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Abstract—Wireless power transfer (WPT) working at mega-
hertz (MHz) is widely considered a promising technology for mid-
range and low-power applications. A Class E? dc-dc converter
is composed of a Class E power amplifier (PA) and a Class E
rectifier. It is attractive for applications in MHz WPT due to the
soft-switching properties of both the PA and the rectifier. Using
the existing design the Class EZ dc-dc converter can only achieve
optimal performance such as a high efficiency under a fixed
operating condition. Meanwhile, in real applications variations
in the coil relative position and the final load are common. The
purpose of this paper is to analyze and develop a general design
methodology for a robust Class E> dc-dc converter in MHz WPT
applications. Component and system efficiencies are analytically
derived, which serve as the basis for the determination of the
design parameters. The classical matching network of the Class
E PA is also improved that provides the required impedance
compression capability. Then a robust parameter design proce-
dure is developed. Both the experimental and calculated results
show that proposed design approach can significantly improve
the robustness of the efficiency of the Class E® dc-dc converter
against variations in coil relative position and final load. Finally,
the experiments show that the range of variation of the system
efficiency is narrowed from 47.5%-85.0% to 73.3%-83.7% using
the proposed robust design.

Index Terms—Wireless power transfer, Class E? dc-dc con-
verter, efficiency, matching network, robust analysis and design.

NOMENCLATURE
I. INTRODUCTION

In recent years wireless power transfer (WPT) using in-
ductive resonance coupling has become increasingly popular.
The technology is now being applied to charge cellphones,
wearable devices, and even electric vehicles, etc [1], [2]. For
large-power applications, WPT working at kilohertz (kHz) is
making rapid progress particularly in terms of coil design and
control [3]-[5]. At the same time, in order to further improve
the spatial freedom of WPT, i.e., a longer transfer distance and
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Zy Input impedance of matching network.
Zin  Input impedance of coupling coils.
Zree Input impedance of Class E rectifier.

Cs Shunt capacitor of Class E power amplifier.
Co Series capacitor of matching network.

Ch Shunt capacitor of matching network.

C,, Compensation capacitor of receiving coil.
C, Parallel capacitor of Class E rectifier.

Vpa  DC input voltage of Class E power amplifier.
P;,,  Input power of Class E power amplifier.

P, Output power of Class E rectifier.

D Duty cycle of diode in Class E rectifier.

k Mutual inductance coefficient.

d Distance between coupling coils.

Ry  Final dc load.

a higher tolerance to the coil misalignment, it is desirable to
increase the operating frequency to several megahertz (MHz)
such as 6.78 and 13.56 MHz [2], [6]. Designs with higher
operating frequencies result in more compact and lighter WPT
systems. However, a major limitation is the insufficient power
capability of the present switching devices when working
in the MHz frequency band. Therefore, the MHz WPT is
usually considered to be suitable for mid-range and low-power
applications [2], [7]-[9]. This presents a technical challenge
because high switching loss occurs when the conventional
hard-switching-based power amplifiers (PA) and rectifiers are
operated in the MHz range. The soft-switching-based PAs
and rectifiers 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 [10]. It has been applied in MHz WPT systems
thanks to its high efficiency and simple structure [11]-[14].
The Class E PA can achieve a very high efficiency when
it satisfies zero-voltage switching (ZVS) and zero-voltage-
derivative switching (ZVDS) conditions. Similarly, the Class
E rectifier has also been proposed for high-frequency rectifi-
cation [15]. Various topologies of the Class E rectifier were
developed later such as current-/voltage-driven, and half-/full-
wave ones [16]-[21]. The application of the Class E rectifier
in WPT was first investigated in [22]. As mentioned above, a
high efficiency (94.43%) rectifier was reported at an 800 kHz
operating frequency. Thus both the Class E PA and rectifier can
be applied to achieve high-efficiency WPT systems working at
MHz, namely the so-called Class E? de-dc converters. A state-
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Fig. 1. Class E? dc-dc converter for WPT. (a) Circuit model. (b) Equivalent circuit model using Z;,,. (c) Equivalent circuit model using Zycc.

space-based analysis of a Class E2? dc-dc converter is provided
for a 200 kHz WPT application in [23]. Initial discussion on
the Class E? dc-dc converter for MHz WPT can be found
in [24]. Meanwhile, as to the knowledge of the authors, studies
on a system-level design of the Class E? dc-dc converter
for MHz WPT applications are still few. In [25], progress is
reported on the optimized design of a 6.78 MHz WPT system,
in which both the Class E PA and the Class E rectifier are used,
i.e., a Class E? dc-dc converter. The converter is optimized
to achieve: 1) ZVS operation of the Class E PA, 2) exact
resonance of the coupling coils, 3) and a 50% duty cycle of
the rectifying diode to lower its voltage stress. However, the
limitation of the design is that it can only guarantee optimized
performance for a target operating condition, namely fixed coil
relative position and final dc load.

In real applications changes in the coil relative position
and final dc load are common. Using the existing design,
deviation from its fixed target condition would significantly
affect the performance of the system such as the efficiency.
In order to improve the robustness of the performance in
real applications, it is important to investigate and develop
a design methodology that maintains a high performance over
a wide range of the operating conditions, i.e., different coil
relative position and final dc load. Systematic efforts are
required that provide analysis on the component- and system-
level efficiencies, possible circuit improvement, and design of
system parameters for robustness enhancement (i.e., robust
design). The purpose of the proposed robust design is not
to exactly achieve the above three optimal conditions in the
existing design, but to determine a solution that improves the

system performance over a wide range of operating conditions
such as varying coil relative position and final dc load.
Based on the above basic considerations, this paper develops
a systematic and general design methodology for a robust
Class E? dc-dc converter in MHz WPT applications. It is orga-
nized as follows. Section II analytically derives the efficiencies
of the Class E rectifier, coupling coils, the Class E PA, and thus
the efficiency of the overall WPT system. Based on the results
of the analytical derivations, the robust analysis and design are
performed in section III. The existing design is shown to have
a poor robustness when there are variations in the coil relative
position and the final dc load. It is known that a well-designed
matching network can achieve better load / power ranges in
resonant power converters [26], [27]. The series LC circuit
was used as the matching network of the Class E PA when the
PA was first developed in 1975 [10]. In order to improve the
robustness of the WPT system, this classical matching network
is modified to provide the required impedance compression
capability. Then the robust parameter design procedure is
developed. Section IV experimentally validates the previously
mentioned robust analysis and design using an example 6.78-
MHz WPT system. Finally, section V draws the conclusion.

II. DERIVATIONS OF EFFICIENCIES

A Class E? dc-dc converter for MHz WPT consists of a
Class E PA, coupling coils, and a Class E rectifier. In this
paper a 6.78-MHz Class E? dc-dc converter shown in Fig. 1(a)
is used as an example to develop and explain the proposed
design methodology, in which series-series coupling coils and
a Class E current-driven half-wave rectifier are employed. The
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analytical derivation of the Class E current-driven half-wave
rectifier has been provided [25]. This helps to simplify the
following discussion. In addition, the current-driven rectifier
requires a sinusoidal input current and thus a receiving series-
resonant coil. It is known that there are different topologies for
the coupling coils (series-series, parallel-series, series-parallel,
and parallel-parallel) and the Class E rectifier (current- and
voltage-driven, half- and full-wave). The proposed methodol-
ogy itself is a general one that can be extended to other types of
Class E? dc-dc converters. For the following discussions, the
system and component efficiencies are defined as follows [see
Fig. 1(a)]:

Py
sys = Tlpa " Tlcoil * Nlrec = 5 (l)
Nsys = Tpa " 7] Ui 2
where
P Prec Py
Zin y Neoil and Nrec = (2)

o= , .
PZm Prec

As shown in Fig. 1(a), P;, is the input power of the PA;
Pz, is the input power of the coupling coils; P,.. is the
input power of the rectifier; and P, is the output power of the
rectifier. Fig. 1(b) and (c) are the equivalent circuit models
for following derivations of the efficiencies of the PA and the
coupling coils, respectively. In Fig. 1, k and Ry, are the two
variables that represent mutual inductance coefficient (i.e., coil
relative position) and final dc load, respectively, the two major
sources of uncertainty in WPT systems. The other parameters
are the circuit parameters of the Class E PA, coupling coils,
and the Class E rectifier.

A. Class E Power Amplifier

As shown in Fig. 1(b), a typical Class E PA consists of a dc
power supply V)., a RF (radio frequency) choke L, a switch
@, a shunt capacitor C'g, and a matching network. Z;,, is the
input impedance of the coupling coils. Zy (= Rg+jXp) is the
input impedance of the matching network, i.e., the impedance
seen by the PA. Ry and X, are jointly determined by the
matching network and the impedance Z;, (Ry and X, are
derived later in section III-B). Under the condition of a 50%
duty cycle of @, (3)—(7) can be used to derive the efficiency
of the PA [28],

|
I’m,out aIpa = aRZa , 3
7% — a(27m cos ¢ — 4sin @)
R c = 5 4
d 47wCyg @)

where
y - 2w sin(p + @) + 4 cos(p + ¢) 5)
4cospsin(p + @) + Tcosp
%2 —4 —7wCs(2Ry + 7TX0)

7+ m2wCsRy — 2nwCs Xy '

arctan

6 = (6)

X
arctan =2 (7)
0

a and ¢ are the intermediate variables; I, is the dc input cur-
rent of PA; I, . is the amplitude of i,,;, the output current
of PA; ¢ is initial phase of i,,;; and R4. is the equivalent
resistance PA shows to the dc power supply. According to

SO:

Fig. 1(b), the current i (= I, — %out) flows through the
switch when @) is on. Taking the power losses on switch @,
Ly, and the matching network into consideration, the total
input power of the PA, P;,, is

Py, = Pr,, + P + Pr; + Pun, ®

where Pr,_is input power on the equivalent dc load Rg4.; Pg
is the conduction loss on the switch @Q; Py is the average
power loss on the matching network; and Py, is the power loss
due to rp, e the equivalent series resistance (ESR) of Ly. In
the present MHz WPT system, the gate driving current of the
switch and the leakage current during the off-state of switch
are small compared with the currents that flow through the
switch and the matching network. Thus the gate driving and
off-state power losses are neglected in the above equation, (8).
The power losses can be respectively calculated as
I’rzn,outan

>
where 71, is the ESR of the inductor, Ly, in the matching
network [refer to Figs. 2 and 4 in section III]. In this paper
the duty cycle of the Class E PA is 50% [13], [29]. Note that
in the following discussions, the variation of the duty cycle of
the diode in the Class E rectifier is limited in order to lower
the voltage stress on the rectifying diode. The conduction loss
of the switch @ is

2 2
PRdc = IpaRdC, PLf = IpaTLf, and PMN =

Y 1 a a®\ ,
PQ = %/0 ZQTdet = (2 + ; + 4> IpaTQ’ (10)

where 7g is the on-resistance of (). Since i, is sinusoidal,
the output power of the PA, Py, , is

in?

2 2712
_ Im,outRO _a Ipa
in 2 —4I'MN — 2

Combining (8)-(11), 1, can be expressed as

oo = PZM _ CLQ(RO - TLO)

pa P, 2Rdc-‘r27“Lf —|—a2'rL0 —&—(1—1—27“—1—%2)7'?12)
As shown in above equations, the PA efficiency relates to the
parameters C's and Zy (=Rg + jX¢). Zy, the impedance seen
by the PA, is determined by the impedance of the matching
network and the following circuits. Thus the efficiency of the
PA depends on Cg, X;,, R, and the design of the matching
network.

Py (Ro —TLy)- (11)

B. Coupling Coils

As shown in Fig. 1(c), the coupling coils consist of the
transmitting coil L, and the receiving coil L. 1y, and 7,
are ESRs of Ly, and L. Cy, and C,, are the compensation
capacitors. L,, is the mutual inductance,

L,=k V LtZLT:E7

where k is the mutual inductance coefficient, a parameter
indicating the coil relative position. Based on the condition
of wly, = Wlﬁ (i.e., a resonating transmitting coil) and the
equivalent circuit in Fig. 1 (c), the resistance and reactance

(13)
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components of the input impedance of the coupling coils, Z;,
(= Rin + jXin), can be expressed as

*Lin® (Ryectr
Rin _ (.L)Q m ( ecTT ZE) - > +Tt$, (14)
(Rrectrra)” + (Xree + wlpg — wCra
W2Lm2 X'rec + UJLT:L’ - 3
Xin = — ( wc’rz) PR (15)

(Rrec+7nrz)2 + (Xrec + WLTJJ - ﬁ)

respectively. R,.. and X,.. are the resistance and reactance
components of the input impedance of the Class E rectifier,
Zrec, [refer to the following subsection]. For generality, in
(14) and (15) the resonance of the receiving coil is not pre-
assumed. For the coupling coils, the power losses occur on
Ttz and 7,;. Thus 1..; can be written as

P’I"SC

Necoil = PZ ==

RT’EC
TT‘ZIJ + RTGC

Rin — Ttz
Rin
Substituting (13) and (14) into (16) gives the efficiency of the

coupling coils,

(16)

in

o RreCWkaLterz (17)
Meoit = WQkQther(Rrec+rrx) + Ttwb7
where
b= (Rrec+rrr)2 + (Xrec + Wer - )2‘ (18)

wCry

From (17) and (18), the efficiency of coupling coils is deter-
mined by k, C,;, and Z,... As discussed in the following
subsection, Z,.. depends on the final dc load, Ry, and the
parallel capacitor of the Class E rectifier, C,.. Thus the design
parameters that influence the coil efficiency are C,., and C,..
k and Ry are variables.

C. Class E Rectifier

As shown in Fig. 1(a), the Class E rectifier consists of a
diode D,., a parallel capacitor C,., a filter capacitor C,, and
a filter inductor L,. Here Rj is the final dc load. In the
rectifier the parasitic capacitor of the diode is absorbed into
the parallel capacitor C,. rr, is the ESR of L, and rp,_ is
the on-resistance of the diode. L, should be sufficiently large
such that the current through it is constant and equal to the
dc output current. A small output ripple voltage also requires
a large C,. The efficiency of the Class E current-driven half-
wave rectifier has been derived in [25]. In order to facilitate
the following discussions, the results are shown and explained

below.
P, Ry,

= = cr P 19
e Prec RL + TL, + SiHQZ:Ec ( )
where
D 1
c = 5 + DSinz(bTec — —sin ¢'r'ec COS(¢7‘€C - 27TD)
s
1 3
+ gsin@qﬁrec —47D) + gsin&brec, (20)
1-— 2w D
brec = arctan s em 1)

sin(2nD) + 27(1 — D)

In the above equations ¢,.. is the initial phase of the rectifier
input current and c is an intermediate variable. D is the duty
cycle of the diode, which can be implicitly expressed as
sin(2xrD)+27(1—D)|* 2
B 1+ [sind 1781)—:(27&)) 0= 272(1 — D)* — cos(27D)
2nw(Ry + 7, +7p,)

(22)
Note that for generality, in the following derivations the value
of D is not pre-assumed. From (19)—(22), it can be seen that
the efficiency of the rectifier is determined by the dc load R,
and the parallel capacitor C.. Thus the design parameter of
the rectifier is C,., and Ry, is a variable. For calculating the
coupling coil efficiency, the input impedance of the rectifier,
Zree (FRrec + j Xrec), 18 also given below [25],

Ryce = 2(Rp, 471, )sin’ e + 2crp,, (23)
‘/m.X rec 1 e+ f
X, — _wfree 24
rec Im T UJCT + D, (g + h) ) ( )
where
e = m(1—= D)1+ 28in¢pccsin(drec — 20D)], (25)
f = sin(2rD) + i[sin(ngSrec — 471 D) — sin(2¢¢.)[26)

_ 1 co8(2¢rec) B co8(2¢yec — 4mD)
77 3 4 4 ’
h = —sin@pecsin(gpe. — 27D).

27)
(28)

Vin,x,.. 1s the amplitude of the input voltage of the rectifier
on X,.., and I, is the amplitude of the input current of the
rectifier. The efficiency of the overall MHz WPT system, 7,ys,
can be obtained through the multiplication of (12), (17), and
(19).

III. ROBUST ANALYSIS AND DESIGN

In the existing design the parameters of the Class E? dc-
dc converter for MHz WPT are determined to satisfy the
resonance of the two coupling coils and the zero-voltage-
switching (ZVS) operation of the Class E PA under a single
target operating condition. Meanwhile, in real applications
the variations of the mutual inductance coefficient k£ and
the dc load R are usually inevitable. These variations will
significantly affect the efficiency of the final WPT system. In
the following subsections, the improvements under a varying
operating condition are discussed. First the robust analysis of
the existing design of the Class E? dc-dc converter is given;
then the design of the PA matching network is improved for
achieving a better robustness; finally, the design parameters are
determined through a proposed design optimization procedure
that aims at maintaining a high system efficiency over varying
k and Rjy,.

A. Robust Analysis of Existing Design

As shown in Fig. 2, conventionally a series LC circuit is
used as a matching network for the Class E PA [11], [13],
[14], [25]. Cp and Ly are the series capacitor and inductor, and
rr, 1s the ESR of Lg. Note that usually L¢ is considered to
be a fixed one and Cj is the design parameter of the network.
Based on the derivations in section II, the system efficiency is
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determined by C'g, Cy, k, C,.,, C., Ry. As discussed above,
Cs, Co, Cry, and C). are the design parameters. k£ and Rj,
are the variables. In the existing design the optimal design
parameters of the Class £? dc-dc converter (Cs,opt> Co,opt
Cra,opt> Cropt) are calculated to achieve 1) 50% diode duty
cycle of the rectifier; 2) resonance of the receiving coil; 3)
ZVS operation of the Class E PA [25]. For instance, under the
constant parameters of the final experimental system, Table III
in section IV, the design parameters, (C's opt, Co,0pts Cra,opts
Cr opt), are as follows at the target values of k£ (=0.203) and
Ry (=30 ),

(100 pF, 1837 pF, 194 pF, 236 pF). (29)
Zo=RotjXo_ _ _ _ _
14 - Matching Network - \
L = |
| -IC L |
et §Xin |
| |
| .I
\ Rm/

7 targeted opirating point

i i S
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Fig. 3. System efficiency. (a) Under varying k, (b) Under varying Ry,.

TABLE 1
ROBUSTNESS INDICES.

Qsys
47.6%

Qrec

4.2%

Qcoil

5.3%

Qpa
47.0%

Using the derived efficiencies in section II, the system
efficiencies under varying k£ and Ry are shown in Fig. 3(a)
and (b), respectively. The results clearly show that the Class

E? dc-dc converter can achieve a high efficiency at the
target operating condition (k=0.203, R;=30 (2); however, its
efficiency significantly decreases when &k and R, deviate from
their target values, namely a poor robust performance. For a
further investigation, the robustness indices, i.e., the greatest
variations of component- and system-level efficiencies, are
summarized in Table I under varying £ (from 0.135 to 0.403)
and Ry, (from 15  to 45 Q). The so-called robustness index,
«, is defined as follows

ne(k, RL) — 12(0.203, 30)
12(0.203, 30) ’

where 7 with different subscripts (pa, coil, rec, and sys)
represent the efficiencies of the PA, coupling coils, rectifier,
and overall WPT system. This index is defined to quantify the
range of the efficiency variation, i.e., the worst case, due to the
uncertainties in £ and Ry. Thus “max” is used in the above
equation.

As shown in Table I, the Class E PA demonstrates the
worst robustness against the variations of k and Rp. Thus
in the following subsection the classical matching network is
modified that improves the robustness of the PA. In addition,
as shown in the above derivations and discussions, there are
complicated interactions among the components of the Class
E? dc-dc converter. For example, the load of the PA, Z,,, that
determines the PA efficiency is influenced by the connected
coupling coils, rectifier, and the dc load [refer to (14) and (15)].
For a robust operation of the Class E? dc-dc converter in real
WPT applications, it is especially important to determine the
design parameters in a system-level perspective, as discussed
in section III-C.

(30)

Q,; = max

B. Improvement of Matching Network

From Fig. 2, it is straightforward to derive the impedance
of the PA matching network, Zy (= Ry + jXo), in which

1
Ry = Rip +rp, and Xog = X + wlo — —- (31)

wC() ’

It can be seen that Ry and X are proportional to R;,, and X,
respectively. This explains the poor robustness of the Class E
PA in Table I because the classical LC matching network can
not provide the required impedance compression when k& and
Ry vary. In order to improve the robustness of the PA and
thus the overall WPT system, here the matching network is
modified by adding a new shunt capacitor C', as shown in
Fig. 4, i.e., a T matching network. The significance of adding
this shunt capacitor is that it provides a capability to suppress
the variation of Zj,, namely the impedance compression, as
shown in (32) and (33).

Rin
w2012 [(Wéo + Wél
2
WO (55 + oy = Xin)” + Rin”]

ROZTLO+

, (32)

X)) Rmﬂ

Xo=wlg +

)

(33)
where Ry and X are the equivalent resistance and reactance
of the proposed T matching network. Note that adding the
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TABLE I

DEFINITIONS OF VECTORS.
Vector Components
X Cs, Co, C1, Cra, Crlixs
Pvar k, RL]1><2
Pyar krom, R7O™1xo
pllcz)ivl\‘/er k,rni'n,7 Rznin]lx2
pvar | [, R7**lixa
Pcon w, Cta, Lo, Ltw, Lra, 7Q, TL;s TLgs Ttw, Tra, TL,, TD.]1x12

shunt capacitor, C1, basically does not increase the power loss
on the PA due to the very small ESR of the capacitor. However,
as discussed below, it requires a new design approach due to
the increased complexity of the matching network.

Zo=Ro + jXo

Fig. 4. The T matching network of the Class E PA.

100

—e— T network
—=—LC network

—e— T network
—a— LC network

Fig. 5. Rp and X¢ of the LC and T matching networks. (a) Rop under a
varying R;, and a fixed X;,. (b) Xo under a varying X;,, and a fixed R;,.

It is interesting to note that with C; the relationship between
Zy and Z;, could be significantly changed. Fig. 5 shows an
example, in which the T matching network demonstrates a
desired impedance compression capability. With properly de-
signed Cy and C1, this advantage can improve the robustness
the Class E PA against the variation of Z;,,. In this example,
Cp in the classical LC matching network is 1837 pF [refer

to (29)]; Cp and C; in the T matching network are 1500 pF
and 470 pF, respectively. The design of Cy and C; in the
T matching network is discussed in detail in the following
subsection.

C. Parameter Design Procedure

The components in the following parameter design are
defined in vectors, as listed in Table II. As discussed above,
Cg, Cy, C1, Cry, and C,. are the five design parameters of
the Class E? dc-dc converter using the T matching network
[see Fig. 1(a) and Fig. 4], namely x. The feasible range of x
is defined as
(34)

x € (Xlower'7xupper‘)7

where x!°%er and x"PPeT are the lower and upper bounds
of x, respectively. The constant parameters in the Class E£?
dc-dc converter are represented by pcon. In real applications
the variations in the mutual inductance coefficient £ and the
final dc load Rj; are common. These two variables and their
nominal values (i.e., a target operating condition) are defined
as Pvar and pier™, respectively. k"™ and R7}°™ are the
nominal values of £ and R;. Again the variation range of

Pvar is defined as

lower

pvar e (pvar upper)?

J pvar

(35)

where plower and pUPPeT are the lower and upper bounds
of pyar. K™%, k™" RMAT and RT™ are the predefined
maximum and minimum values of the two variables. The fol-
lowing parameter design procedure is developed considering
the uncertainties in k& and Rj,.

From (1), (12), (17), (19), (32), and (33), the system
efficiency can be expressed by a function of design parameters
X, constant parameters Pcon, and variables pyar,

Nsys (X7 pvar) = f(X, Pcon; pvar)- (36)
Thus the nominal system efficiency is
Neys (X) = f(X, Peon, Pyar)- 37

Similarly, as defined in section III-A, the index representing
the robustness of the system efficiency against varying k& and
RL is

Nsys (X7 pvar) - ’r]?;em (X)

Qreys(X) = max

Puar e (%)
— max f(Xa pCOn7 pvar) - f(X, pc0n7 pegfl) ‘ (38)
Pvar f(xa Pcon; P%’F)
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TABLE III
CONSTANT PARAMETERS.

w Ctz LO Ltz L’r‘z

TQ 7'Lf TLo Ttx Trx TL,

6.78 MHz | 165 pF | 1.465 uH | 334 uH | 3.34 uH

0.23 Q2

020 [04Q 070|070 020

A smaller ag,y5(x) means a higher robust performance require-
ment, and vice versa. Besides, a practical requirement is to
lower the voltage stress on the diode in the Class E rectifier. It
is known that generally a 50% duty cycle, D, of the rectifying
diode minimizes the voltage stress. Note that the duty cycle of
the switch, @, in the PA is fixed at 50%, which is a common
practice when using the Class E PA [13], [29].

The final design optimization problem that determines x is
formulated as follows:

max 17" (x) (39)
st agys(x) < agy, (40)
max |D(X, Peon, Pvar) — 0.5 < 5. (41)

Pvar

The requirements on the robustness and a proper duty cycle
(around 50%) of the rectifying diode are represented as two
constraints, (40) and (41), in the optimization problem. Note
that og,s* and 575" are the maximum permissible values, i.e.,
the worst cases. They limit deviations of the system efficiency
and the duty cycle of the rectifying diode from their nominal
values, 770" (x) and D (=50%), respectively. These two
maximum permissible values should be specified based on the
performance and design requirements of a target application.
The duty cycle of the rectifying diode, D(X, Pcon; Pvar) i
(41), is solved using (22). Note that (41) is a constraint to
lower the voltage stress on the rectifying diode, i.e., a duty
cycle, D, around 50%. The purpose of the design procedure
is to find an optimal set of the design parameters, Xqp¢, that 1)
meets the two constraints on the robustness and the duty cycle
of the diode in the rectifier; 2) leads to the highest achievable
system efficiency under the two constraints and the nominal
k and Ry. Given the nature of the optimization problem
in (39)—(41), 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 [30], [31].
Candidate x’s are generated and checked for the constraints
violation. Final candidate x’s are the solutions satisfying the
two constraints, namely (40) and (41). The optimal Xqp¢ is
one of the final candidates that corresponds to the highest
achievable 7y " (x) and meets the constraints at the same
time.

IV. EXPERIMENTAL VERIFICATION

As shown in Fig. 6, an example Class E? dc-dc converter
working at 6.78 MHz is built up for verification purposes. The
WPT system has the same configuration as the one in Fig. 1.
Note that the T matching network is implemented by adding
an additional shunt capacitor, C'y, in the PA circuit [refer to
Fig. 4].

In the experiments the input dc voltage of the PA, V,,, is
fixed at 22 V to achieve 10 W dc input power at the target

Receiving Coil Cr
Matching Network
(Lo,Co or Lo,Co,C1)

o )

Class E Rectifier
(37mm x 21mm)

Class E
(60mm x 72mm)

-ansmitting Coi

Fig. 6. An example 6.78-MHz Class E2 dc-dc converter for WPT.

operating condition (k=0.203 and R;=30 2). Table III lists
the values of the constant parameters, pcon- The inductances
and ESRs of the coupling coils, Ly, Ly, 74z, and 7., are
measured by a vector network analyzer. The variation of the
mutual inductance coefficient, k, is realized by adjusting the
distance between the coupling coils, d [see Fig. 6]. Table IV
shows the relationship between k and d. The parameter k is
also measured by the vector network analyzer. It varies from
0.403 to 0.135 when d is adjusted from 15 mm to 45 mm. Here
the nominal d and dc load, d"°" and R}°™, are specified as 30
mm and 30 2, respectively. From Table IV, the corresponding
Pra®, i.e., the nominal values of the two variables (k and
Rp),is (0.203, 30). In the following experiments, the variation
ranges of d and Ry around their nominal values are both
+50%. From Table IV, correspondingly k ranges from 66.5%
to 198.5% of its nominal value, k=0.203. Note that without
coil misalignment d and k£ has a one-to-one relationship and
k is determined by a specific d.

TABLE IV
MUTUAL INDUCTANCE COEFFICIENT VERSUS COIL DISTANCE.

d (mm) 15 20 25 30 35 40 45
k 0.403 | 0.328 | 0.265 | 0.203 | 0.172 | 0.151 | 0.135

Here the feasible ranges of the design parameters, x =
[Cs,Cy, C1, Cyy, Cy], are given as

wlower _ [100 pF, 100 pF, 100 pF, 100 pF, 100 pF],

xUPPer — [2000 pF, 2000 pF, 2000 pF, 2000 pF, 2000 pF]. (42)

The above ranges are defined referring to the result of the
existing design, (29). This is because (29) is an optimized
design that indicates the required impedance characteristics
around the target operation condition, i.e., k¥ (=0.203) and R,
(=30 Q). In order to have a proper voltage stress on the diode
of the Class E rectifier, 575" in the constraint on the diode
duty cycle, (41), is taken as 0.1. Thus the permissible variation
of the duty cycle of the rectifying diode is between 0.4 and 0.6
when d and Ry, vary between +50% of their nominal values.
For the selection of ag¢* in the constraint (40), there is a
trade-off relationship between the system performance, i.e., the
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Fig. 7. The experimental waveforms of the Class E? dc-dc converter. (a) The drain-source voltage of the switch @ in the Class E PA. (b) The voltage of

the diode D, in the Class E rectifier.
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Fig. 9. System efficiency, 7sys, versus final dc load, Ry,. (a) Results when £=0.403 (d=15 mm). (b) Results when nominal k=0.203 (d=30 mm). (c) Results

when £=0.135 (d=45 mm).

efficiency, and the required robustness. Here ay,i* is chosen
to be 0.2. Note that a small ag@f;f, i.e., a requirement of high
robustness, may lead to poor system efficiency or no solution
to the optimization problem, while a high 5" sacrifices the
robustness against the variations in d (i.e., k) and R;. Again
the two maximum permissible values in the constraints should

be specified based on the requirements from a real application.

In the experiments a MOSFET SUDO6N10 and a silicon car-
bide diode STPSC406 work as the switch () and the rectifying
diode D, of the Class E PA and rectifier, respectively [refer to
Fig. 1]. Based on the datasheets, the parasitic capacitances of
the switch and diode are 50 pF and 30 pF. The calculated final
Cs and C, include the two parasitic capacitances, respectively.

Following the design procedure developed in section III-C, the
optimal design parameters, Xqpg, are

Xopt = [150 pF, 1500 pF, 470 pF, 180 pF, 300 pF]. (43)

It is found that the solutions of the GA-based optimization in
the robust design are similar. The optimal parameters in (43)
are finalized considering the capacitances of the commercially
available products. Note that the results of the existing design
are summarized in (29). For reference purposes, the two key
waveforms of the Class E? dc-dc converter (the drain-source
voltage of the switch () in the PA and the voltage of the diode
D, in the rectifier) are shown in Fig. 7. The performances of
using the two designs are compared in experiments when d
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and Ry, vary (£50%).

Fig. 8 shows the experimental (exp.) and calculated (cal.)
results of the system efficiency versus the mutual inductance
coefficient, k, in which k varies from 0.135 to 0.403. d,,in,
dnom, and dy,q, in the figure are 15 mm, 30 mm, and 45
mm, respectively. As shown in Fig. 8(b), the Class E? dc-dc
converters designed by the robust and existing approaches both
achieve a high system efficiency under the nominal % (=0.203)
and R; (=30 ). Meanwhile, when k£ and R; deviate from
their nominal values, the existing design shows an obvious
poorer robustness, i.e., a bigger drop of the system efficiency,
than that of the robust design. The calculated results use
the efficiencies analytically derived in section II. The good
matching between the experimental and calculated results well
verifies the correctness of the equations of the efficiencies.
The slight differences between the experimental and calculated
efficiencies are mainly caused by the modeling error in Z;,,
the load of the Class E PA [see Fig. 1]. Due to the nonlinearity
existing between the PA’s efficiency and its load, the calculated
efficiencies may be either slightly higher or lower than the
experimental efficiencies. The system efficiency versus the
dc load, Ry, is also shown in Fig. 9. Again similar results
can be observed. Under varying Ry and k (i.e., d), the Class
E? dc-dc converter whose parameters are determined through
the robust design demonstrates obviously better robustness
than the converter designed using the existing approach. For
reference purposes, the robust indices in the experiments are
listed in Table V that quantify the improvements using the
proposed robust design [refer to (30)]. As shown in Figs. 8,
9, and Table V, the proposed robust design enables the load
sensitive Class E PA to work close to its ZVS operation over
the wide ranges of the mutual inductance coefficient (i.e., the
coil relative position) and the final dc load. This explains the
high system efficiencies achieved through the robust design.

TABLE V
ROBUSTNESS INDICES IN EXPERIMENTS.
Qpa Acoil Qrec Qsys
Robust design 11.1% 3.3% 3.1% 12.4%
Existing design | 43.3% 5.8% 4.2% 44.1%
0.60 4
—e— Experiment
0.55 —=— Calculation
A 0.50
0.45 -
R%mn
0.40 ~+———————————T——T—
15 20 25 30 35 40 45
R (Q)

Fig. 10. The experimental and calculated duty cycle, D, of the diode of the
Class E rectifier using the robust design.

Fig. 10 gives the experimental and calculated duty cycle, D,
of the diode in the rectifier versus the dc load, Ry,. Note that D
is irrelevant to k (i.e., d), as shown in (22). D is well controlled

to be within 0.4 and 0.6, which satisfies the constraint (41) on
reducing the voltage stress of the rectifying diode. Again the
good match between the experimental and calculated results
validates the previous analytical derivations, particularly (22).

Fig. 11 shows the output power of the Class E? dc-dc
converter, P,, using the two design approaches, the robust and
existing ones. P, is the power received by the final dc load,
R [see Fig. 1(a)]. As same as in Figs. 8 and 9, the below
comparisons are under a same dc input voltage of the Class
E PA, V,, (=22 V). It is interesting to note that although
the robust design is originally developed to maximize the
achievable system efficiency, the design also enables higher
output power than that of the existing design under the most
k’s (i.e., d’s) and Ry’s. Thus it is possible to design a MHz
WPT system that achieves the same output power with a lower
dc input voltage. The requirement of a lower dc input voltage
is usually advantageous for real implementations. As discussed
above, the Class E PA can only efficiently work within a
narrow range of the load [14]. With the newly added shunt
capacitor, C'y, the T matching network of the PA performs the
impedance compression that suppresses the variation of the
load seen by the PA, Zj [refer to Figs. 1(b) and 5]. This leads
to a higher input power of the coils, Pz, , and thus a higher
output power, P,.
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Fig. 11. The experimental system output power. (a) Results with nominal
Ry, (=30 Q). (b) Results with nominal k£ (=0.203) / d (=30 mm).

For reference purposes, the experimental efficiencies under
the constant dc input voltage V), (=22 V) and the constant
output power P, (=10 W), respectively, are shown in Fig. 12,
taking the cases of R;=30 (2 and £=0.203 as examples. The
constant output power is achieved by tuning V}, properly. In
the robust design V),,’s for d"*, d"°™, and d™™ are 36.9 V,
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Fig. 12. The experimental comparisons of the system efficiencies when the
output power is constant, P, (=10 W). (a) Results with nominal Ry, (=30
). (b) Results with nominal k£ (=0.203) / d (=30 mm).

24.1 V, and 16.2 V, respectively, while in the existing design
the voltages are 36.7 V, 32.4 V, and 39.7 V, respectively. It can
be seen that the efficiencies under both the constant dc input
voltage and the constant output power are almost identical.
As discussion above, the comparisons under a constant dc
input voltage help to better explain another potential advantage
of the proposed robust design — a lower dc input voltage
when working with the same output power. As discussed in
the introduction, this paper aims for application in electronic
devices (e.g., cellphones, laptop computer, tablets, medical
implant devices, etc.), whose power levels are suitable for
WPT systems working in the MHz frequency range.

V. CONCLUSIONS

This paper discusses a robust design of a Class E? dc-dc
converter for MHz WPT. The component (rectifier, coupling
coil, and PA) and system efficiencies are analytically derived
in a general form, where the resonance of the receiving coil
and the duty cycle of the rectifying diode are not pre-assumed.
The initial four design parameters are then determined based
on the results of the derivations. The following analysis shows
that the existing design has a poor robustness against the
variations in the mutual inductance coefficient and the final
load. In order to improve the robustness, the classical matching
network of the PA is modified by adding a new shunt capacitor.
This provides the matching network the required impedance
compression capability. The capacitance of the shunt capacitor
is added as a new design parameter, i.e., five design parameters
in total. Then the parameter design procedure is developed,
in which the requirements on the robustness and a proper

voltage stress on the rectifying diode are represented through
the two constraints. Both the experimental and calculated
results show that the robustness of the efficiency of the
example 6.78-MHz Class E? dc-dc converter is obviously
improved through the proposed robust design approach. For
example, the experiments show that the range of variation
of the system efficiency is narrowed from 47.5%-85.0% to
73.3%-83.7%. A good matching between the experimental
and calculated results also validates the analytical derivations.
The methodology developed in paper, i.e., the derivations of
efficiencies, improvement of PA matching network, and robust
parameter design, is a general one that can be extended to
other Class E? dc-dc converters with different topologies, i.e.,
various combinations of coupling coils (series-series, parallel-
series, series-parallel, and parallel-parallel) and the Class E
rectifier (current- and voltage-driven, half- and full-wave).
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