coil, Z,,;. From
the circuit model in Fig. 6, Zyyut(= Rout + jXout) can be

derived as
_ Rrectrr,
Rou = @WC)2[(Rrectre, ) +(ghs +wlet Xree)] (10)
— (WC) (Rrec+7L, )+ (XrectwLs)
Xowt = G Pl Rreet 12 b tiolot Xoee?] - (D)
Substituting (1) into (9) gives
Ibat Rrec +rL
Im out — . . 12
out ‘Sln (bl | Rout ( )
Similarly,
I72n anln - Im inTtz + IEn,outT?”m + ITQn,outROUt? (13)

where I, i, is the amplitude of %;, and R, is the resistance
of the input impedance of the coupling coils, Z;,,. Thus

JA— Ibat \/ rec T TLs \/Rout + ey
myin — 7. .
|Sln d)l‘ out Rzn — Ttz

Ry + jXin) can be

(14)

Again, from the circuit model, Z;,(=
derived as follows,

w? Ly (Rout+7rs

Rin = res + - Lin (Roustfec) —, (15)

(Rout'i'rr;v) + (Xout + Wer - m)

W2 L% (Xout + whyy — —A—
Xin = wLliy — 2( : 2l )1 3
(Rout+rrm) + (Xout + Wme - m)

(16)

In the above equations, L,, is the mutual inductance,
L=k V Ly Ly, (17)

where k is the mutual inductance coefficient. The dc input
current and equivalent resistance of the wireless charging
system can be obtained as follows [22],

I i
IdC: m7/n7 (18)
g
2 2 4 si
Ry =T g(2m cos ¢pa + smd)z)’ (19)
4rwCy
where
_ 2w sin(p + ¢2) + 4cos(p + b2) (20)
9= Acos ¢asin(p + ¢o) + TCosp
1
¢ = arctan M, 2D
Rin
2 4 rwC 2Rin+m(Xin——i—
¢2 = arctan 2 S[ ( wco)] -(22)

m+72wCs Rin —271wCs (Xin— wéo )

¢- is initial phase of 4;,; g and ¢ are the intermediate
variables. Substituting (14) into (18) gives

Ibat \/ rec T TLs \/Rout + Trg
g |SIH ¢1‘ out Rzn — Ttx
There are also power losses from the two dc filter inductors,

Lg4c and Ly, switch @) and diode D,.. Thus the overall system
efficiency is expressed as below,

[bat %at

IgcRdc + IgcTLdC + I{?atrLf + PQ,loss + PDT,loss’
(24)

(23)

dc

Nsys =
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AT Vipat

Nsys =

Inat[(Rrectrrs) (Rout+7ra)|[47(Rac+rL,, ) +(2m+8 cos pag+7g2)rg]

(29)

Rout (Rin—7tz)g?sin? ¢

where
1 . 1 2
PQ,loss = %/0 ZZQT'det = <2 + 2 cos ¢2% + g4> I(?CTQ,
(25)
1 27TD
PDT.loss = - (7'2D D, + Z‘Drvrf)du)t
) 27T 0 ™
=el},rp, + flvaiVy- (26)
The coefficients are
—2nD
F=2mtcot gy — @1 =21D) 27)
sin ¢y
=D+ D2 B cos(d)l.f 27 D)
2sin“ ¢, 7 sin ¢
3sin 2¢1 + sin(2¢1 — 47D
8msin” g1

Substituting (23)(25)(26) into (24) gives (29), the overall
efficiency of the wireless charging system, 7),,,. It can be
seen that 7., depends on the battery voltage Vj,;, charging
current Ip,;, parasitic parameters of the components, and
system parameters. Note that the influences of the system
parameters are represented by Rg., Rin, Rout, and R,e. in
(29).

As discussed in section II, when operating at MHz, fol-
lowing the battery charging profile leads to a varying battery
voltage (Vpq¢) and charging current (Ip,:), and thus a large
and varying input reactance of the Class F rectifier (X,..). It
will not only negatively affect the efficiency of the wireless
charging system but also present challenges in the optimized
design of the system. A systematic parameter design approach
is developed below that minimizes the energy loss of the MHz
Class E? wireless battery charging system over the entire
charging cycle.

IV. DESIGN PARAMETERS OPTIMIZATION

At given time ¢ in the battery charging profile, the output
power of the charging system, P,, is

Po(t) == Ibat (t)‘/bat (t) (30)
Then the total power loss, Pj,ss, at time ¢ is
Po(t) Ibat (t)%at (t)
Pross(t) = = P(t) = ——— S [1 = nsys(t)] -
nsys (t) nsys (t) v
3D

Here 17,,5(t) can be calculated by substituting Ip,.(t) and
Vbat (t) into (29). For the following optimization, the charging
profile is evenly divided into /V pieces. Thus the average power
loss based on the discretized battery charging profile, namely
the objective function of the optimization problem, is defined
as

N

I at (ti Vat ti
3 B L (1)
Py ==

N (32)

+ 47 [Ipat (L, +erp,) + fVy]

As shown in Fig. 5, the purpose of the LC' matching net-
work is to improve the loading condition of the coupling coils.
Thus the inductor L4 should be designed to partly compensate
the non-neglectable reactance of the input impedance of the
Class FE rectifier operating at MHz. From (5),

Xrec _1lja+b
w o w20,

which targets the nominal operating condition, i.e., the nom-

inal battery voltage and charging current, V27" and I;.5".

Note that X,... is determined by C,., V4, and Iy, [refer to
(3)(5)]. Then the ESR of L, rr,_, can be calculated,

wLy, 1 {a + b}
QLS '/TQLS wcr

where @)1, is the quality factor of L,. Note that a candidate
C, is given for calculating L, during the below design
optimization.

The design parameters, the capacitors, in the below opti-
mization are finalized as follows,

X = [057 007 Crza Cpa Cr]a

Ly=— ;o (33)

nom Jnom
Vbat ’Ibat

nom Jnom
Vbat ’Ibat

rL, =

. (34)

nom fJnom
Vbat ’Ibat

(35)

that minimizes the average power loss, P..? over the entire

charging profile. Here x is a vector. C's and Cj are the
parallel and series capacitors of the Class E PA; C,, is the
compensation capacitor of the receiving coil; C), is the parallel
capacitor of the LC matching network; and C,. is the shunt
capacitor of the Class E rectifier. Again, due to the non-
neglectable X,.., C;; is also taken as a design parameter that
further lowers the influence of X,... during the entire charing
cycle. Thus, unlike in the conventional design, the resonance
of the receiving coil is not pre-assumed here. The constant
parameters in the proposed optimized design of the wireless
charging system are

Pcon = [Lta:; Ly, Vf» TD,sTte; Tray "Ly "Ly TQH W, k]
(36)

Candidate x from
(xlnwer’ Xupper)

Qalculate .LS,rLS i
using candidate x [«
and equ. (33)(34)
Sgrlrslgzs Calculate Pios Ibats Viat Battery
P P using equ. (32) charging profile
con

Fig. 7. Relationship between the constant and design parameters, and
battery charging profile in the optimized design.
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The design optimization problem is formulated as follows,
(37
(38)

loss

s.t.x e (xlower,x“pper),

. avg
m;n P (X, Pcon; Ibat7 Vbat)

where x1°Ver and xUPPe’ are the lower and upper feasible
bounds of x, respectively. It and Vipae represent the dis-
credited battery charging profile,

Ivat = [Lbat(t1), Toat (t2), - - - s Tpat(tN)]s
Vbat = [W}at(tl)a ‘/bat(t2)7 ey vaat(tN)}-

The average power loss, P9, is determined by the design
and constant parameters of the MHz wireless charging system,
and the specific battery charging profile [refer to (32) and
Fig. 7]. The purpose of the optimization problem is to find
an optimal set of the design parameters, Xop¢, that achieves
the lowest average power loss over a specific charging profile.
The proposed design optimization is a general solution that
minimizes the energy loss when charging batteries with dif-
ferent profiles, i.e., different I, and Vpa¢. Given the nature
of the above optimization problem, it is appropriate to apply
genetic algorithm (GA), a popular population-based heuristic
approach, to locate a global or at least near-to-global optimal
solution [23], [24].

(39)
(40)

Current
Sampling
Resistor

for charging current measurement. The National Instruments
(NI) CompactRio system is employed to measure/sample the
battery voltage and charging current, Vpq:(t) and I (t), and
control the dc output voltage of the power supply based on
the voltage and current feedback signals. In the CC mode, the
power supply is controlled by the NI compactRIO system to
increase its dc output voltage in order to achieve the constant
battery charging current. Similarly, after the battery voltage
reaches the nominal value, the power supply dc output voltage
is decreased to keep the constant battery voltage, i.e., the
CV mode. When the battery charging current is lower than
the termination current (here 0.05 A recommended by the
datasheet of the battery cell), the charging cycle stops. The
wireless battery charging system has the same configuration as
that in Fig. 5. Its constant parameters, Pcon, are summarized
in Table III. The distance of the coupling coils is 30 mm
corresponding to a mutual inductance coefficient, k=0.2. A
MOSFET SUDO6N10 and a silicon carbide diode STPSC406
are used as the switch @ and rectifying diode D, of the Class
E PA and rectifier, respectively. The parasitic capacitors of
SUDO6N10 and STPSC406 are assumed to be constant, 50
pF and 35 pF, according to their datasheets. Note that these
two parasitic capacitances are included in the calculated final
C, and Cjg, respectively.

TABLE Il
CONSTANT PARAMETERS

w Ly Ly Vf "D, TQ
678 MHz | 334 uH | 334pH | 1.2V | 03Q | 0.225Q

k Ttx Traz TLge "Ly

0.2 0.7 Q 0.7 Q 020 | 0290
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/ Battery Charging System
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Fig. 8. Experimental setup of the proposed 6.78-MHz Class E? wireless
battery charging system.

V. EXPERIMENTAL RESULTS

As shown in Fig. 8, an experimental Class E? wireless
charging system working at 6.78 MHz is built up to validate
the above proposed configuration and parameter design. The
lithium-ion battery pack uses four SANYO UR18650A bat-
teries connected in 4S1P. In experiments, the battery charging
profile in Fig. 2 is implemented through the control of the
dc input voltage of the wireless charging system, i.e., the
output voltage of the power supply. A high-accuracy sam-
pling resistor is connected in series with the battery pack

In the experiments, the feasible range of the design param-
eters, x = [Cg, Co, Cry, Cp, C], are given as

slower _ [100 pF, 100 pF, 100 pF, 100 pF, 100 pF],

xUPPer — [2000 pF, 2000 pF, 2000 pF, 2000 pF, 2000 pF] (41)

Here the feasible ranges are estimated based on the induc-
tances of the coupling coils and equivalent loads under the
battery charging profile. By applying the design procedures
developed in section IV and charging profile in Fig. 2, the
optimal design parameters, Xop¢, and thus L, the inductor of
the LC matching network, are calculated as follows,

Xopt = [105 pF, 250 pF, 195 pF, 192 pF, 120 pF],
L, =323 nf.

(42)
(43)

The inductance of L, is finalized as 330 nH, which is
commercially available. In the above optimization, the total
number of the sampling instants of the charging profile, N, is
chosen as 50. There are 28 sampling instants in the CC mode,
and 22 instants in the CV mode. Thus the system efficiency
during the CC mode is particularly emphasized.

In the experiments, the battery charging profile is accurately
followed by controlling the dc output voltage of the power
supply V. (see Fig. 5). Fig. 9(a) and (b) show V. and P,, the
input voltage and output power of the experimental wireless
charging system under the single charging profile in Fig. 2.
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In the CC mode, the current is controlled as 1 A and the
battery voltage increases until it reaches the nominal value
16.8 V at charge time ¢=115 min. After entering the CV mode,
V. decreases rapidly in order to maintain the nominal battery
voltage. The output power of the wireless charging system
shows a similar trend.
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Fig. 9. The dc input voltage and output power of the experimental
wireless charging system under a single charging profile. (a) V.. (b)
P,.

Fig. 10-12 compare the system and component-level effi-
ciencies and overall power loss when applying the conven-
tional and proposed designs. In the conventional design, the
design parameters are optimized targeting on only a single
operation condition, i.e., the nominal battery voltage and
charging current, V;29™ and I} [20]. The goals of the
convectional design are 1) resonance of the receiving coil
exactly at the target frequency, 6.78 MHz here; 2) ZVS
operation of the Class £ PA when its load, i.e., the input
impedance of the coupling coil Z;,, is as equal as the one
under V29" (= 16.8 V) and I;5" (=1 A); 3) a duty cycle
D (=0.5) of the rectifying diode, D,., in the Class E rectifier,
again, under V29 and I]\%™ [21]. Its circuit model can be
obtained by removing the LC matching network in Fig. 5. The
results of the conventional design are calculated and listed in
Table IV based on the constant parameters given in Table III
and the nominal operating condition.

As shown in Fig. 10 and 11, the proposed design demon-
strates obvious improvements in both system efficiency and
power loss during the entire charging cycle. The experimental

TABLE IV
RESULTS OF CONVENTIONAL DESIGN
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Fig. 10. Experimental results of the system efficiency.
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Fig. 11. Experimental results of the power loss.

results using the proposed design well match the calculated
results, which verifies the correctness of the analytical deriva-
tions in section III. The conventional design achieves opti-
mized performance only when the nominal operating condi-
tion, its design target, is met, i.e., V,.9"=16.8 V and I}.7/"=1 A
at t=115 min. When the operation deviates from this nominal
one, its performance starts to deteriorate. The proposed design
outpaces the conventional design within the most charging
cycle because it is optimized targeting on the battery charging
profile rather than a specific single operating condition.

Note that mostly due to improved coupling coil efficiency
in the proposed parameter design, the final system efficiency
when using the conventional design is not obviously higher
(1.0% percentage improvement) even under the nominal op-
erating condition [see Figs. 10 and 12]. In the conventional
design, the design parameters are optimized with the given
coupling coils and targeting on the nominal battery voltage and
charging current, i.e., a specific fixed nominal load. However,
this nominal load does not necessarily equal to the final load
that corresponds to the highest achievable efficiency of the
given coupling coils [25]. It is because practically coupling
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coils are usually designed to first meet other requirements such
as targeted size, transfer distance, and power level. Meanwhile,
thanks to the LC' matching network and proposed parameter
design, the coupling coils work under a better loading condi-
tion (namely a load different with the one seen by the receiving
coil in the conventional design), and thus with obviously
improved efficiency. This aspect can be particularly explained
by Fig. 12(a) and (b), the component-level efficiencies in
the experiments. Since the efficiency of the Class E rectifier
is largely determined by the battery voltage and charging
current, its efficiencies in the two designs are close. Thus
the efficiencies of the coupling coils (7.4;;) and Class E PA
(1pa) are shown in the two subfigures. Besides the improved
coupling coil efficiency, using the proposed design the Class
PA also demonstrates higher efficiency during the most high-
power period (e.g., charging time from 0 to 105 min) [refer
to Fig. 9(b)]. Note that the PA efficiency in the conventional
design is higher when the operating condition is close to the
nominal one, i.e., its design target, while the target of the
proposed design is to minimize the energy loss over the entire
charging cycle.
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Fig. 12. Experimental results of the efficiencies of the coupling coils and
Class E PA. (@) ncoit- (b) npa.-

Table V lists the average power loss, P;.9, and the total
energy loss, Fj,ss, Within the single battery charging profile.
Here Ej,ss equals the production of P;'"Y and total charging
time, 221 minutes. With the proposed parameter design, the
average power loss is reduced by 24.5% when comparing
with that in the conventional design. The saved total energy
is 11536 J. From the above experimental results, the average
efficiencies of the conventional design and proposed design
are 74.5% and 80.9%, respectively, namely 8.6% improvement
percentage of the system efficiency over the entire charging
cycle. Because the objective function in the optimization
problem is the average power loss, (32), naturally the proposed
design assigns higher priority to achieving higher efficiency
during the high-power period. This leads to the observed
higher improvement in the average power loss than that in

the average system efficiency, again 24.5% versus 8.6%.

TABLE V
AVERAGE POWER LOSS AND TOTAL ENERGY LOSS.

Con. design | Proposed design
Pa 355 W 2.68 W
Eloss 47073 J 355371

For reference purposes, an additional charging profile (solid
line) and experimental/calculated results are shown in Fig. 13
and 14, respectively, when using a different type of battery
cell (4S1P), TNL-ITR18650. The total charging time of the
TNL-ITR18650 battery pack is 208 min and the pack voltage
reaches its nominal value at 95 min. Due to the differ-
ent charging profile, the design parameters are recalculated
through the proposed design, x;pt=[126 pE, 240 pF, 180 pF,
262 pF, 110 pF] and L;=328 nH. Similar improvements
in the system efficiency and power loss are observed in
Fig. 14(a) and (b). Table VI summarizes the average power
loss in the conventional design and proposed design, P 7,
when charging the two different battery packs. Applying the
proposed design methodology, the average power loss during
the entire charging cycle is significantly reduced by about 25%
for the both battery packs.
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Fig. 13. Charging profiles of TNL-ITR18650 battery pack and SANYO
UR18650 battery pack.
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Fig. 14. Experimental results when charging TNL-ITR18650 battery
pack. (a) system efficiency. (b) power loss.

TABLE VI
AVERAGE POWER LOSS WHEN CHARGING TWO BATTERY PACKS.
UR18650 | ITR18650
Con. design 355 W 336 W
Proposed design 2.68 W 246 W
Reduction 24.5% 26.8%

VI. CONCLUSIONS

This paper proposes a systematic design methodology for a
high-efficiency 6.78-MHz Class E? wireless battery charging
system. Through the preliminary analysis, it shows that the
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non-neglectable and varying input reactance of the Class E
rectifier adversely affects the efficiency of the system when
following the battery charging profile. The average power
loss is then defined based on the analytically derived system
efficiency and discretized charging file. The design parameters,
the five capacitors and one inductor, are optimized later that
minimizes the average power loss during the entire battery
charging cycle. The experiments show that the proposed design
achieves a significant reduction of the average power loss,
24.5%, when comparing with that through the conventional
design. The design methodology proposed in this paper is
a general solution that enables high-efficiency MHz wireless
charging under any specific battery charging profile.
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