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Abstract: In this study, we investigated the resonance mechanism of 6.78 MHz resonant wireless
power transfer (WPT) systems. The depletion mode of a gallium nitride high-electron-mobility
transistor (GaN HEMT) was used to switch the states in a class-E amplifier circuit in this high
frequency. The D-mode GaN HEMT without a body diode prevented current leakage from the
resonant capacitor when the drain-source voltage became negative. The zero-voltage switching
control was derived according to the waveform of the resonant voltage across the D-mode GaN
HEMT without the use of body diode conduction. In this study, the effect of the resonant frequency
and the duty cycle on the resonance mechanism was derived to achieve the highest WPT efficiency.
The result shows that the power transfer efficiency (PTE) is higher than 80% in a range of 40 cm
transfer distance, and the power delivered to load (PDL) is measured for different distances. It
is also possible to cover different applications related to battery charging and others using the
proposed design.

Keywords: wireless power transfer; GaN HEMT; class-E amplifier

1. Introduction

Wireless power transfer (WPT) provides a convenient and flexible method of trans-
ferring power cordlessly. Several studies have investigated WPT mechanisms [1,2]. In [1],
an overview of WPT techniques with an emphasis on working mechanisms, technical
challenges, metamaterials, and classical applications have been introduced. Besides, chal-
lenges including efficiency, power, distance, misalignment, Electromagnetic interference
(EMI), security for various applications like Electric vehicles (EVs), biomedical implants,
and portable electronics have also been discussed. In [2], an overview of power converter
topologies and control schemes for inductive power transfer (IPT) systems in EV charging
applications has been presented. Moreover, technical considerations and future trends for
EV IPT have also been introduced such as enhancing the performance in terms of efficiency,
power density, scalability, and reliability, adopting soft-switching technology, using wide
bandgap device technology, and applying high-performance control schemes. Among the
WPT topologies, the class-E power amplifier (PA) [3,4], which is simple yet highly efficient
with high operating frequencies, is critical for various devices, such as drones [5], battery
chargers [6], and electronics and sensors [7,8]. As to human physiology, the resonant fre-
quency in the range of 3.8 to 6 MHz is regarded as a safe electromagnetic frequency for the
human body to be exposed to, according to the International Commission on Non-Ionizing
Radiation Protection (ICNIRP) and the Institute of Electrical and Electronics Engineers
(IEEE) standards [9]. Moreover, wide bandgap power devices in class-E circuits have
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attracted considerable attention because of characteristics such as low capacitance and high
switching [10,11]. Silicon carbide (SiC) and gallium nitride (GaN) wide bandgap devices,
compared with silicon devices, have superior switching performance, therefore they can
improve the efficiency of the WPT systems. In particular, due to the smaller gate-to-source
capacitance and output capacitance, GaN devices have outstanding switching characteris-
tics, which helps us reduce the gate driver and Coss-related losses of WPT converters in
the megahertz band, and improve efficiency over a silicon device [10]. The wireless power
transfer equivalent circuit and its efficiency analyses have been provided with great detail
in [11] by Infineon Technologies.

However, class-E PAs still pose some challenges. Class-E circuits are sensitive to
variations in load impedance [12-15]. Small deviations from the optimum load value
would cause the inverter to operate under nonoptimal and inefficient switching conditions,
whereas large deviations could cause permanent damage to its switch [13]. Therefore, the
optimization of the inductive link must be dynamically performed to satisfy the zero volt-
age switching (ZVS) and zero voltage derivative switching conditions under varying loads.
Tuning methods such as replacing a capacitor and adjusting the switching frequency [12],
controlling the duty cycle and the value of the DC feed inductance [13,14], and imple-
menting a voltage-controlled capacitor and a negative impedance converter have been
proposed in the literature [15]. Furthermore, the impedance matching approach based on
coupling tuning was proposed to maximize transfer efficiency [16]. Moreover, control and
compensation strategies, such as tracking the maximum efficiency and charge/discharge
of the ultracapacitor bank [17] and regulating self/ mutual inductance [18], maintain high
system efficiency under various uncertainties and improve system stability. Furthermore,
the effects of the transistor’s parasitic elements should be considered to avoid the perfor-
mance degradation of the class-E circuit [19,20]. The aforementioned literature shows there
is a need for clarifying an optimization procedure to satisfy the zero voltage switching
(ZVS) and so on. However, they did not introduce any general diagram regarding the
optimization process, thus we attempt to provide a systematic procedure for the WPT
design optimization in this paper.

In this study, first, a class-E amplifier circuit, comprising a switching power supply
component and impedance loading component, was analyzed. Then, the resonant design
for tuning resonant frequencies and duty cycle was presented to achieve high-efficiency
WPT. The parasitic capacitances were also considered to realize the ZVS operation for
WPT. Finally, the experimental results were presented to verify the proposed resonant
design analysis. Using the D-mode GaN HEMT as the switching device, we derived the
resonance mechanism for proper resonant frequency and the duty cycle settings based on
the hypotheses of the zero voltage control (ZVS) and zero current control (ZCS) for the
class-E amplifier as an extension work of [4]. In this paper, as a goal, we attempt to promote
the power efficiency of WPT to above 80% as well as to extend the power transfer distance
to the meter-level distance. They are done by adjusting both the duty cycle and resonant
frequency to comply with the known phenomenon in GaN HEMT control including the
Miller plateau and current clamp [21].

2. Materials and Methods
2.1. Wireless Power Transfer (WPT)

The equivalent circuit of wireless power transfer was shown in Figure 1. The resonant
frequency w, was selected to closely match 1/ /L7 ;Cr to reduce the leakage reactance
effect on the power transmitting unit (PTU). The power receiving unit (PRU) was used to
adjust Cg so that the resonance of leakage reactance matched the resonant frequency w,.

Therefore, w, ~ 1//L1,Cr =~ 1//Lg,Cr.
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Figure 1. Wireless power transfer equivalent circuit.
The load from the PTU is expressed as follows:
Zy =Ry + jwoM || (jwoLr)" +1/(jewoCr’) + RR")

If all the magnetic flux is transmitted through air with no low reluctance core, then
Lt; + M = Lt is a constant.

2.2. Class-E Amplifier Circuit Analysis

The class-E amplifier (Figure 2a) was used in the PTU to induce the resonance of
the output voltage so that the flux density could increase without considerable input
power. The actual load Z; for a WPT system is the mutual inductance that is parallel with
the equivalent impedance of the receiver side. For simplicity of derivation, we assumed
the load to be a purely resistive load and denoted it by R;. The class-E amplifier circuit
is divided into the switching power supply and impedance loading. The duty cycle of
switching is denoted by 4, and the pulse width is T (Figure 2b). The conventional power
Metal-Oxide-Semiconductor (MOS), Metal-Oxide-Semiconductor Field-Effect Transistor
(MOSFET), and Insulated-Gate Bipolar Transistor (IGBT) have body diodes and the negative
voltage of vy in the class-E amplifier will be clamped to the body diode threshold. The
GaN HEMT transistor has no body diode, thus the voltage vy could be negative and we
have to apply the zero current control (ZCS) condition in addition to the ZVS to eliminate
this negative voltage situation for better efficiency [3,4].
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Figure 2. (a) Class-E amplifier of the PTU; (b) Pulse Width Modulation (PWM) control of D-mode GaN HEMT.

As observed in Figure 3, when the switch is operated at a frequency w, = 27/T, the
output current is assumed i, = I sin(w,t + B) + I, cos(2w,t + B) in steady state. This
assumption is made from the observation of experiments. The high order terms I, , << I,
cause the sinusoidal output to be asymmetrical. Considering g = —180°, I = 1, and
I ; = 0.15 as an example, the following assumptions were made to simplify the derivation:

1.5

0.5

Figure 3. Output current (i) waveform of the class-E amplifier.
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Assumption 1: In the steady state, the output frequency is w, = 27/T, and the output
current is ip = I sin(wot + B) + /1 I cos(2kw,t + B), as displayed in Figure 3.

2.3. Switching Power Supply Side

For 0 <t < (1 — 4)T, when the transistor is switched off, the inductor current is
expressed as follows:
i =iq +ip @D

On the basis of previous assumptions, the capacitor voltage can be expressed as follows:

di

vx =0 = Vpp —vL = Vpp — lejl 2)
=X _ g L 3)

a=0—_ =Lt

Equation (1) becomes
d*iy 2 27 o 2y

T + wi7ip = w1 sin(wet + B) + wy Z I cos(2kw,t + B) 4)

k=1

where
w; =1/y/L1C @)

The aforementioned equation may be approximated using the following expression:
i1 = Asin(wst + QD) + L (6)

The w3 and ¢ are the parameters of input current waveform during the switch-off
time derived in [3], and are the most fundamental parameters for the class-E amplifier
circuit design. Both the current phase angle ¢ and frequency w3 are functions of the duty
ratio which will be derived in the later sequels.

According to Figure 4, the initial conditions of the switch-off time can be calculated
from the previous charging time, namely the switch-on time, as follows:

i(0-) = h +

TlVDD (7)

i1

I

0 (1-6)T T t

Figure 4. Input current (i1 ) of the switching power supply side of the class-E amplifier.
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The first derivative of the current i; must be continuous at the start of the switch-off
time. From Equations (6) and (7), we obtain the following expression:

diy (0+) Vbp

= A )= —
o w3 A cos(wst + @) =0 L ®)
Furthermore: v
_ _VbDp
cos @ = ALyos 9)
The boundary condition for the inductor current should also satisfy the following
equation:
. , oT
i ((1=0)T) =1(0) = Voo (10)
Therefore,
sin g — sin(w3(1 — )T + ¢) = @57" (11)
ALy
Assumption 2: (ZVS): vx((1 — 6)T) =0
diy
vx(t) = Vpp — Llﬁ = Vpp — AL w3 cos(wst + @) (12)

The zero-voltage condition of v, in which the transistor is turned on again from
Equation (2) yields the following equation:

Vbp (13)

cos(w3(1—06)T+ ¢) = AL

Comparing Equations (9) and (13), we obtained the following equation:

w3(1=0)T+¢=2m—¢ (14)
Thus,
1—-¢2
— Vs
w3 =wo| 75 (15)
Equation (11) yields the following expression:
. o VDD s
sing = AL, 5w0 (16)

Combining this equation with Equation (9), we obtained the following expression:

tang = (7~ g) (17)

The maximum voltage in the capacitor is derived from dv,(t)/dt = 0 that

1-96
tvx,max = ( 5 >T (18)

Substituting the equation into Equation (12), we obtained the following expression:

1
VX,max = Z)X(tvx,max) = Vbp (1 + cos §0> (19)

and

T 1-—
A Voo _ TVpp o (20)
[le)S] (pL1w3 27‘[L1 (1 — %) cos @
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Table 1 displays the lookup table for some variables versus the duty cycle. The 50%
duty cycle is a well-known setting to obtain the nominal switch-voltage waveform [4]. In
this paper, we attempt to transcend this conventional setting by varying the duty cycle
as shown in Table 1 and not to limit to the 50% duty cycle. As a result, we can achieve
better power efficiency for WPT. By adjusting both the duty cycle and resonant frequency,
the class-E amplifier can comply with the known phenomenon in GaN HEMT control
including the Miller plateau and current clamp [21]. When the maximum voltage in the
capacitor is reached, then the following expression is applicable:

ig =11 —ip=0 (21)

that is,
I = I max sin((1 — )T + B) (22)

Table 1. Lookup table for various parameters versus the duty cycle.

5 ¢ 1—2 ws Vimax 15

(Degree) T wo Voo (1—£)cosp
10% 16 0.91 1.01 2.04 1.03
20% 28.5 0.84 1.05 213 1.08
30% 38 0.79 1.12 227 1.12
40% 55.3 0.69 1.15 2.75 1.53
50% 1 64 0.64 1.3 3.28 1.78
60% 71 0.61 15 4.07 2.01
70% 76.5 0.58 1.9 5.28 222
80% 815 0.55 2.7 7.67 2.46
90% 86 0.52 5.2 15.33 2.76

1 Reference [4].

Here, 7 < 1is the distortion factor of i from the perfect sinusoidal function.
Here, the estimation of I; in terms of I ,,, can be expressed as follows:

R
—L IZ,maxz (23)

Vpph = >

Combining Equations (22) and (23), we obtained the following equation:

2Vbp sin((1—8)7m + B) (24)
L

IZ,max =7 R
2.4. Impedance Loading Side

The impedance side has some unknown parameters, namely L, and Ry, to be identified
during WPT. In the following derivations, we assumed that they are known.

di .
deftZ + Rpip + v = vy (25)
Due to p
. Oc2
= 2
ih=0C T (26)
We obtain
d2i2 RL diz 2. 2 dUX 1
W—FEE—FWZ 1p = Wy CZW’ wy = 7T2C2 (27)
oy — VX max Sin(wst)  when0 <t < (1—-6)T (28)
X 0 when (1-6)T< t<T
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The input of the aforementioned equation is approximated using the following equa-
tion and presented in Figure 5.

Czdgitx = b(l’,(.do) = BSiI‘l(CU()t + 57‘() (29)

B« c'JSVX,maxCZ(l - 5) (30)

>
Figure 5. Excitation function to the impedance load side of the class-E amplifier.
The steady-state output current is expressed as follows:
iy & Ip max sin(wot + B) (31)
where
I2,max = |G2 (jwo) ‘B (32)
B = ZLGy(jwy) + 7 (33)
. 1
Gz (jw,) = 5 p (34)
wy . Wy
1= (‘72) +]W22LL2
Assuming wo = wy + Aw, 1 >> ’ﬁ,—‘;’ , we obtain the following equation:
Ga(jwo) = S S (35)
2UM0) ™ ToAw i R
~o Hat
and DAWL
/Gy(jw,) = —90 — tan 1 =222 (36)
L

From Equation (22), the maximum voltage in the capacitor Vx 4, occurs in the middle
of the switch-off time. Therefore, we obtain the following expression:

—(1—(5)7r<,8<g—(1—(5)7r (37)
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Then, we have the following expression:

20wl
L

90° > tan >0 (38)

which follows that Aw > 0. Thus, wg > w,. Here, we define the proper resonant state, which
indicates that Equation (37) is satisfied. The improper resonant state is when Equation (27)
fails to hold.

From Equations (22) and (24), we obtain the following equation:

ZVDD

Dmax = R, nD (39)
where
D:Sin((l—é)ﬂ+ﬁ>,1>D>O (40)
2V,
Il = IZ,rnaxD = [L)DnDz (41)

Therefore, a successful ZVS must follow that I; =i, (1 — 9)T).

Assumption 3: To ensure proper resonance occurs, wg > wp. Thus, Aw > 0 (see
Equation (38)).

Assumption 4: To guarantee a resonance, wy << wy.

Assumption 5: In a proper resonant state, A monotonically increases with the duty
cycle § when the switching frequency w( remains constant (see Table 1).

The coefficient # introduced in Equation (22) is the ratio between the input current and
the output current. The condition of 7 = 0.99 implies that the input current is equal to the
output current so that there is no other current loss, neither the loss from the power line, the
inductor, nor the transistor. Simplified class-E amplifier circuit for the SPICE was shown
in Figure 6. In the SPICE analysis, different from the experiment, we had simplified that
circuit model, thus the equations used in Table 2 are assuming 1 = 0.99. Table 2 presents
the benchmark of SPICE analyses.

e L1
47 uH
| V4 C2
. V1
12Vdec = D-mode GaN 3.39uH 220 pF
i _|M1 > R1
'.< cmd— LA B
V1=10 b— T~ g
v2=0 V2 C1 | 200pF 26.1
TD=0 @
TR =1n
TF =1n
PW =75n
PER = 150n|
-0

Figure 6. Simplified class-E amplifier circuit for the Simulation Program with Integrated Circuit
Emphasis (SPICE) analysis.
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Table 2. Benchmark between equations and the SPICE result with # = 0.99.

. . Analysis SPICE o
Equation Symbol Unit Reszl ¢ Result Error (%)
Ry Q 26
C pF 200
C pF 220
Ly uH 47
L, uH 34
wq/2m MHz 2.32
wq/2m MHz 6.66
T ns 150
woy /27 MHz 5.8
Aw/2m MHz 0.866
1 0.5
17) () degree 64 63 1%
(15) w3 /2m MHz 8.65 8.5 2%
(19) VX max \Y% 39.36 42 6%
(20) A mA 10.8 10 8%
(32) B degree —53 —55 2%
(24) I 1max A +553 0.5/-0.421 10%
(30) B mA 219 239 8%
(22) I mA 332 235 35%

2.5. ZVS Control

Without considerable loss of generality, the capacitor current during the transistor
switch-off time is as follows:

i = i1 —ip = Asin(wst + @) + I — %Sin(wot + B), or (42)
a _ A sin(wst + @) +1— x sin(wot + B) (43)
L L D

In a proper resonant state, the transistor switch-off time was typically D << %. Thus,
the current ripple of the switching power supply inductor A is small. B can affect the
capacitor i;; during the transistor switch-off time more than the current ripple A. In this
case, w, is tuned correctly [£G;(jw,)]. However, if B is too large, we must decrease J to
obtain a favorable ZVS condition. The result is displayed in Figure 7a. If § is too negative,
6 should be increased to obtain appropriate ZVS. The result is displayed in Figure 7b.

When i;; = 0, the following stationary condition for vy is obtained:

sin(wet + B) =D (ﬁ sin(wst + @) + 1> (44)
In a proper resonant state, A/I; << 1 so that A/I; sin(w;st + ¢) + 1 > 0 and sin(w,t + p)
=D =sin((1 — )7t + B) yields the maximum capacitor voltage, which is consistent with the
solution in Equation (18). If 8 is too small, then we may have multiple stationary values
during the switch-off time. In this case, B should be increased by adding the switching
power supply inductor charging time. Thus, § should be increased to obtain a satisfactory
ZVS. Furthermore, w, should be increased and the equivalent switch-off time should
be reduced to prevent a multiple stationary value situation. The result is displayed in
Figure 7c. In other cases, no stationary value exists in the transistor switch-off time, as
displayed in Figure 7d. Therefore, w, should be increased to avoid an improper resonance
state.
In a resonant state, at time t = (1 — §)T for D = sin((1 — )7t + B), we have the
following expression:
fa _ A sin(wst + @) (45)
L L
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N\
A )

The coherence of ZVS and ZCS depend on the current ripple percentage (A/11%) in
the switching power supply inductor. ZCS facilitates smooth turning on of the transistor
without disturbing the impedance loading side. The following condition holds for ZCS:

dux((1—0)T)

= =0 (46)

The ZCS condition is provided in Equation (46). In addition, Figure 7b shows an extra
ZVS control case with a negative voltage vy other than those found in [4], which needs to
satisfy the ZCS condition. Achieving ZCS during ZVS, the resonant frequency w, could be
slightly decreased so that | G(jw,) | and B increase I; without affecting ZVS, as displayed
in Figure 7e.

The ZVS control depicted in Figure 7a—e is applied to find the best operating condition
for resonant frequency and duty cycle, and to control the gate of GaN HEMT. In this
research, we used the function generator Tektronix AFG 3104, which is dual channel output
equipment that sends 0 to 5V square wave signal to the gate drive [21]. The output of vx
is taken from the class-E amplifier to show on the oscilloscope Tektronix MDO 3054. The
demo of the ZVS manual operation is shown in Figure 7f.

e

4 (1-8)T

VX

v

vx A

@ (b)

UGS

/
0 1-8T T i
(9) (d)
A " 1
(1-8)T g " YT -

(e)

()

Figure 7. (a) w, should be fixed and J should be decreased; (b) w, should be fixed and é should be increased; (c) both w,
and ¢ should be increased; (d) w, should be increased and ¢ should be fixed; (e) slightly decrease w, and fix ¢ for ZCS;
(f) the experiment correspondences.
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2.6. D-Mode GaN HEMT

The experiment was based on a D-mode GaN HEMT. The characteristics of the GaN
HEMT are displayed in Table 3. A charge pump-type gate drive was applied to switch the
GaN HEMT. The parasitic capacitance measurement data are presented in Figure 8. The
Coss is the most critical limiting factor for realizing ZVS operation for WPT. Completely
eliminating hard switching is difficult for a large increase in Cpgs at a low drain-source
voltage [9]. Here, Coss = Cgp + Cps of the D-mode GaN HEMT is only five times that of
the low to high drain-source voltages. Furthermore, the capacitances are not sensitive to
the switching frequencies in the range 4-5 MHz. Here, Cjss = C¢gp + Cgs is three times that
of asymmetric effects on the Miller plateau when the transistor is turned on and off.

Table 3. Characteristic summary of the D-mode GaN HEMT.

Symbol Parameter Value Unit
UGS,0N Turn-on voltage -7 A%
Cps Drain-source parasitic capacitance 75 pF
Gate-drain
s . 24 F
Cep Parasitic capacitance > p
Gate-source
Cas Parasitic capacitance 140 PF
VGS,max Maximum gate-source voltage 8 A%
Vps,BD Drain-source breakdown voltage 1000 \%
id max Maximum drain current 35 A

50 100 150 200
Vps (V)

Figure 8. Parasitic capacitance measurement of the D-mode GaN HEMT. Cgg (red curve), Cgp (blue curve), Cpg (black
curve), parasitic capacitance under 5 MHz (solid line), under 4 MHz (dashed line).

3. Results

The experimental layout is displayed in Figure 9. The layout consists of a function
generator that generates a rectangular pulse train with adjustable frequency and duty
cycle in the output. The oscilloscope measures the output current and voltage on the PRU
as well as the gate-source voltage and the resonant voltage of the PTU. The oscilloscope
(Figure 10a) displays the result when Vpp = 110 V such that the i, pr; (green curve) and
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vR pry (blue curve) of the PRU differ by almost 90° under the resonant WPT condition; the
angle B of Equation (33) can be estimated from the value of vgg oy in Table 3 and the zero
current point of i pry;. The ZVS control according to Figure 7a—e is applied to manually
obtain the drain-source voltage vx (vps; purple curve). The result is displayed in Figure 10a.
Figure 10b reveals the other experiment result of ip pry; (green curve) and 7 (blue curve)
relative to vgs (cyan curve), in which the angle ¢ of Equation (17) can be estimated. In the
first experiment, we fixed the values of the parameters (Table 4) and measured the input
power with no PRU in front of the PTU. Figure 10a and b show two different operating
conditions. Table 4 shows only the nominal parameters for the ZVS control used in this
research. We have summarized more operating conditions into figures from Figures 11-14
to prove the validity of this research. The ZVS control results for various frequencies are
displayed in Figure 11. Most of the input power is subjected to the switching loss, which
depends on the transistor characteristics, namely the input capacitance Cjss = Cgp + Cgs
and also the output capacitance Cposs = Cgp + Cps. As displayed in Figure 10, the blue
curve indicates that the gate-source voltage is not symmetric because of a 30% rectangular
gate signal. This is due to the difference in the drain-source voltage at various gate-source
voltage states. When the gate is turned on, a successful ZVS occurs on the drain source
such that the parasitic capacitor Cgp accumulates limited charges. However, a tremendous
amount of charge should flow through the gate drive from the ground when the gate
turns off because of the high voltage on the drain source when the gate is turned off. The
switching loss is the product of the drain current ip and vggs, and almost all of the switching
power loss occurs during the gate turning-off time. With the same value of the resonant
voltage v, the higher the switching frequency wj is, the higher the switching power loss is
because it results in a larger ratio of Miller plateau time to the switching time period T. The
switching power loss determines the power transfer efficiency. In the experiment displayed
in Figure 11, the ZVS control is successful in the range of 3.8-6 MHz. The minimum power
loss is at 4.0 MHz when the duty cycle is 30%. Thus, we set the switching frequency to
4.0 MHz for this GaN HEMT for the experiments.

5V, 12V
Function PRU
Generator — PTU (Low-Inductance
100MHz _,| (ClassE Resistor)
Amplifier)
UR2, 12
Power Supply Vob —
300V —> Oscilloscope -«

Figure 9. Experiment layout with a single PTU transferring power to multiple PRUs. The PTU antenna is hidden behind

the painting shown in Figure 9.
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Table 4. Nominal parameters for ZVS control.

Symbol Value Unit
Rr» (PRU) 50 O
(] 320 pF
G 100 pF
L; 47 uH
Lz 8 LLH
6 30 % -
Vbp 36 \%

IZ;’S()UIA

(b)

Figure 10. (a) Oscilloscope screen dump showing i, prys (green curve), vps (purple curve), vr pru
(blue curve), and vgs (cyan curve). (b) Oscilloscope screen dump showing ip prys (green curve), iy
(blue curve), and vgs (cyan curve).
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Figure 11. Input power versus resonant frequency.

60

=~ o))
o (=)

¢ (degree)
g

—A— Experiment
20 —»—Equation(17)
10
0
20 25 30 35

Duty Ratio (%)

Figure 12. Comparison between experimental values and those obtained using Equation (17).
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Figure 13. Comparison between the experiment and Equation (19).
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100

A
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_____ Vb= 60V, 3.80MHz,
Duty 40%
5 4 Vop= 110V, 3.85MHz =
Duty 30% -5
ol

PTE(%) = PTEqassk - P TEmagneticflink =

20 30 40 50 60

Distance (cm)

0 80 90 100

Figure 14. Power transfer efficiency and PDL versus the distance between PTU and PRU.

The switching loss is a complex function of the gate-drive parameters, switching
frequency, duty cycle, GaN HEMT characteristics, and Vpp. We verified the validity of
the results in Table 1, which form a basis for ZVS control and a resonant mechanism; a
comparison between the results of the experiment and values derived using Equation
(17) is presented in Figure 12. The validity of Equation (17) is confirmed even when
the switching loss is not included in the derivation. We verified the resonant voltage
amplification Vx ./ Vpp and illustrated the comparison in Figure 13 when the resonant
frequency was set to 4.0 MHz. The comparisons indicate that the experiment exhibited
slightly higher voltage amplification than the analysis in Equation (19) because the turning-
off time of the GaN HEMT was extended. Thus, the equivalent duty ratio percentage in the
experiment was higher than the actual input duty ratio percentage. Furthermore, according
to Table 1, the voltage amplification Vi ,x/Vpp monotonically increases with an increase
in duty ratio. However, the experiment revealed a maximum voltage amplification of
approximately 28%. Furthermore, Table 1 provides a guideline for ZVS control.

Power transfer efficiency (PTE (%)) is defined as follows:

. . T.
power received in PRU lim % Jo i2,pruU - VR PRUA!
power input from PTU ~ T—co Vpph

(47)

The values of V priy and I prir were obtained from the PRU directly. The experiment
was performed with a single PTU, which transferred power to a single PRU. The power
loss is calculated from the power difference between the input power sent to the PTU by the
power supply CHROMA 62012P-600-8 and the output power measured from the current
probe and voltage probe on the PRU taken from the oscilloscope Tektronix MDO3054. The
results (Figure 14) revealed that for 1 W of WPT, the efficiency can be as high as 99% when
the distance is 20 cm. The PTE (%) can be as high as 80% when the PRU is 40 cm away
from PTU. The maximum distance of 1 W power transfer can be as long as 140 cm when
Vx is >700 V, when the corresponding input voltage Vpp is around 300 V. The power
delivered to load (PDL) is also depicted in Figure 14. It shows that the PDL from a single
PTU to a single PRU varies with the distance apart from one another. In order to reach the
constant power delivered to the PRU, a closed-loop feedback control mechanism shall be
considered [8]; for example, controlling Vpp to maintain the constant power is a feasible
option. A live photo demonstrating the experiment of multiple PRUs charging is displayed
in Figure 15. The design of PTU coils based on Biot-Savart’s law [22] was presented in
Appendix A. Multiple PRUs for multiple-input multiple-output (MIMO) wireless power
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transfer can yield high PTE and the maximum amount of power delivered to the load
(PDL) [23,24].

- = S A
Functipn
Generdtor

= ‘_4— PRU #2 PTU
|

v

7

<+ PRU #3

e

GaN HEMT

(b)

Figure 15. Live example of WPT to multiple PRUs. (a) Experiment setup with a single PTU transfer-
ring power to multiple PRUs. The PTU antenna is hidden behind the painting. The layout is shown
in Figure 15; (b) the close picture of class-E PA, and (c) the close picture of PTU antenna.

The 99% PTE obtained in our experiment is comparable to the experimental result
shown in [16] which uses the coupling tuning-based impedance matching for maximum
wireless power transfer efficiency. For 1 W power transfer application, the corresponding
I; on L; inductor is 20 mA. The class-E amplifier in this paper uses only one GaN HEMT
transistor with no body diode, thus no rectifier loss. The GaN HEMT with 100 mQ Rp on
loss is less than 0.1% of the total power input. The switching loss under the zero-voltage
switching condition is also less than 1 mW. The high-frequency inductor L; coil loss is
0.2 mW loss. The coil loss of L, is a function of distance, which is not directly measurable,
therefore Equation (47) is used instead to calculate the PTE. The systematic procedure for
WPT design is shown in Figure 16. Following the systematic design procedure, the com-
parison through analyses, simulations, and experiments can be verified and the operating
conditions can be adjusted according to the best power efficiency for various applications.
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Perform D-Mode GaN HEMT measurement
according to Figure 8 and Table 3
I GaN HEMT

redesign

Design the gate drive for GaN HEMT according to [21]

| NG
v

Design class-E amplifier and perform SPICE analysis

according to Figure 6 and Table 2

l Class-E components
Verify the current angle ¢ via experiments according to adjustment (Table 2)
Table | and Figure 12
T NG 4
Verify the maximum swing voltage Vima via experiments NG
according to Table 1 and Figure 13
I
Perform ZVS control via experiments according to Figure 7 | 4—
Calculate the power efficiency according to Alter operating condition
experiments and Figure 14.
NG

v
WPT APP

Figure 16. Flowchart of a systematic procedure for WPT design.

4. Conclusions

The resonance mechanism of the 6.78 MHz resonant WPT was analyzed. The D-mode
GaN HEMT with no body diode can prevent the current leakage from C; and enhance the
voltage resonance. The ZVS control was derived in terms of the resonant frequency and
duty cycle. The experiments agreed with the derivation of the ZVS control. For 1 W of
WPT, the efficiency can be as high as 99% when the transfer distance is within 20 cm. The
PTE can be as high as 80% when the PRU is 40 cm. The maximum distance of 1 W power
transfer can be 140 cm when Vi is > 700 V. The GaN HEMT made in National Chiao Tung
University (NCTU) has a breakdown voltage higher than 1000 V. The critical problem for
the WPT is the switching loss of the GaN HEMT transistor. In the future, a detailed SPICE
circuit analysis of the class-E amplifier should also consolidate the precise GaN HEMT
transistor model and its gate-drive circuit to improve the power efficiency. In order to
reach a constant PDL while the distance of the PRU is varying, the Vpp may follow the
corresponding distance change. In the closed control loop, the required feedback of the
actual power reading of the PRU via a 2.4 GHz communication network is recommended
by the Airfuel Alliance.
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Abbreviations

Symbol  Abbreviation

Rt reluctance of the leakage flux on the power transmitting unit (PTU) side
Rgr reluctance of the leakage flux on the power receiving unit (PRU) side
Ry reluctance of the mutual flux link on both PTU and PRU sides

Nr number of turns of antenna on PTU side

Ng number of turns of antenna on PRU side

a N7/Np is the turn ratio

Wo frequency adopted in wireless power transfer

Ly inductance on the switching power supply side of the PTU

C1 resonant capacitance on the switching power supply side of the PTU
L inductance on the impedance load side of the PTU

C resonant capacitance on the impedance load side of the PTU

Ry equivalent load of PRU on the PTU side

T switching period time wo =27/ T

M mutual inductance of the WPT

Lt leakage inductance of the PTU

Lt total inductance of the PTU

Lr; leakage inductance of the PRU

LR total inductance of the PRU

w1 natural frequency of the LC tank in the PTU

Wy output current frequency

w3 input current frequency during the switch-off time

@ input current phase angle during the switch-off time

Appendix A. PTU Coil Specifications

Theoretically, the inductance of circular loops may be as though the magnetic field is
everywhere in the interior plane of a single circular loop of wire carrying current I, where
the loop has radius R = D/2 and the wire has radius a. According to Figure A1, we put the
origin at the center of the loop and let the z-axis point normal to the plane of the loop. We

N
can also orient the x-axis so that the point at which we want to find the magnetic field B is
located at coordinates 0 < x <R — 4,y =0, and z = 0 as sketched below.

The following equation is obtained based on Biot-Savart’s law [22].

_ N2Dyy 4D
- N (1, (4D ) "

On the other hand, the inductance can also be derived from Faraday’s law that

D
L=y N222 A2
Ho - N (A2)
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From an experiment using the RLC meter GWINSTEK LCR819, we measured three
inductors using the AWG22 copper wire whose wire diameter was 0.643 mm with different
arrangements. The result is shown in Table Al.

Figure A1. The coil dimension.

Table A1. Measured three inductors with different arrangements.

N (turns) D (cm) L (uH)
3 33.5 10.5
4 19 8.6
21 8.5 46

The coefficient « is calculated using
x = 0.276 4 2.89¢ 20D (A3)

Comparing Equation (A1) with Equation (A2), we have

§ T
~ 2(InD —Ina—0.6)

(A4)

Figure A2 shows the comparison between the result from empirical Equation (A3)
and that from theoretical Equation (A4). The result shows that the theoretical equation
can only be valid for a range between 20 cm and 30 cm in the wireless power transfer
application with flat coils. (A2) substituted with Equation (A3) is adopted in this paper for
the coil design.
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Figure A2. Comparison between theoretical result and the experiments.

Two sets of PTU/PRU inductors are used in the experiments; we measured the
parameters of the coils on the GW /Instek LCR-819 100 KHz LCR Meter and calculated the
self-resonant frequency (SRF) for individual coils. The data are provided in Table A2.

Table A2. Coil specifications used in the WPT experiments in this paper.

Inductance Capacitance Resistor SRF

Inductor ID (uH) (pF) (Ohm) Q Factor (MHz)
Tx1 8.87 28.54 0.128 4.364 10.00
Tx2 8.88 28.53 0.128 4.342 9.99
Rx1 9.03 27.7 0.081 7.06 10.06
Rx2 9.05 27.9 0.074 7.66 10.02
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