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Abstract: The performance of a conventional Class-E2-based WPT system is sensitive to system
parameters such as the coil coupling coefficient and load variation. System efficiency decreases
rapidly when the coil coupling coefficient and load deviate from their optimum values. In this paper,
an impedance matching method and a design procedure are proposed to maintain high system
efficiency over a wider range of coupling coefficient and load variations. The load-pull technique is
adopted to identify the high-efficiency load region of a Class-E power amplifier (PA), and a double-L-
type impedance matching network (IMN) is proposed to transform the load impedance of a Class-E
PA into a high-efficiency working region. Compared to a single L-type IMN, a double-L-type IMN
is more flexible and has better tuning performance. A 6.78 MHz Class-E2-based WPT system was
built to validate the proposed design method. The experimental results show that the proposed
double-L-type IMN can significantly attenuate the decline in Class-E PA efficiency when system
parameters dynamically change. With a double-L-type IMN, the WPT system could maintain high
efficiency (over 55%) under a wider range of coil coupling coefficient and load variations. The peak
system efficiency reached 83.2% with 13.7 W output power. The impedance matching method and
design procedure in this paper could provide a practical solution for building a high-efficiency WPT
system with strong robustness.

Keywords: impedance matching method; double-L-type IMN; class-E2-based WPT system

1. Introduction

In recent years, inductive wireless power transfer systems have been widely used in
mobile devices, such as cell-phones, smart watches, and earphones. To improve the user
experience, medium-range wireless power transfer (WPT) and multiple device charging
technologies have attracted considerable attention from both academia and industry. It
will be promising for consumer electronics to achieve longer transmission distances in
WPT systems by increasing the system frequency to megahertz. Furthermore, compared
to kilohertz WPT systems, megahertz WPT systems will be more compact, which is ad-
vantageous when charging multiple devices simultaneously [1-4]. Higher-frequency WPT
technologies, i.e., gigahertz WPT technologies, are being developed for use in nanoscale
and ultra-low-power systems for biomedical applications, wireless sensors, and microwave
detection, which require far less power than the mobile devices mentioned above [5-7].
Therefore, megahertz WPT systems are discussed in this paper. However, conventional
hard-switching inverters and rectifiers, such as full-bridge inverters and rectifiers, suffer
from large switching losses and harmonics when applied in megahertz WPT system [8].
For a megahertz WPT system, a soft-switching-based Class-E2 DC-DC converter composed
of a Class-E power amplifier (PA) and a Class-E rectifier is appropriate [9].

The well-designed Class-E PA and rectifier are operated in zero-voltage-switching
(ZVS) and zero-voltage-derivative-switching (ZDS) modes, achieving higher efficiency
than hard-switching topologies [10]. However, the design method for a Class-E PA is only
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valid under a fixed load. The performance of a Class-E PA deteriorates rapidly when its
load impedance deviates from the optimum value [11]. In practice, the problem is that the
load impedance of a Class-E PA is dynamically changed with uncertainties such as coil
misalignment and load variation in multiple device charging, which lead to a decline of
efficiency [12,13]. In terms of rectifiers, a soft-switching Class-E rectifier is employed in
the Class-E2-based WPT system. When operated in a megahertz system, a soft-switching
Class-E rectifier has smaller switching losses and harmonics content than hard-switching
rectifiers [14]. To achieve better performance, the parameters of a Class-E rectifier need to
be carefully designed with DC load variation [15].

Various adaptive methods, such as adaptive frequency regulation, adaptive load
regulation, and adaptive impedance matching, have been developed to improve the perfor-
mance of a WPT system with dynamically changing coil distances and loads. In [12,16],
adaptive frequency tuning approaches were used to optimize the resonant frequency for
minimum reflections. However, the frequency can be operated outside of the allowed
bandwidth (e.g., the narrow 6.78 MHz or 13.56 MHz ISM band). In [17], a nonlinear parity-
time (PT) symmetric circuit with an oscillation frequency that can automatically adapt
to the changing coupling coefficient was proposed. It has been experimentally verified
that nonlinear a PT symmetric circuit can maintain high efficiency despite variations in
transfer distance. The adaptive load regulation method was adopted in [18]; it added a
dc-dc converter (e.g., buck converter) after the rectifier, whose equivalent input impedance
could be changed with the duty cycle. To optimize the load impedance seen by the rectifier,
a tracking algorithm is required. Adaptive impedance matching is a practical method to
optimize system performance [19,20]. In [19], a capacitor matrix was proposed to track
the optimum impedance-matching point in the cases of different coil distances. A tun-
able L-type IMN was adopted for impedance matching in [20]. The impedance tuning
methods proposed in [19,20] experimentally verified that the performance of a Class-E PA
is improved for a wider-range load. However, all of the adaptive tuning methods men-
tioned above require additional detection circuits, control circuits, and tuning algorithms,
thus inevitably increasing system complexity. Based on the foregoing considerations, a
simplified method, namely, static impedance matching, is preferred to be used with its
simple structure and reliability. Only fixed components are used in the static impedance
matching method.

To improve the performance of a Class-E PA, the load-pull technique was adopted to
identify the high-efficiency working region of a Class-E PA. A fixed double-L-type IMN
is proposed in this paper to transform load impedance into a high-efficiency working
region. Compared to a single L-type IMN, a double-L-type IMN has the advantage of
more flexibility in the design process for fine tuning. Furthermore, in order to achieve
high system efficiency, high-Q inductors are employed in the Class-E2-based WPT system,
which can reduce power losses.

The main contributions of this paper are as follows.

1. A novel double-L-type IMN is proposed in the design of a Class-E2-based WPT
system. System efficiency is significantly improved over a much wider range of
coupling coefficient and load variations.

2. A practical design procedure for building a high-efficiency WPT system with strong
robustness is developed in this paper.

This paper is organized as follows. Section 2 analyzes conventional Class-E2-based
WPT systems. The equivalent load impedance of a Class-E PA in a WPT system is derived
and analytical expressions of efficiency are also presented. Section 3 discusses the proposed
impedance matching method. The L-type IMN is designed to obtain optimized load
impedance under a fixed coil distance and load. The load-pull technique is adopted to
identify the high-efficiency load impedance region of a Class-E PA. For better tuning
performance, a double-L-type IMN is proposed for finer impedance transformation. Then
a design procedure is developed to calculate the parameters of the double-L-type IMN.
The simulation results of Class-E2-based WPT systems with/without double-L-type IMN



Energies 2021, 14, 4289

30f15

are compared. In Section 4, the proposed design method is validated by experiments. In
Section 5, the conclusions are given.

2. Analysis of a Conventional Class-E2-based WPT System

Figure 1 shows the basic topology of a conventional Class-E2-based WPT system,
which consists of a Class-E PA, two coupling coils, and a Class-E rectifier. In this circuit
model, Lgrrc, Ly, L1x, Lrx, Cf, and L¢ are constant values and Cp, Cr, Crx, Crx, and Cp are
the designed parameters according to the constant circuit parameters above. Zi and Zyec
are the equivalent input impedance of coupling coils and a Class-E rectifier, respectively. In
this section, Class-E PA and rectifiers are designed under fixed coil distance and DC load.
With carefully designed parameters, both the Class-E PA and rectifier can be operated in
ZVS and ZDS modes, allowing the Class-E2-based WPT system to achieve high efficiency.

- - - - r—— -~ 1
| Voc Class-E PA : | Class-E Rectifier |
I
I Lgrc g C. L. | GCx Crx I L |
| | L PN
| | k T I
I | ¥ I |
R e ' Dl Gl G| RL
| | I
| | Rux Rey | |
I = i - T |
b e e e e |I:> _______ J
Zrec

Figure 1. Circuit model of a conventional Class-E2-based WPT system.

2.1. Design Procedure for Conventional Class-E PA

As shown in Figure 1, a typical Class E PA consists of a DC power supply Vpc, a
choke inductor Lggc, a parallel capacitor Cp, a switch S, a resonant capacitor C;, a resonant
inductor L;, and load. The RF choke inductor Lrpc is large enough so that the current
through it is constant. The GaN switch output capacitor is included in the parallel capacitor
Cp- Moreover, the switch S is regarded as ideal. In a Class-E2-based WPT system, the
equivalent load impedance of Class-E PA is Zi,. In order to minimize switching losses, the
switch of the Class-E PA needs to satisfy ZVS and ZDS conditions. Normally, the switch in
a Class-E PA is designed to be operated with a 50% duty cycle. The following equations are
derived when the duty cycle of the switch is 50%. To achieve soft-switching, the designed
parameters of the Class-E PA, C,, and C; are required to satisfy [21]

C_p=8/(rm(m2+4)wR_tx) (1)

and
Cr=8/(n(n2+4)wR_tx) 2)

where Ryy is the real component of equivalent load impedance Z.
L;-C;-Rix is a series resonant circuit, whose quality factor (Q; cr) is the key to achieve
close-to-sinusoidal input current of the transmitting coil. Qrcr is expressed as

Q_LCZ = (wL_r)/R_tx (3)

High Qi cr helps to reduce the harmonic content of the coil current, which is beneficial
to realizing high system efficiency. The value of Q; R is always set to be larger than 10.
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Crec = Cp[rt(1 — Dy) + sin(2Dy) — § sin(47Dyg) cos(2¢4) — 4 sin(2¢4)sin?(2tDy)
—271(1 — Dq) sin ¢g sin(27tDg — ¢g)]

2.2. Coupling Coils and Class-E Rectifier

As shown in Figure 2, a Class-E rectifier is composed of a diode D, a shunt capacitor
Cp, a low pass filter L¢ -Cy, and a DC load Ry. Diode D is employed as the switching
device of the Class-E rectifier. The diode is operated in half-wave rectified mode. When
the diode is turned off, both the voltage Vp and its derivative dVp/dt are zero, realizing a
soft-switching condition, which corresponds to the ZVS and ZDS state of the Class-E PA.
Therefore, the Class-E rectifier can realize high-efficiency rectification at high frequency.
Different from Class-E PAs, Class-E rectifiers are always capable of implementing ZVS and
ZDS switching at arbitrary parameters with a different duty cycle.

| Class-E Rectifier |
1 Eq uivalent Circuit

X _| Crec !

R rec

Zrec

Figure 2. Equivalent circuit of Class-E rectifier.

The Class-E rectifier is the post-stage circuit of a WPT system. The input current of
the rectifier is also the output of the receiving coil, which can be considered as a sine wave.
In the circuit model of the Class-E rectifier, it can be represented as a current source. When
analyzing the Class-E rectifier circuit, it is assumed that:

e  The rectified diode is an ideal diode, whose on-conduction voltage drop and reverse
recovery are zero;

e  The filter inductor is large enough and the current ripple flowing through L¢-C¢ low
pass filter is negligible;

e  The input of rectifier is considered to be an ideal current source.
When the above conditions are satisfied, the diode shunt capacitor Cp is a function of

the DC load Ry, and the diode duty cycle Dy. It can be derived as

Cp = ﬁ{l — cos(2Dg) — 272(1 — Dg)?
[27(1—Dy)+sin(27tDg)]2 4
+ 1—cos(27tDy) }

where duty cycle Dy is designed to be 50%.
As shown in Figure 2, the input impedance of the Class-E rectifier is equivalent to a
capacitor Crec and a resistor Ryec in series [22]. Crec and Ryec are derived as

©)

and
Rrec = 2Rt sin” $d (6)

respectively, where @, is the phase shift of the input voltage and current of the Class-E
rectifier. J4 can be expressed as

1 —cos(27tDy)
271(1 — Dg) +sin(27tDy)

@)

tan¢g =

In Figure 2, Ctx and Crx are the resonant capacitors of the transmitting side and
receiving side, respectively. Ltx and Lrx are the inductances of the transmitting coil and
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receiving coil, respectively. Rtx and Rgrx are the equivalent resistances that represent the
loss of the transmitting coil and receiving coil, respectively. k is the coupling coefficient
between the transmitting coil and receiving coil. Consider that the reactance of Zyec,
Crx, and Crx should be designed with the following equations to make the two coils
exactly resonant:

®)

oL _
Jottx+ jwCrx

1
oL _
jw RX+jCUCRX +jwcrec 0 )

where w is the resonant frequency.

2.3. System Efficiency Analysis

As is shown in Figure 2, Ppc, Prx, Prec, and Py are the input DC power, input
power of the transmitting coil, input power of the rectifier, and output power of the load,
respectively. Zi and Zye. are the equivalent input impedances of the transmitting coil and
Class-E rectifier, respectively. #pa, #coi1 and #rec are defined as

Heoil = 5/ Hrec = 15—
Prx

Prec Pr
(10)
Prec

whose product is the system efficiency 7sys.

According to (8)—(9), the equivalent load impedance of the Class-E PA is a pure
resistive load when both the transmitting side and receiving side are exactly resonant. The
equivalent input impedance of the transmitting side is derived as

(wM)*

Zix = Ryx + ————
tx X RRX+Rrec

(11)

where M is the mutual inductance of two coils. M can be expressed as

M = kv/LxLrx (12)

Then efficiency of coupling coil link 7 can be derived as

(WM)ereC _ kZQTXQRX Rrec
- 2
RTX(Rrec + RRX) + (CUM)2:| (Rrec + RRX) 1+ k QTXQRX RRX + Rrec

Neoil = { (13)

where Qrx and Qrx are the quality factors of the transmitting coil and receiving coil,
respectively. In order to improve #., high-Q coils are employed, which are wound with
3 mm (diameter) copper wire for 2 turns. The Q values of the coils are simulated with High
Frequency Structure Simulator (HFSS) and the simulated Q values of the coils are 694.9 at
6.78 MHz. It can be observed from (13) that the efficiency of the coupling coil link 774 is
not sensitive to coupling coefficient k when Q is very large.

The efficiencies of the Class-E PA, coupling coil link, Class-E rectifier, and overall
system are simulated when coil distance D and DC load Ry, vary. As shown in Figure 3,
the efficiencies of the coupling coil link and rectifier remain high and have only a minor
effect on overall system efficiency with variations in D and Ry . However, the performance
of the Class-E PA degrades due to the variations in D and Ry. Thus, the key point to
improve system efficiency is to develop a high-efficiency Class-E PA over a wide-range
load variation.



Energies 2021, 14, 4289

6 of 15

100 - : ——— 100 100
80 80 //// 80 ———— —
—_ — . \(
> 60 3 60 > 60
<9 <@ 1)
= £ =
3 //2//: —e—n, 'g / —6—n -g —e—N
!‘Gg 40 / ) E 40 PA E 40 P
= 0&“ N = —F Neoil = Nl
20 o Neos 20 Dres 20 fres]
D=5cm —Nsys D=10¢m T s D=20¢m Ny
° J .
0 5 10 15 20 2% 30 % 5 10 15 20 25 30 % 5 10 15 20 25 30
DC Load RL(Q) DC Load R, (©2) DC Load R (©)
(a) (b) (©

Figure 3. Efficiencies of Class-E PA, coupling coil link, Class-E Rectifier, and overall system with different coil distance D
and DCload R: (a) D=5 cm, (b) D =10 cm, (c) D =20 cm.

3. Proposed Impedance Matching Method for Class-E2-Based WPT System

The conventional design method can only guarantee that the system will work effi-
ciently under a fixed coil coupling coefficient and load. However, the load impedance of a
Class-E PA is dynamically changed with the uncertainties in real applications, such as coil
misalignment and load variation.

Figure 4a shows a conventional Class-E PA with equivalent load impedance Zi,
which is also the input impedance seen by the coupling coils. To realize high efficiency,
the key point is to transform the equivalent load impedance of the Class-E PA to a high-
efficiency working region. In this section, the design methodology is based on the load-pull
technique and impedance matching technique. The load-pull technique is used to identify
the high-efficiency load impedance region of the Class-E PA, which provides guidance for
impedance matching. The impedance matching process is:

1.  L-type IMN is employed for preliminary impedance transformation;
2. Load-pull technique is used to identify high-efficiency Class-E PA load impedance region;
3. Double-L-type IMN is used for finer impedance matching.

3.1. The Design of an L-Type IMN

An L-type IMN is employed for impedance matching under a fixed coupling co-
efficient and DC load. The L-type IMN is composed of only two components, thus its
impedance matching capability is limited.

In this design case, the original equivalent load impedance of a Class-E PA is 50 Q)
(corresponding to k = 0.145, Ry, = 10 Q2), which is consistent with the general power amplifier
design. The optimum value of resistive load impedance of the Class-E PA is set to be 10 Q).
With the purpose of transforming the original load impedances to locate the high-efficiency
point, an L-type IMN is added between the Class-E PA and the transmitting coil, which
is shown in Figure 4b. To be specific, the objective of the L-type IMN is to transform the
original load impedance (50 Q) to the optimum value (10 Q2). The design procedure for the
L-type IMN is very convenient and easy to accomplish with the help of smith chart tools
in a radio frequency simulation software, Advanced Design System (ADS). In the smith
chart, the impedance moves along the admittance circle when a shunt inductor or capacitor
is added, and the impedance moves along the resistive circle when a series inductor or
capacitor is added. Figure 5 demonstrates the process of impedance transformation using
an L-type IMN. Note that all the impedances in this smith chart are nominalized with 50 Q).
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Figure 4. Class-E power amplifier circuit: (a) conventional Class-E PA; (b) Class-E PA with an L-type
IMN;; (c) Class-E PA with a double-L-type IMN.

3.2. Load-Pull Technique and Doubel-L-Type IMN

To evaluate the performance of a Class-E PA with an L-type IMN, the load-pull
technique is employed. The load-pull technique can identify the high-efficiency load
impedance region of a Class-E PA. A circuit model is built in ADS and the simulation
results are shown in Figure 6. The smith chart illustrates the efficiency and output power
contours when the load impedance of the Class-E PA varies. For clarity, the smith chart
in Figure 6 is nominalized with 20 (). With an L-type IMN, the original resistive load
impedance line Z, which ranges from 5 to 100 (), is transformed to impedance line Zy,".
Figure 6 shows that quite a few points along the impedance line Z,,” are not located in the
high-efficiency load impedance region of the Class-E PA. Furthermore, the impedance line
Zm' does not pass through the centers of the efficiency and output power contour. Thus, the
system efficiency and output power are not able to reach the theoretical maximum values.
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Figure 6. Efficiency and output power contours of Class-E PA.

The fixed L-type IMN is limited in its capability of impedance matching. Therefore, a
symmetric mi-type IMN is added to rotate the impedance line in the smith chart for better
tuning. With carefully design, the impedance transformation characteristics of a symmetric
ni-type IMN could be similar to a transmission line, whose characteristic impedance is
Z [23]. It is known that the transmission line can rotate the impedance around the center
of the smith chart and the rotation angle is related to the length of the transmission line.
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To rotate the Zy," to Zp, in the smith chart, the inductor L; and the capacitor C; of the
symmetric 7i-type IMN are derived as

L — Z%“W) (14)

C =

0

oZe tan 1 (15)
where Z. is the center of rotation and 6 is the rotation angle. In this design, set Z. =40 ),
= 155°. As shown in Figure 6, Z3 (corresponding to Zi = 40 () is the center of rotation.
The calculation results of L; and C; are presented in Table 1. Figure 4c shows a Class-E PA
with an L-type and a symmetric n-type IMN. Cp, and C; can be united to one capacitor
Cmt. Thus, the L-type and the 7-type IMN are combined to a double-L-type IMN. With the
double-L-type IMN, the original impedance line Zy is transformed to a new impedance line
Zm, which is shown in Figure 6. Z,1 (corresponding to Zi = 14 3) and Zy,, (corresponding
to Zi = 65 ) are the maximum output power point and the maximum efficiency point
of the Class-E PA, respectively. It can be seen from Figure 6 that most of the transformed
impedance line Zy,, locates within the high-efficiency working region of the Class-E PA and
passes through the center of efficiency contour. Furthermore, the peak efficiency of the
Class-E PA with double-L-type IMN is higher than the Class-E PA without IMN.

Table 1. Design parameters of Class-E2-based WPT system.

Symbol Value Description
LRrC 47 uH RF choke inductor (MSS1583-473ME)
YLREC 0.05 Q) ESR of LRFC
Cp 431 pF Parallel capacitor
. Cr 298 pF Resonant capacitor
Class-E PA Lr 212 uH Resonant inductor
S - GaN switch(TPH3206LD)
CPLD . Control unit for generating driving signal
(EMP570T100C5N)
Lrx 2.74 uH High-Q transmitting coil, Q = 695
Rrx 0.17 O ESR of Ltx at 6.78 MHz
Crx 201 pF Compensation capacitor of transmitting side
Lrx 2.74 uH High-Q receiving coil, Q = 695
. . Rrx 0.17 O ESR of Lgx at 6.78 MHz
Coupling Coils CRrx Calculated by (9) Compensation capacitor of receiving side
N1x, Nrx 2,2 Turns of transmitting coil and receiving coil
Diameter of transmitting coil wire and
drx, drx 3 mm, 3 mm .. .
receiving coil wire
TX, 'RX 13 cm, 13 cm Radius of transmitting coil and receiving coil
L¢ 47 uH Filter inductor (MSS1583-473ME)
rif 0.05 Q) ESR of L¢
Class-E Rectifier Cs 10 uF Filter capacitor
Cp Calculated by (4) Diode parallel capacitor
Dq4 0.5 Duty cycle
High-Q inductors, Q = 200 (2014VS-111ME,
L 470nH 2014VS-251ME)
Double-L-type IMN Cont 1409 pF ) . /
L 916 nH High-Q inductor, Q = 180 (29295Q-431_E,
t 29295Q-501_E)
Co 470 pF /
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3.3. Robustness of the Designed Class-E2-Based WPT System

The performance of Class-E2-based WPT systems with/without a double-L-type WPT
system are simulated with ADS. Pspice models of GaN switch TPH3206LD and diode
STPSC406 are used in the simulation. The DC power supply Vpc is set to 20V, and the
operating frequency is set to 6.78 MHz. With (1)—(9), the parameters of the Class-E2-
based WPT system are determined and presented in Table 1. In order to ensure that the
equivalent load impedance of the Class-E PA is a pure resistive load when the DC load is
dynamically changed, the shunt capacitor Cp and compensation capacitor Crx are required
to be recalculated with (4) and (9).

The system efficiency and output power of the Class-E2-based WPT system are pre-
sented in Figure 7. Comparing Figures 7a and 7b, with the double-L-type IMN, the system
efficiency shows significant improvement when the Z; value is larger, but decreases some-
what when the Z value is small. In terms of output power, the maximum output power
of the WPT system is improved with an IMN. In general, with the proposed double-L-type
IMN, the Class-E2-based WPT system has strong robustness and can achieve high efficiency
within a much wider range of coupling coefficients and load variations.

w
@

T T T 1 35 T T T T T 1
Output power
- 09 P ity il Bl 0.9
20 Efficiency 20 /\ ==
\, ~ 1o / BN 1o
’ ~ .
~ S ~ ’
= % N 07 =z % P 07
b= S > k1 ’ >
4 g 7 1 3
; 20 ~ - 06 E ; 20 0.6 E
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- S~ = - =
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::; -l = & ~—_ =
= - < =
S o ~ =% & o 03
102 102
5 E— 5
0.1 Output power 0.1
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0 ‘ ‘ ‘ ‘ 0 0 L. ‘ ‘ 0
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7, () Z, ()
@) (b)
Figure 7. Output power and efficiency of Class-E2-based WPT system: (a) without double-L-type IMN; (b) with double-L-
type IMN.

4. Experimental Verification

To verify the proposed impedance matching method, a Class-E2-based WPT system
was fabricated, as shown in Figure 8. In Figure 8, different parts of the WPT system,
including the Class-E PA, double-L-type IMN, coupling coils, Class-E rectifier, and DC
load, are connected to each other with SMA ports. SMA ports are appropriate for high-
frequency systems and are quite convenient to assemble and disassemble. Experimental
PCBs are shown in Figure 9, which were fabricated on a 1.6mm FR-4 substrate. The design
parameters and component descriptions of the Class-E PA, coupling coils, Class-E rectifier,
and double-L-type IMN are shown in Table 1. In practice, the value of C;, is smaller than
the theoretical value presented in Table 1 because the parasitic output capacitor of the
GaN switch is around 100 pE. The parasitic parameters, such as parasitic resistance of
the inductors and on-resistance of the switch, have an influence on system efficiency. To
improve system efficiency, high-Q inductors with small parasitic resistance are preferred.
Furthermore, with temperature increases, the parasitic resistance of the inductors and on-
resistance of the switch increase, which lead to more power loss. Therefore, the PCB layout
need to be carefully designed for heat dissipation. In terms of the Class-E rectifier, note
that the shunt capacitor of diode Cp and compensation capacitor of receiving side Crx are
required to be recalculated when the DC load Ry, is changed. Furthermore, in practice, the
value of Cp is smaller than the calculated value presented in Table 1 because the parasitic
junction capacitor of the diode is around 40pF. A double-L-type IMN is added between
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the Class-E PA and transmitting coil, which is employed to maintain the high efficiency of
the Class-E PA under a wider range of coupling coefficients and load variations. The load
impedance of the Class-E PA can be transformed into a high-efficiency working region
with a double-L-type IMN. Two Class-E2-based WPT systems, i.e., a system with double-L-
type IMN and system without a double-L-type IMN, were fabricated and compared. The
experimental parameters are presented in Table 2.
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Figure 9. Experimental PCBs: (a) Class-E PA; (b) double-L-type IMN; (c) Class-E Rectifier.
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Table 2. Experimental parameters.

Coil Distance D Coupling Coefficient k DC Load Ry,
5~25cm 0.027~0.267 5~30 Q2

Figure 10 shows the drain voltage Vpg of the Class-E PAs with/without a double-L-
type impedance IMN when the coil distance and DC load are dynamically changed. As
shown in Figure 10a,c,e, it is obvious that the Class-E PA without IMN is not operated in
ZVS and ZDS mode when the coil distance and load deviate from their optimum values.
In the cases presented in Figure 10a,c, the drain voltage Vpg remains high when the state
of the switch becomes ON, namely with hard-switching ON, thus the switching process
produces large amounts of waste and noise. The power losses of a hard-switching system
are very large, especially in this high-frequency WPT system, which leads to a sharp
decline in system efficiency. As shown in Figure 10b,d, f, in most cases of a WPT system
with the double-L-type IMN, the drain voltage Vpg is almost zero when the state of the
switch becomes ON, namely with soft-switching ON, thus the power losses caused by the
switching process are significantly reduced. The duty cycle of the switch is designed to be
50% in the system. However, in Figure 10d-{, there are cases of duty cycles that are smaller
than 50%, which are caused by the mismatch of Class-E PA load impedance. In these cases,
the drain voltage is clamped by the parasitic diode of the switch when it is going to be
a negative value. This process causes additional power losses in the parasitic diode and
leads to a decline in system efficiency.

The experimental results for the system efficiency of a Class-E2-based WPT system
with/without a double-L-type IMN are shown in Figure 11. The efficiency of the Class-E2-
based WPT system without an IMN drops rapidly when the coil distance and load deviate
from their optimum values. As shown in Figure 11a, the WPT system can only achieve
high efficiency within a narrow-range of coil distance and load variation. Furthermore, the
lowest system efficiency is under 15%. In terms of system efficiency, the Class-E2-based
WPT system with the double-L-type IMN shows an obvious advantage over the system
without a double-L-type IMN. Comparing Figures 11a and 11b, with a double-L-type IMN,
the Class-E2-based WPT system is able to maintain high efficiency when the coil distance
and load change over a much wider range.
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Figure 10. Drain voltage Vpg of Class-E PA without/with double-L-type IMN under various coil
distances D and loads Ry : (a,b) D =5 cm; (¢,d) D = 10 cm; (e,f) D = 20 cm.
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Figure 11. Efficiency of Class-E PA with coil distance and load variation: (a) without double-L-type IMN; (b) with
double-L-type IMN.



Energies 2021, 14, 4289

14 0f 15

5. Conclusions

A Class-E2 DC-DC converter, featuring high efficiency and a simple structure, is
attractive for a megahertz WPT system. However, system efficiency decreases rapidly
when the coupling coefficient and load deviate from their optimum values, which is mainly
caused by the mismatch of Class-E PA load impedance. In this paper, an impedance
matching method for a 6.78 MHz Class-E2-based WPT system was proposed. The purpose
was to improve system efficiency when the coil coupling coefficient and load varies over a
wider range. The load-pull technique was employed to identify the high-efficiency load
impedance region of the Class-E PA. A double-L-type IMN was proposed to achieve fine
impedance transformations. High-Q coils and inductors were employed to reduce parasitic
power losses. As shown in Figure 12, the efficiency of the system with a double-L-type
IMN (DC load of 10 () was compared with the existing technologies, demonstrating
the advantages of the static double-L-type IMN in improving system efficiency within a
certain transfer distance. The experimental results show that the lowest system efficiency
of a conventional Class-E2-based WPT system is under 15% when the equivalent load
impedance of the Class-E PA deviates too far from its optimum value. Conversely, with
a double-L-type IMN, system efficiency is over 55% for a wider range of coil coupling
coefficient and load variations, and peak system efficiency reaches 83.2% with 13.7 W
output power. Thus, the impedance matching method and design procedure proposed
in this paper were validated and could provide a practical solution for building a high-
efficiency WPT system with strong robustness.
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Figure 12. Efficiency for the system with double-L-type IMN and comparison with existing technolo-
gies (the data are from graph in the references).
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