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Abstract—Class E* dc-dc converter composed of Class F
power amplifier (PA) and rectifier is a promising candidate for
MHz wireless power transfer (WPT). It is soft-switching based
and able to achieve high efficiency at MHz frequency. However,
the converter implemented through traditional static design is
sensitive to the variations of operation condition. Its performance
gets deteriorated when dc load and coil coupling deviate from
their respective optimum values. This paper demonstrates that
the degradation of system efficiency is mostly due to the mismatch
of PA load, and the efficiency drop can be efficiently improved
by adding a L-type impedance matching network (IMN) after
PA. A fixed IMN is sufficient to maintain a high efficiency,
while a tunable IMN is required to ensure stable output power
when operation condition dramatically changes. Key techniques,
particularly system-level optimization, are discussed in this paper
that ensure high efficiency over a wide range of variation in
operation condition and also with reduced capacitor/inductor
tuning ranges in the IMN. The 6.78 MHz Class E? dc-dc
converters with and without the fixed/tunable IMN are fabricated
and measured for validation purposes. The experimental results
show that both high efficiency (>66%) and stable output power
(around 9 W) are maintained for the tunable converter when
there are variations in the dc load and coil coupling.

Index Terms—Tunable Class E* dc-dc converter, megahertz
wireless power transfer, high-efficiency, stable output power,
tunable impedance matching network.

I. INTRODUCTION

IRELESS power transfer systems working at MHz

have been receiving increasing research attention in
recent years due to their advantages of larger spatial freedom
and compact circuit size [1], [2]. However, the switching
loss occurred in MOSFET and diode could also become
considerably large at high frequencies. The traditional hard-
switching based inverters and rectifiers, such as the full bridge

Manuscript received January 4, 2017; revised April 27, 2016; accepted
September 26, 2017 (Corresponding author: Chengbin Ma). This work
was supported by the Shanghai Natural Science Foundation under Grant
16ZR1416300.

S. Liu, and S. Han are with University of Michigan-Shanghai Jiao Tong Uni-
versity Joint Institute, Shanghai Jiao Tong University, 800 Dongchuan Road,
Minhang, Shanghai 200240, P. R. China (e-mail: liushuangke @sjtu.edu.cn;
hansongyang @sjtu.edu.cn).

M. Liu is with Department of Electrical Engineering, Princeton University,
Princeton, NJ 08544, USA (e-mail: ml45@princeton.edu).

X. Zhu is with Shanghai Industrial pTechnology Research Institute,
235 Chengbei Road, Jiading, Shanghai 201800, P. R. China (e-mail: al-
fred.zhu @sitrigroup.com).

C. Ma is with the University of Michigan-Shanghai Jiao Tong University
Joint Institute, Shanghai Jiao Tong University, 800 Dongchuan Road, Min-
hang, Shanghai 200240, P. R. China (e-mail: chbma@sjtu.edu.cn).

inverter and rectifier used in kHz WPT systems, are usually
not suitable for being directly applied in the MHz systems.
Class E? dc-dc converter, composed of soft-switching based
Class F PA and Class F rectifier, is a promising solution for
a high-efficiency operation in MHz WPT applications.

The Class £ PA was first proposed in 1975 [3]. It has
been widely used thanks for its simple topology and high
efficiency [4], [5]. The drain voltage of an ideal Class E
PA reaches zero prior to turn on of the MOSFET, which
theoretically results in zero switching loss. High efficiency
of the Class E& PA up to 94% at MHz frequency has been
observed in experiments [4]. The Class E rectifier applied
in WPT systems was initially presented in [6], in which an
efficiency of 94% at 800 KHz was achieved. In the rectifier, a
capacitor is connected in parallel with the diode such that the
diode turns on and off with low dvp/dt (vp is the voltage
across the diode), namely reduced switching loss. Due to the
soft-switching property of the Class £ PA and rectifier, the
Class E? dc-dc converter is able to achieve high efficiency in
MHz WPT applications [7]-[9]. Traditional design of Class
E? dc-dc converter is a static one. The dc load and coupling
coefficient are assumed to be constant. The circuit parameters
are then designed to let each subsystem of the dc-dc converter
(i.e., PA, coupling coils, and rectifier) operate under optimum
conditions [8], [9]. However, in real applications, a WPT
system may work under a changing operation condition. The
coupling coefficient may change due to the coil misalignment.
The load of rectifier could also vary over time such as
when charging a battery. Ref. [10] shows that the system
efficiency ranges from 15% to 90% when the ratio of transfer
distance to coil diameter changes from 0.2 to 1.4. The system
efficiency drop caused by the coil misalignment is due to both
the deteriorated coil performance and the load mismatch of
power source [11]. In [12], a robust Class E? WPT system
is designed, in which the coupling coefficient and dc load
change from 0.1 to 0.4 and 15 to 45 (2, respectively. The
system efficiency itself is improved significantly when the coil
coupling and dc load vary. However, at the same time, the
output power varies dramatically from about 2.5 to 18 W. The
existing design of the Class £? WPT system still can not
fully adapt to the varying operation conditions, particularly its
incapability of maintaining stable output power.

Many solutions have been proposed to improve system
efficiency through subsystem-level optimization and optimum
load tracking. In [13]-[16], the duty cycle of driving signal,
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operation frequency, and inductor are tuned to make the Class
E PA operate under optimum switching conditions when
the coil misalignment occurs. Refs. [17]-[23] show that
degradation of coil performance caused by the misalignment
can be mitigated via adaptive frequency matching, tuning
of compensation capacitors, field shaping, and coupling ad-
justment using multi-coil system. These tuning and control
techniques used for subsystem-level optimization can not
ensure a high efficiency of the overall WPT system and
particularly the stable output power. In addition, the tuning
ranges of the control variables may become considerably large
with dramatically varied operation condition. Multiple control
methods could be combined together to achieve significant
improvement. However, this inevitably increases the complex-
ity in real implementation. In [24]-[26], the system efficiency
is improved by optimum load tracking. An additional dc-dc
converter is added after the rectifier. The duty cycles of their
switches are adaptively controlled to provide an optimum load
to the overall WPT system. But in this solution, the output dc
voltage may vary violently, which is usually undesirable in
real applications. [27], [28] focus on the parameter design for
robust Class F£ PA and rectifier, respectively, under a varying
operating condition. Generally it is important to perform a
comprehensive system-level analysis of the Class E? WPT
system. The analysis helps to locate a specific subsystem that
is the most sensitive to the variations in coupling coefficient
and dc load. Thus an effective and practical solution can be
proposed and discussed later.

This paper is organized as follows. Section II discusses the
Class E? dc-dc converter based on the traditional static design.
The analysis shows that the system efficiency drop is mainly
caused by the mismatch of PA load to its optimum value. Then
section III explains that high performance Class E? dc-dc
converter under varying operation conditions can be achieved
by adding a L-type IMN between the PA and coupling coils. A
single fixed IMN is sufficient to maintain the high efficiency of
the WPT system. Meanwhile, a tunable IMN has to be applied
for providing stable output power. Techniques that reduce
the tuning ranges of the tunable components are developed
based on system-level analysis and optimization. Different
with traditional impedance matching in RF/microwave circuits,
the PA loads are transformed to a targeted region in the Smith
chart instead of a one single value (usually the conjugate
source impedance). The tuning ranges of the tunable capacitor
and inductor were narrowed down 29% and 46%, respectively,
through properly adjusting the PA and coupling coils. Thus
the real implementation of the tunable IMN circuit is largely
simplified. Finally, the Class E? dc-dc converters for 6.78
MHz WPT with and without fixed/tunable IMNSs are fabricated
and tested in experiments in section IV. The results show that
the tunable converter and the converter with fixed IMN are
able to maintain a high efficiency over 66% when the dc
load and coupling coefficient vary from 10 to 100 2 and 0.1
to 0.4, respectively; while the efficiency of the conventional
converter is 20% in the worst case. The output power of the
tunable converter maintains around 9 W. On the other hand,
the output power changes dramatically from 2 to 15.2 W in
the conventional converter and 0.96 to 20.4 W in the converter
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Fig. 1.  Configuration of a typical Class E2 dc-dc converter for WPT
applications.

with fixed IMN.

II. ANALYSIS OF CONVENTIONAL CLASS E2 DC-DC
CONVERTER

Figure 1 shows a typical configuration of a Class E? dc-dc
converter used in WPT applications. It consists of a Class F
PA, coupling coils, and a Class E rectifier. The parameters of
the WPT system are listed in Table I. Z;,, , and Z;,, . are the
equivalent loads of the coupling coils and PA, respectively.
Ppe, Pe, Pr, and Pj,,4 are the input dc power, input power
of coupling coils, input power of rectifier, and output dc power,
respectively. The subsystem-level efficiencies, p 4, Mc0il, and
Nrec, are defined in (1), and the system efficiency is the product
of these three efficiencies, as shown in (2).

_ PC _— & _ IDload (1)
npPA PDC y Teoil PC y Trec PR .
Nsys = NPA * Tcoil * Mrec- (2)

The influence on the overall system performance caused by
the variations in the coupling coefficient k£ and dc load Rjsqq
is investigated as follows. Simulation models are built with
an operating frequency of 6.78 MHz using Advance Design
System (ADS) from Keysight Technologies. The Spice models
of SUDO6N10 (MOSFET) and STPSC406D (Diode) provided
by manufacturers are adopted in the simulation. Here the dc
supply voltage is kept constant, 20 V. Ref. [9] developed
static design procedures for a WPT system employing the
same configuration in Fig. 1. Basically, the rectifier is firstly
designed to enable a 50% duty cycle of the rectifying diode.
With the analytically derived input impedance of the rectifier,
the compensation capacitor of the receiving coil is optimally
determined that makes the two coupling coils exactly resonant.
Finally, the PA is designed to achieve ZVS and thus maximize
its efficiency targeting on the derived load seen by the PA (i.e.,
the input impedance of the coupling coils).

The Class E? dc-dc converter under an optimum operation
condition can achieve a maximum efficiency of 84% in the
above simulation. However, its performance may quickly
deteriorate due to variations in k and Rj,q. Figure 2(a)-(d)
show the efficiencies of the overall system, coupling coils,
Class E rectifier, and Class £ PA when k and R;,q,q vary.
The results explain that the Class F PA is the most sensitive
to the varying k and Rj,q4-
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Fig. 2.
k=0.2. (c) k=0.3. (d) k=0.4.

TABLE I
PARAMETERS OF THE CLASS E2 DC-DC CONVERTER.

Ly (10 pH) RF choke
PA Cs (215 pF) shunt capacitor
Lo (1.42 pH) filter inductor
Co (626 pF) filter capacitor
Ltz (3.24 pH)  inductance of transmitting coil
e (0.7 Q) equivalent series resistance of Ly
Ctz (165 pF) compensation capacitor of Lz
Coils Ly (3.24 pH)  inductance of receiving coil
rre (0.7 Q) equivalent series resistance of L
Cre (195 pF) compensation capacitor of L,z
k (0.1 to 0.4) coupling coefficient
L, (68 pH) RF choke
rr,. (02 8) equivalent series resistance of L,
Rectifier C'r (200 pF) shunt capacitor of diode
rp, (1.4 Q) on-resistance of diode
Cy (44 pF) dc filter capacitor

Figure 3 gives the load-pull simulation results of the Class E
PA. Two groups of contours are shown in the Smith chart, the
constant power and constant efficiency contours. Note that the
Smith charts are normalized to 50 €2 [29]. The equivalent loads
of PA with varying k (0.1-0.4) and Rj,qq (10-100 Q) are also
depicted in the Smith chart, as illustrated by the green region
Sp in Fig. 3. Only a small part of Sy is close to the location
of the optimum load Zp4_,p; (the red triangle). This explains
the low PA efficiency when k and R;,,q deviate from their
respective optimum values. Contours with different constant
power also pass Sy indicating a wide range of variation in the
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Efficiencies of overall system, Class E PA, coupling coils, and Class E rectifier with varying k (0.1-0.4) and Rj,qq (10-100 ). (a) k=0.1. (b)

Fig. 3. Load-pull simulation results of the Class E' PA and Z;,_. with
varying k (0.1-0.4) and R;,qq (10-100 ©2).

PA output power. The above simulation results and analysis
show that the deterioration of the system performance is
mostly due to the mismatch of the PA load. It is expected that
the performance of the Class E? dc-dc converter (i.e., both
high efficiency and stable output power) can be significantly
improved by matching the PA load to its preferred values. In
the following section, impedance matching is analyzed and
performed through designing a tunable IMN, which is located
between the PA and coupling coils. This tunable IMN works to
improve the operation condition of the PA without degrading
the performance of the coupling coils and rectifier.



FINAL MANUSCRIPT FOR IEEE TRANSACTIONS ON POWER ELECTRONICS

III. DESIGN OF TUNABLE CONVERTER

The above deteriorated performance (i.e., low efficiency and
instable output power) of the Class E? dc-dc converter can
be improved by adding a L-type IMN between the PA and
coupling coils. From Fig. 3, it can be seen that, in addition
to the optimum load Zpa oy, high efficiency can also be
achieved if Z;,, . locates within the high efficiency region in
the Smith chart. Here the region inside the 90% efficiency
contour is taken as a high efficiency region. A fixed IMN is
known to be sufficient to maintain a high system efficiency
by ensuring that all Z;, .’s stay within the high efficiency
region. Section III-A discusses the influence of the IMN
on the system performance and presents design procedures
that enable high efficiency over a wide range of variations
in operation condition. The advantage of the fixed IMN is
its simple circuit and easy implementation. Meanwhile, the
output power may still vary substantially when there are large
variations in the operation condition. In such cases, a tunable
IMN is necessary to transform all Z;, .’s to a much more
narrow region, which corresponds to both high efficiency and
preferred power level, namely the overlap between the high
efficiency region and the nearby area of a specific power
contour. However, the required tuning ranges of inductor and
capacitor may become very large if the IMN is directly
applied without system-level optimization. As explained in
section III-B, through properly adjusting the PA and coupling
coils, the tuning ranges of the components can be significantly
reduced. This makes the designed tunable IMN more practical
and easier to be implemented.

A. Converter with The Fixed IMN

The IMN has been extensively used in communication sys-
tems to achieve maximum output power [30]-[32]. The most
frequently used IMNs are the L-, Pi-, and T-type networks.
The Pi- and T-type IMNs compose of three components and
thus are theoretically capable to match any impedance. They
provide a higher degree of design freedom to perform not
only impedance matching but also other functions such as
harmonic rejection. However, the Pi- and T-type IMNs are
difficult to control because there is infinite number of possible
combinations available for a specific impedance matching
problem. Besides, the Pi-/T-type IMN itself may introduce
lots of power loss. The L-type IMN consists of only two
components, namely potential for high efficiency operation.
Its solution, namely the values of the inductor and capacitor,
is also unique for a certain load. A disadvantage of the L-
type IMN is that its capability of impedance matching is
limited [33]. In WPT applications, efficiency is usually with a
high priority. Thus, in this paper the L-type IMN is applied to
transform PA load to preferred values. The PA, coupling coils,
and rectifiers should be carefully designed such that one single
L-type IMN is capable to match all the preferred impedances
when the operation condition changes.

The L-type IMN is added between the PA and coupling
coils, as shown in Fig. 4. The design target of the fixed L-
type IMN is to transform all Z;, .’s to the high-efficiency
region in the Smith chart and also as close as possible to
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Fig. 4. Fixed IMN added between the PA and coupling coils.

ZpA_opt- Analytic expressions of input impedance of the
rectifier, coupling coil, and IMN are expressed in (3)—(5).

Zin_r - Rrec + jXreca (3)
where

Ryee = 0.5768(Ripqq +71.) + 0.71167p, ,
Xyee = —[0.6648(Rjpqq 4 71,,) + 0.84847p .

WQkQLtLr
Zin c = . x- 4
- Tre + Rrec + JXrec e ( )
Zin c
Zinn = jwly + ————. 5
- I N jwanin_c + 1 ( )

It can be seen that Z;, , is a function of R4, ks Ln,
and C),. A numerical optimization method such as genetic
algorithm can be applied to find the optimum L, and C,
that minimize (6) when R;,,q and k vary in a specific range.
Note that I';, , and I'p4_op: are the reflection coefficients
corresponding to Z;y,_,, and Zpa_opet, rEspectively.

Z Z | Fin_n - I‘PA_opt |7 (6)

k Ricada

where
Zin_n —50 ZPA_Opt —50
Zm_n +50’ ZPA_opt +50°

Here, L,,=690 nH and C,,=600 pF are calculated to obtain the
minimum (6) when R;,.q and k change from 10 to 100 €2 and
0.1 to 0.4, respectively. Figure 5 illustrates the distribution of
Zin_n» Which is presented by the green region S; in the Smith
chart. Almost all Z;,, ,,’s are within the constant efficiency
contour of 90%. This indicates that the PA efficiency maintains
high even when Rj,.q and k vary in a wide range. Adding
the IMN also introduces extra power consumption due to
the ESRs of the inductor and capacitor. However, the power
consumption of IMN is much less than the switching loss
caused by the PA load mismatch. Figure 5(b) shows the
efficiency distribution of the IMN in the Smith chart when
the @) factor of L,, is 80. The IMN keeps operating in a high
efficiency above 95% under most operation conditions.

The fixed IMN ensures a high efficiency of the WPT system,
but with dramatically varying output power. As shown in
Fig. 5(a), the PA output power ranges from 0.8 to 22.6 W
when the fixed IMN is applied. This large variation range
of output power is usually unfavorable in real applications.
It is theoretically possible to have a controllable dc power
supply that confines the output power to a preferred range.

Fin_n = PA_opt —
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0.4). (b) Efficiency contours of the L-type IMN.

Fig. 6. Tunable IMN and target region 77.

However, this may require a very high dc supply voltage that
leads to a high drain voltage and thus the possible damage of
the MOSFET. Adding an additional L-type IMN after PA can
not further shrink the area of S;, and the ESRs of the added
inductors and capacitors increase the power consumption of
IMN. Thus the Class £ PA with the fixed L-type IMN is
suitable for the applications with limited variation in the
operation condition. A tunable IMN becomes necessary when
the operation condition changes in a wide range and stable
output power is required at the same time.

B. Tunable Converter with Reduced Tuning Range

The tunable IMN shares the same basic configuration with
the fixed IMN. But its inductor L,, ; and capacitor C,, ; are
tunable. As shown in Fig. 6, a target region 73, which is
within the 90% efficiency contour and close to the constant
10 W power contour, is specified in the Smith chart. Thus
high efficiency and stable output power can be simultaneously
achieved by transforming all Z;,, .’s to T through the tunable
IMN. The maximum and minimum values of L, ; and C,, ¢
are obtained by calculating the inductances and capacitances
required for the load transform, namely from the four corners
of Sy, (i.e., Corl-4) to Ty. Here Chin, Crmazs Limin, and
L, that achieve the above load transform are O pF, 2400
pF, 0 nH, and 1400 nH, respectively.

As shown above, the tuning ranges of L, ; and Cj ¢
are large when the tunable IMN is directly applied without
further optimization. These large ranges make it challenging

Fig. 7. Reposition of input impedance Z;,, . and target region T71. (a) Z;n_c
when C't, changes to 175 pF. (b) Target region 77 when Cj in PA is adjusted
to 420 pF.

to implement the IMN circuit. Many tuning states have to be
included to ensure the effectiveness of the tunable IMN. It is
practically important to reduce the tuning ranges of L,, ; and
Ch_t-

The value of C,,,, is due to C,.1. It can be reduced
by enlarging the capacitor C, connected in series with the
transmitting coil. Note that adjusting C;,, does not impact the
coil efficiency. In Fig. 7(a), the new region of Z;,, . is outlined
by the dash line when a larger C;, is applied. Continuously
increasing C, can further reduce C,,,,. But it requires a
larger Ly,q,. Here C),q, is reduced from the original 2400
pF to 1700 pF by enlarging C, to 175 pF.

Lo is determined by C,.4. A smaller L,,,, can be
achieved by modifying the parameters of the PA. In real
applications, large inductors are usually undesirable not only
because of the increased number of tuning states but also due
to the fact that inductor is an actual device that consumes
power and space. The quality factor of inductors is usually
much lower than that of capacitors. Considerable power could
be consumed by the IMN if a large inductor is applied. In this
paper, Ly,q, is reduced through repositioning 77. It is found
that the inductor required to transform C,,.4 into T} is reduced
by moving 77 to the lower part of the Smith chart [see Fig. 7
(b)]. The reposition of T} is realized with the cost of having
a tunable component in the PA, the shunt capacitor C,. But
this makes it possible to effectively redistribute the constant
efficiency and power contours of PA. Fig. 7 (b) shows the load-
pull simulation results of the Class E PA with an adjusted C
(420 pF). The position of the high-efficiency region becomes
lower comparing with that of the case when the PA is with
original Cs (215 pF). In the following experiments, C; is
switched from 215 pF to 420 pF when a large inductor is
required for the tunable IMN. Through the above approach,
Lnaz 18 effectively decreased from 1400 nH to 750 nH. It
also helps to avoid the expansion of tuning range of C,, ; and
system performance degradation.

C. Dynamic Tuning System

The input impedance of the transmitting coil, Z;,, ., can be
obtained by measuring the input voltage and output voltage
of the IMN, V;, and V,,;, as shown in Fig. 8. The input
impedance Z;, . is then calculated from the values of L, ;
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and C,,_; of the IMN and the two voltages V;,, and Vy, as
expressed below [34]:

1

Vin . 1
(v =V s

Zin_c =

. 7
- jwcn_t ( )

As shown in Fig. 8, the magnitude and phase of V;,,/V,u:
are measured by employing two log amplifiers, a voltage com-
parator, and a phase detector. In the following experiments, a
dedicated chip, AD8302 from Analog Devices, is used for the
above measurement. Based on the measured V;,, and V,,;,
the load of the IMN (i.e., Z;;,_.) is calculated using (7). The
desired L, ¢, Cy_+, and Cs are then determined to achieve
high efficiency and stable output power through a lookup
table or other more sophisticated tuning algorithms [31]. The
purpose of this paper is to analyze, implement, and validate
the tunable Class E? dc-dc converter for WPT applications.
Thus a straightforward solution, the lookup table, is used to
determine the above three parameters under different measured
Zin c-

IV. EXPERIMENTAL VALIDATION

Three Class E? dc-dc converters for 6.78 MHz WPT, i.e.,
conventional converter, converter with fixed IMN, and tunable
converter, are fabricated and compared. The circuit parameters
shown in Table I are applied in the conventional converter. The
SUDO6N10 (MOSFET) and STPSC406D (Diode) are used as
switches in the PA and rectifier, respectively. The coupling
coefficient k varies from 0.1 to 0.4 by changing the distance
between the coupling coils from 1 to 5.2 cm. The dc load of
the rectifier is emulated by an electronic load. The dc supply
voltage is kept constant, 20 V, in all experiments. The other
two converters are realized by adding the fixed and tunable
IMN into the conventional converter, respectively. L,, and C),
used in the fixed IMN are 690 nH and 570 pF, respectively.

Fig. 9 shows the fabricated tunable converter. Note that
C}, should be changed to 175 pF in the tunable converter.
Relay switches are utilized to realize the tunable inductor
and capacitor. The required peak current and voltage for
the inductors (2 A and 54 V) and capacitors (1.6 A and
110 V) are obtained through simulation. Murata GCM series
capacitors with 100 Vdc rated voltage are employed. The

Class E
Rectifier

Class EPA  IMN
Transmitting Coil

Fig. 9. Configuration of the dynamically controlled tunable converter.

(®)

Fig. 10. Fabricated tunable IMN and its topology. (a) Circuit. (b) Topology.

inductors are fabricated in house using 0.75 mm copper wire.
The parameters of the tunable IMN are listed in Table II.
The gain and phase detector, AD8302, is used to measure
the magnitude and phase of V,,/V,yus. Vin and V. are the
input voltage and output voltage of the tunable IMN. From
the data sheet, the power consumption of AD8302 is about
0.1 W, which is neglectable in the following experiments.
The tuning algorithm is then implemented over National
Instruments (NI) CompactRIO system. Here a look-up table is
applied to determine the desired values of L., ;, C,, ¢, and Cs,
and thus the control signals for the switches. Table III shows
an example look-up table used in the following experiments.
The binary data represents the combinations of states of the
switches, K1—Kg. “1” and “0” correspond to on and off states,
respectively. Here K1—Kj are the switches shown in Fig. 10(b)
and Kg is the switch to tune Cy in PA. Note that C; is 215
pF when Ky is 0 and 420 pF when Kj is 1.

As discussed in section II, the deterioration of system
performance under the varying operation condition is mostly
due to the mismatch of the PA load. Figure 11 shows the drain

TABLE 1T
CIRCUIT PARAMETERS OF THE TUNABLE IMN.

Lnl
400 nH

Ln2
600 nH

Cn1
300 pF

Cn2
450 pF

Cns
600 pF
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TABLE III
LOOK-UP TABLE IN EXPERIMENTS.

" Rioad (2) 10 20 30 40 50 60 70 80 90 100
0.1 110000 111000 111100 110110 110110 111110 111110 111110 111110 111110
0.2 010100 011000 010100 010010 010010 011100 011010 011010 010110 010110
0.3 100101 100011 100011 101101 101101 101101 101011 101011 101011 101011
0.4 001001 000101 000101 000101 000101 000011 000011 000011  000OL1 000011

voltage Vpg of the Class EF PA in the these three converters.
Vbs in the conventional converter is very high at the end of off
state when the operation condition deviates from the optimum
one, as illustrated in Fig. 11(a)(d)(g)(j). These results indicate
that the PA is in a hard-switching operation, and thus with
high switching loss. Meanwhile, in the most cases Vpg in
the converters with fixed and tunable IMNs approaches zero
before the on state. This shows that the load mismatch of
PA is largely improved by having the IMNs, namely the soft-
switching operation of the PA. The Class E PA is driven with
50% duty cycle. But duty cycle smaller than 50% and sudden
change of the duty cycle are observed such as in Fig. 11(h)
and (k). They are caused by the mismatched PA load, which
may lead to a negative drain voltage. Due to the parasitic diode
in the N-channel MOSFET, the actual drain voltage becomes
zero when the negative drain voltage is about to occur. This
explains a smaller duty cycle than 50%.

The system efficiency 7.y, and output power Pp,qq of
the conventional Class E? dc-dc converter, converter with
fixed IMN, and tunable converter are shown and compared
in Fig. 12. The efficiency of the conventional Class E? dc-dc
converter drops significantly when k£ and Rj,.q change. The
lowest efficiency is 20%. At the same time, the efficiencies
of the converter with fixed IMN and the tunable converter
keep high over 62% even when the coupling coefficient & and
dc load Rj,qq vary in a wide range. In terms of efficiency,
the tunable converter does not show an obvious advantage
over the converter using the fixed IMN. But it provides stable
output power about 9 W. Note that the actual output power
may reach to 5.6 W in certain cases such as in Fig. 12(b). This
deviation from the target output power is mainly caused by the
quantization error due to the combination of discrete inductors
and capacitors. The error could be mitigated by adding more
components (i.e., inductors, capacitors, and switches) in the
tunable IMN or introducing continuously tunable components.
At the same time, there is always a tradeoff between improved
matching performance and increased complexity and cost.
Compared with the tunable converter, the output power of the
conventional converter and converter with the fixed IMN varies
substantially when k& and Rj,qq change. Pj,.q varies from 2
to 15.2 W in the conventional converter and 0.96 to 20.4 W in
the converter with the fixed IMN. This large variation in the
output power is undesirable in real applications. The above
experiments validate the feasibility of the proposed tunable
converter. High system efficiency and stable output power are
simultaneously achieved through the tunable IMN and with

reduced tuning range. The tunable converter makes the 6.78
MHz WPT system robust against variations in real operation
conditions.

V. CONCLUSION

Class E? dc-dc converter is attractive for WPT applica-
tions due to its high system efficiency. But the converter
is also sensitive to the variations in operation condition. Its
system efficiency may dramatically drop when the dc load and
coupling coefficient deviate from their optimum values. The
deterioration of system performance is mainly caused by the
mismatch of PA load, which can be improved by introducing a
L-type IMN. In this paper, a high efficiency region in the Smith
chart is first defined. A fixed IMN is shown to be sufficient to
achieve high efficiency by transforming PA load to the high
efficiency region. In order to also obtain stable output power
under large variations in coil coupling and dc load, a tunable
IMN is proposed and designed. The high system efficiency
is ensured by proper selection of IMN topology (L-type)
and parameter optimization. The required tuning range of the
tunable IMN is further reduced by modifying the parameters
of the coupling coils and PA. The conventional Class E? dc-
dc converter, converter with fixed IMN, and proposed tunable
converter are fabricated and compared in experiments. The
results show that high efficiency and stable output power are
simultaneously achieved by the tunable converter with reduced
tuning range, and thus validate the proposed solution.
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