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Abstract: This paper presents a study on long-distance wireless power transfer (WPT), which formu-
lates the voltage gain in terms of the coupling coefficient between the power transmitting unit (PTU)
and the power receiving unit (PRU) coils. It is proposed that maximum power transfer efficiency
(PTE) can be reached when maximum voltage gain is achieved under a matching condition between
the coil quality factor and the coupling coefficient. In order to achieve maximum power delivered to
load (PDL), we need to elevate the input voltage as high as the high breakdown-voltage of gallium
nitride (GaN) high-electron mobility transistors (HEMT) along with class E amplifier circuit topology.
In order to promote voltage gain, knowledge of the coupling coefficient between two coils including
the factors of the coil diameter, wire diameter, coil turns, and the coil resistance are derived. It was
observed that a lower coil resistance leads to a reduced parallel quality, which facilitates long-distance
wireless power transfer. Experimental results support the findings that the maximum PTE occurred
at the maximum voltage gain existing at a specific distance matches the coupling coefficient between
coils. A maximum power point tracking (MPPT) method is also developed to achieve maximum PDL.
At a distance of 35 cm, experiments with more than 100 W successfully receive a PTE of 57% at the
PRU when the received voltage reached 1.4 kV. This is used to verify the concepts and analysis that
are proposed in this paper.

Keywords: voltage gain; coupling coefficient; resonant wireless power transfer; class E power
amplifier (PA); GaN

1. Introduction

Wireless power transfer (WPT), due to its convenience and safety, has gained more
attention and study [1-7]. An overview of resonant circuits for WPT systems and some key
issues including the zero-voltage switching, zero-voltage derivative switching, and total
harmonic distortion are addressed in [1]. Moreover, the classification of wireless power
transfer, its application, trends, advantages, and disadvantages are presented in [2]. WPT
enables efficient wireless charging by decreasing battery size and improving convenience,
therefore the application of WPT has been widely adopted for various domains such
as electric vehicle (EV) charging [3,4], unmanned aerial vehicle (UAV) charging [5], and
implantable medical devices [6]. In [3], a comprehensive overview of recent trends in
WPT technologies and applications of the wireless charging of EVs are presented, and
the latest technologies of WPT to charge EVs are investigated in [4]. Furthermore, a
wireless power transmission system via inductive coupling and the power efficiency of
the inductive coupling are analyzed in [5]. In [6], the various strategies implemented for
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WPT are reviewed in implantable medical devices, and a systematic review is presented
based on the system design and optimization methodology. Among the resonant circuits
in WPT systems, the class E circuit is one of the simple topologies equipped with high
efficiency under zero voltage switching (ZVS) and zero voltage derivative switching (ZVDS)
conditions, which makes it widely used in the WPT systems [1,7].

When it comes to the high efficiency and high transmission power capability of the
WPT, the coupling coefficient, the power evaluation from the induced electromagnetic field
of the secondary coil, is an important parameter that is used to maintain better coupling
efficiency [7,8]. Nevertheless, the coupling coefficient can be affected due to the winding
of the antenna, the variation distance of the coils, and the difference of the angle [8].
In [9], the impact of the coupling coefficient k implemented on the passive clamp coupled
inductor Boost converter is investigated, and shows that the dc voltage gain is negatively
affected by the coupling coefficient and the output current. Hence, for achieving a better
understanding, the coupling coefficient induces the operation of the coupled inductor
converters. An extension of the work is presented in [10]. In addition, the low- and mid-
frequency model of the transformer with a resistive load for different values of coupling
coefficients is analyzed in [11], in which the voltage gain, current gain, bandwidth, input
impedance, and transformer efficiency can be derived based on the coupling-dependent
inductances model. Previous studies have explored the use of multilevel coils in WPT
systems [12-14] to enhance coupling efficiency. In [12], an algorithm was proposed for
optimizing energy computation. In [13], a dual-frequency dual-load WPT system was
utilized for PRU power sharing. The work in [14] introduced a dynamic magnetic coupled
(MC) WPT system that leveraged the compensation of multiple coils to maintain stable
mutual inductance, resulting in high PTE.

Previous studies have analyzed the behavior of the coupling factor as a function of
the variation between the critical parameters of the coils. Rafael Duarte et al. proposed a
simple equation using Neumann's equation for mutual inductance to estimate the coupling
coefficient between the coils [15]. Chabalko et al. derived an analytic expression for the
coefficient between the fields in the cavity and a loop receiver [16]. For long distance and
large power transmission, a large transmitter and receiver needs to be designed. A scaling
law [17], which relates the coil size to the coupling coefficient, is proposed to estimate the
efficiency of the large coil based on the results of the small coil for reducing the cost and
effort required in the early stage of the work. To get a better WPT performance, a few
methods [18-22], such as superconductor materials [18], strongly coupled magnetic reso-
nance (SCMR) [19], compensation techniques [20], and three-resonator WPT systems [21]
have been proposed. In [18], superconductor coils were used in WPT system and im-
proved the PTE. In [19], SCMR was used to transfer 60 watts with merely 40% efficiency
over distances more than 2 m. Coil wire resistance that results in ohmic losses affects
the resonance frequency and efficiency, and a series compensation is used to reduce the
influence of the coupling on the resonance frequency [20]. In [21], the concise formulas
are derived to improve the PTE and PDL. The use of compensation coils in a three-stage
WPT system to improve the transfer distance has been explored in previous research [22].
One commonly used topology for driving high-frequency WPT systems is the class E PA,
as evidenced in studies [23-27]. The push-pull class E2 circuit [23] and the parity-time
based class E2 circuit [24] have been utilized to achieve power transfer under high PTE
conditions. Furthermore, parallel topologies have enabled the transfer of hundreds of
watts of power with ease. To ensure stable output power in the face of load fluctuations,
a design procedure for class E-based WPT systems was proposed [25]. Additionally, an
impedance matching circuit for class E-based WPT systems was presented to maintain
the PTE, even as the transfer distance changes. In our previous works, the ZVS control
has been derived in terms of the resonant frequency and duty cycle, and the experiments
show the agreement with the derivation of the ZVS control [7]. Furthermore, the minimum
power input control that generates a look-up table has been presented to yield good power
transfer efficiency in WPT applications [7]. High efficiency WPT is then achieved by using
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the resonant design for tuning resonant frequencies and duty cycles [27]. Moreover, a
compatible charge pump gate driver has been designed to fully exploit the advantages of a
fabricated GaN high electron mobility transistor (HEMT) in class E amplifiers [27-30]. In
addition, a voltage-controlled oscillator (VCO) of radio frequency and capacitor-coupled
difference amplifiers has been used to simultaneously tune the frequency and duty cycle for
the efficiency requirement in resonant WPT applications [31]. For the further improvement
of the resonant WPT system, the relationship between the resonant quality factor and
the coupling coefficient are studied in this paper. Table 1 summarizes the resonant WPT
system work done previously and shows that analyzing the relationship among the transfer
distance, the frequency, and the receiving power is necessary, which is the key factor for
long-distance WPT.

Table 1. Comparison of the resonant WPT system undertaken previously.

Ref. WPT Distance Fr(el\c/lllll_lezl;cy Receive Power Technique Coil Configure Efficiency
[5] 4 cm 0.162 66 W Resonant Flat 62%
[13] 25 cm 0.34/0.44 125 W Six-coil MC Flat 68.6%
[17] 45 cm 1.97 14 W Three-Resonator Solenoid 33%
[18] 160 cm 9.14 N/A* Resonant Flat 49.7%
[19] 200 cm 0.9 60 W SCMR Solenoid 40%
[25] N/A* 3.39 40W Three-Resonator Solenoid 83.3%
[32] 7.6 cm 0.96 40W Resonant Solenoid 50%
[33] 10 cm 10/20 N/A* Resonant Flat 48/46%

*: not applicable.

The goals of this paper include delivering more power in a fixed distance or delivering
the same power to a longer distance. Both goals are associated with the quality factor of the
parallel RLC that matches the optimal coupling coefficient, and involves the optimization
of the coils” configuration of the WPT system to obtain the desired parallel quality factor.
The paper is organized as follows. Section 2 analyses the constant product of the voltage
gain and the coupling coefficient, which is subdivided into a discussion on the inductor
for WPT, the transmitter and receiver voltage analysis of the WPT, the derivation of the
voltage gain with the assumptions, and the power analysis. Section 3 describes the WPT
transformer analysis, which includes a brief introduction of the external inductance, the
optimal configuration of the transformer, the limitation on the wire diameter, and the coil
design examples which will be used in the experiments. Section 4 describes the coupling
coefficients regarding Section 3 and the class E PA and experimental results obtained to
verify the proposed findings. The conclusions and extension work of the wireless power
transfer applications that could benefit from the present work are presented in Section 5.

The core innovation of this paper regards the matching of the magnetic coupling
coefficient to the resistance of the load on PRU when the resonant WPT is applied. We
therefore need to know the function of the coupling coefficient in terms of the coil radius,
the coil radius, as well as the gap distance between the PTU and PRU. From the coupling
coefficient, we then calculate the exact quantity of the load resistance for the maximum
power transfer when the distance gap is given. The MPPT method can then be achieved
via the load resistance tuning to track the maximum power received by the PRU. The
term MPPT is borrowed from the solar PV technology [34], and the control such as the hill
climbing method can be performed in the future when the PRU is moving.

2. Constant Product of Voltage Gain and Coupling Coefficient
2.1. Inductor for WPT

Since the WPT does not have a magnetic core, the equivalent circuit of the wireless
transformer can be obtained by removing the core-loss resistance, which is parallel with
the magnetization inductance L, from the general version of the transformer [10,11,16].
The Steinmetz equivalent circuit is shown in Figure 1, where v and vy is the voltage across
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the transmitter coil and receiver coil, Rt is the reluctance, Lt s is the self-inductance, Lg
is the leakage inductance on the receiver coil, Ry . is the coil resistance, Cy is the resonant
capacitor, Z, and Zg represent the load impedance and the receiver impedance, respectively,
N7 and Ny are the coil turns of the transmitter coil and receiver coil. The mutual inductance
Ly, is related to the transfer voltage vt ; by the equation, as follows.

di d
0T, = L ;tm = NT% @
ZR
;'_ - 'b
! +
Gl
R I —_ UR
Cr Zo

Nrt:Nr
Figure 1. The equivalent circuit of the WPT.
The flux density B in the unit of Tesla is defined by three parts consisting of the

magnetization flux ¢, the ideal transformer induction flux ¢;, and the self-induction
flux ¢s.

¢ _ @it PmtPs
B=-L=1—-1 2
" 1 @)
A is the cross-section area of the PTU inductor. The self-induction flux ¢ is assumed to be
1-k
Ps = T@m (3)

The above equation is valid only if ¢, goes through a PRU. Assuming that the
induction flux went through the exact the path of the magnetization flux, the induction
current on transmitter it ; can be expressed as follows.

_ NTGDi 1.

iT,i L, iR 4)

i is the current flowing through the inductor of the PRU, and 4 is the turn ratio which
satisfies a = N7/Ng.

2.2. Transmitter and Receiver Voltage in WPT

The voltage vg ; can be written as

ORi = o = —01, 5)

The transmitter voltage v on the PTU assuming Rt = 0 is

. dit diT,m . d(P 1—k d(])l
oT = LT'SW + Lm dat = NT (dt —+ 7]{ E (6)
Substituting Equations (1), (4) and (5) into (6), we have
a 1—k_ dig;
ur = L ORi+ ——Lt di'l @)

The first term involving the induced receiver voltage vg ; on the right hand side
of the above equation is the inductive part of the WPT. The second term involving the
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time derivative of the induced receiver current dig ;/ dt is the resonant part of the WPT.
Equation (7) explains that the transmitter voltage v needs to produce a higher voltage
to account for the inductive part when the receiver is at a longer distance, and the same
induced receiver voltage vr ; as the coupling coefficient reduces at a rapid rate according to
the distance. The resonant part of the transmitter voltage is a function of the magnitude
of the receiver izr. The phase of the resonant part, is theoretically at a 90° lag from the
induced receiver voltage vg ;, when the receiver is at an excellent quality factor of resonance.
However, in reality, the quality factor can neither be infinite voltage nor be in zero current.
With a small inductance L, the magnitude of the current needs not be very small for the
same amount of transmitter voltage vr. Regardless whether the distance between PTU and
PRU is significant, the 1 — k factor cannot affect the increasing distance, which becomes a
reason for the resonant WPT to be useful at long distances.

As the receiver voltage v (including the leakage inductance and the coil resistance on
the receiver) is directly measured from the winding of the PRU, the overall load impedance
Zg from the view of inductive voltage and leakage inductance on the receiver side becomes

Zgr = Zo‘ ‘ZCR +Zpg, + Ree (8)

Zcp and Zp r, are the impedance of Cg and Ly ; on the winding on the receiver side. A
simpler way to measure the coupling coefficient is to have Z, be the open circuit. Assuming
the turn ratio, a = 1 for the following derivation, the transmitter and receiver voltage are
expressed as follows

; Z
UR = Re(Vkejwot) = ZL;URJ )
. Z 1—k
—R jwot (_ZR - 2Ty 1
oT e(VRe (kZCR + Zen T]wo)) (10)

where wy is the natural angular frequency. The impedance Zr becomes
Zg(wo) = (1 - (1= k)WOZLRCR) Zcr + Rpe (11)

Since the capacitor Cr holds for the resonance, we can have wp? = 1/LgCg, and the
impedance from the above equation is as follows.

Zg(wo) = (k+jQp) Zcr (12)

where Q) is the parallel quality factor defined as follows.

C
Qp = WoRR,CR = Ry / ﬁ (13)

2.3. Voltage Gain beteween Transmitter and Receiver

We made the PTU and PRU with similar windings, Lt = L, and the magnitude voltage
gain |Gy 1| is derived as follows.

\% k
Gy = R = (14)

VT_m

Figure 2 shows the relation between coupling coefficient k and the voltage gain |Gy 1 |
with Cg =200 pF, Lr = 10 pH for different Z,. For a coupling coefficient higher than 0.5,
the |Gy 1| approaches one. Certain resonance peaks are seen at some specific coupling
coefficient k. The coupling coefficient is also a monotonic decreasing function of distance,
which will be discussed in the following sequels.
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20

15

10
Gri

Figure 2. The voltage gain in terms of coupling coefficient for different load resistance Z, when
Cr =200 pFand Lg =10 uH.

On the other aspect, the resonance was not a perfect matching i.e., wp?* = ¢r/LrCg
and also wp? = Y7 /L1Cgr, where g and 7 are the correction factor for receiver and
transmitter. The Zy is then becomes as follows

Zr(wo) = (k4 (1 —=yr)(1 = k) +jQp) Zcr (15)

The correction factor i remains constant for fixed coil resistances, inductors and
capacitors in the WPT circuit when the switching frequency is also fixed. The transfer
function between the receiver and the transmitter is

V& k

Gup—=-——_ =
Ve T IO 10

f(k) = ¢(k2+sk—1) +1 (17)

where the mismatch of the inductance e = 1 — Lt/ Lg and f(k) is a monotonic increasing
function with the coupling coefficient k. The voltage gain can also be expressed as follows

k

VIR +Qp2 (18)
1QP:{ 0° f(k) >>Qp
fll)  [=90° fk) << Qp

The phase is 0° when f (k) >> Q, and is —90° when f (k) << Q,, which concludes that
when the transformer is in the induction mode of the inductive wireless power transfer,
the phase of the transfer function Gy 4 is 0°. Subsequently, when the transformer is in
the resonant mode of the inductive wireless power transfer, the phase of the transfer
function Gy 4 is —90°. Since the function f(k) is a monotonic increasing function with
the coupling coefficient k, we can also say that the short distance of the wireless power
transfer will make f(k) to be large and provide inductive power transfer energy. With the
long-distance wireless power transfer, we are getting the resonant one. The stationary
condition 9|Gy,y|/9k = 0 with respect to the coupling coefficient is used to solve the
optimal coupling coefficient koyr. In the case that ¢ ~ 1 and e = 0, i.e., f(k) = k* in (14), the

kopt is derived as follows.
kopt =4/ Qp (19)

|Gv,p

LGy, = —tan
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The corresponding maximum voltage gain Gy 1 is related to the parallel quality factor

as follows. .
— (20)

max \/@
In the perfect resonance case, the voltage gain and coupling coefficient product is a
constant, as follows.

|Gv 1

1
max ﬁ

Ideally, when the superconductor winding is available, we can send power with
infinite voltage gain to the infinite space where the coupling coefficient reaches zero. We
can also say that the highest wireless power transfer is definitely not the inductive mode and
must be the resonant mode. However, it is very different from the far field electromagnetic
wave (or radio wave) theory, and that the resonant wireless power transfer indeed utilizes
a magnetic flux linkage which is known as the near field mechanism.

|Gv,1kopt| @1)

2.4. Analysis of Transmitted Power and Efficiency

Given that the antennas are made of copper coils and the conditions { ~ 1 and € = 0 are
difficult to achieve, the rule of thumb for the design optimization is to make f(k) approach
zero for the selected k, which is a function of coil distance. Nevertheless, the parallel quality
factor must be reduced to a small value in order to increase the voltage gain. The condition
f(k) = 0 can easily be achieved by adjusting ¢ as follows.

1

g )

Equation (22) is introduced to the switching frequency so that

1
2 _
YT A —k(k+e)LrCr =

In accordance with (23), the switching frequency shall be a bit lower than the natural
resonant frequency of the receiver LC tank. Where the purely resistive output impedance
Z, = Ry is also concerned, it must comply with the series to parallel quality factor mapping
in the resonance state, as follows. The output resistance Ry is equivalent to the imposing of
an extra coil resistance ARR . to the receiver winding, thus the parallel quality factor with
load resistance Qy o is derived as follows.

C
Qpo = (Rrc +ARgy) fR
L R (24)
ARg, = —L
~ RoCgr

The root mean square (RMS) output power P rpss is

Vg .2
(ﬁ) GVZVTZ
Py rms = R, 2R (25)

The output resistance Ry affects the parallel quality factor Q,, and thus determines
the distance where the maximum voltage gain is according to Equation (20). On the other
hand, we can use some dc chopper or DC-DC converter controls to adjust the equivalent
load resistance seen from the PRU [34].

Class E PA is one of the topologies used in the WPT system, as shown in Figure 3. The
circuit has input voltage Vpp, input current I3, the switching frequency f,o and the duty
cycle 6; where L, is choke inductor, M is a transistor, and Cr and Lt work as a resonant
tank and also an impedance matching network. As the R, varies, the ZVS control can
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be implemented by change f and . The purpose of the minimum power input control
strategy [7] is used to optimize the power efficiency of the WPT system when the PTU and
PRU are interacting. The control strategy calculates the optimal f(, and ¢ for PTU with the
following steps: (I) observing the voltage across the drain and source of My, achieving ZVS
control by pulse frequency modulation (PFM); (II) observing the voltage across the drain
and source of M, achieving ZVDS control by pulse width modulation (PWM). Thus, the
required power will be limited to the minimum and achieve high efficiency simultaneously.
The WPT PTE #wpr is defined as

Po,rms
TWPT = P = HclassEMN coils (26)
i

where P;, is the power input to class E PA, 1,55 represents the power efficiency of the
class E PA, and 1775 represents the efficiency of the coupling coils.

fo, 6 M Chs L C;
¢ V‘~| T
Minimum | + ilT L
Power Input | vGs
Control _ Pi T Vbp

|4
|‘
UWI’T

Figure 3. Topology of the resonant WPT system using Class E PA.

3. WPT Transformer Analysis

Designing and manufacturing a coil with low parasitic resistance and low inductance
simultaneously is a challenging task [20]. In our findings, in order to obtain low Q), a low
resistance coil is necessary; thus, the transferred power can be optimized. The constraint of
the transformer design must include the inductance of the transformer coils to be confined
into the range of several microhenry, as the resonant frequency of WPT in this paper is
around 4 MHz, and the parasitic capacitance of the GaN transistor is around hundreds of
picofarads. The parallel quality factor Q, decreases with the larger wire diameter of the
coil. However, the inductance of the transformer coils changes with the wire diameter of
the coil when a helical coil is made [35,36]. It is then necessary to study the helical coil
design to obtain the correct parameters of the helical coil for the same inductance. The
actual inductance may also be shifted due to the fabrication process; thus, the inductances
must be double checked and measured from the RLC meter after they are made.

3.1. External Inductance of Coil

Figure 4 exhibits the helical coil with the coil diameter D, coil length [ in N turns,
and the wire diameter d. The external inductance of the helical wire can be expressed as
follows [36].

nN2D?

Lext = Lt = o T,B (27)

where £ is a dimensionless factor in Nagaoka’s form [17]. The flux density to current gain
G, referred to as inductance gain, is defined as follows.

Lt

C= NTT[“M()A

(28)
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Transmitter Receiver
coil coil |= >
Length[;
Turn N

Figure 4. Parameter definition of helical coil.

The current sheet model, of which the wire diameter is infinitesimal, is assumed in the
inductance analysis. The correction of the inductance due to the wire radius can be made
in a later stage of the analysis. The helical coil is assumed to have a pitch equal to the wire
diameter d. The form factor « is defined as follows.

L _ N

= _ 29
N=H =5 (29)
The factor § in terms of form factor « is shown in Figure 5.
1
0.8
0.6
o
04
0.2
0
0 2 4 6 8 10
[24
Figure 5. The factor f in terms of form factor a.
For a given inductance L.y, the parameters may be calculated as follows.
N _ 3 4[)(2Lext _ 3 4Lgxt r)/ (30)
UoPrtd TTod
Y 3 4Lyt
= —— 31
G \| mtyupd G

where the dimensionless factor ¥ = §/%/« and 4, is the permeability in the air.
According to Figure 6, v = 0.82 is at around a = 0.4 and the corresponding 8 = 0.47,

which is considered as an optimal configuration for gain G. The wire length [, is expressed

by letting N = N, as follows.

4Lext

lzu == N?TD = NT[VO

(32)
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0.8
0.6
04

0.2

Figure 6. The factor v in terms of form factor «.

Hence, according to (30) to (32), the coil can be precisely designed by acquiring coil
turns, diameter and wire length from any parameter value D and Ly;.

3.2. Skin Effect on Wire Diameter

The conducting wire in the theoretical current-sheet is infinitely thin, and therefore
has no internal inductance. Internal inductance is proportional to the wire length [,,, which
is most likely to be significant in coils that have a low number of turns. The internal
inductance of a wire at high frequencies is given by

Lext - &ﬂ
l, 2md (33)

where the skin depth 6; = /p/u;mtfy is expressed in terms of frequency fo and y;, the
permeability of the wire material. The skin effect made the current distribute on the surface
of the coils; that is, higher the frequency, the lower the skin depth. The effect also made the
conductor resistance high, which becomes a disadvantage for WPT.

3.3. Coupling Coefficient

The mutual inductance is given by Neumann’s formula [15], and the coefficient k
equation had been derived by Nagai [17]. Based on the assumption that two helical coils
have the same diameter and the number of turns that are facing each other with the center
axis aligned in the positional relationship, the k is then expressed as follows.

21 @(x)
oD ) o
The x = x(g,1, D) is a function of the gap distance and the diameter, as follows, where

lis ignored in Nagai’s form. The gap distance g between two coils is redefined from the
coil surface to the other coil surface, as shown in Figure 4.

(35)

where

(36)
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Kw) = [ ——2L—2>7 (37)
0 1—w?sin? ¢
T /2 >
2 2 E(w) = / 1— w?sin® gdp > 1 (38)
0

1
<w=4/—=<
0<w=1/;7m <1 (39)

Piri [35] considered the coil length and derived the coupling coefficient k equation
as follows.

_ F(x(g+11,D)) —2F(x(g,1, D)) + F(x(g§ — 1,1, D))

k 2F(x(g,1,D)) —1 (40)
Function F is a part of the Lorenz’s expression [36] as follows.
1/1—w?
F(w) = 3 (F o (Klw) ~ E()) + E@)) )

The result of Nagai’s [17] and Piri’s [35] calculations are compared as shown in Figure 7,
which both show the coupling coefficients as a monotonic decreasing function of distance.
At a large distance, the coupling coefficient is zero, and at the closed position, the mutual
inductance has to be consistent with the self-inductance. The other observation which is in
consistent with the findings from the previous investigators is that larger the coil diameter,
the larger the coupling coefficient at the same distance g.

0.7

Nagai, D45 —— Piri, D45
Nagai, D100 Piri, D100
Nagai, D300  ——Piri, D300

Coupling Coeft. k

6 8 10 12 14
g(cm)

Figure 7. Coupling coefficient k versus gap g with different D (mm) under N = 14, and d = 1.3 mm conditions.

4. Experimental Verification

The WPT experiment was conducted using the Class E PA, as shown in Figure 3. The
GaN HEMT transistor is used to drive the Class E PA which was designed and fabricated by
a Compound Semiconductor Device (CSD) at the research Lab at The National Yang Ming
Chiao Tung University. The GaN transistor is a normally on device; thus, the charge pump
circuit design between the high current gate driver and the transistor is necessary [27-31].
The parameters and characteristic curves of the GaN transistor are shown in Figure 8.
The transistor characteristics includes the threshold voltage Vy, = —9 V, the continuous
drain current Ip = 35 A, the drain to source breakdown voltage Vpp > 1 kV, and the on-
resistance Rps () = 120 m(). Parasitic capacitances versus drains to source the voltage
vps of the GaN transistor that were measured by a semiconductor parameter analyzer
Keysight B1500A are shown in Figure 8c. It indicates a five-fold capacitance difference
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during the period of switch off, which is smaller than that of a traditional silicon based
Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET).

V,=—9V ‘ 3 40 v,=—10V~0V

A /,/’/

-20 15 -10 -5 0

v, (V)
(a)
= — Ciss (pF)
250 —— Coss (pF)
Crss (pF)
200
150
100
50 —
0
0 100 200 300 400

Ups (V)
()

Figure 8. GaN Transistor parameters (a) ip versus vy curve, (b) ip versus vps curve, (c) parasitic
capacitance versus vpg curve.

The capacitor on the secondary end must withstand nearly 1 kV, and we expect certain
nonlinear distortion to be seen in the experiments. The experimental schematic view
and setup are shown in Figure 9a,b, respectively, where two hollow tube coils made by
copper are used as transmitters and receivers that are connected to class E PA and load
resistor Ryg. The input power is read from the power supply CHROMA 62012P-600-8.
The receiver RMS voltage value is taken from the differential voltage probe SI-9002 and
the oscilloscope Tektronix MDO3054. The current probe is not applicable for the PRU
measurement, as the current probe will be affected by magnetism and yield an excessive
current value. Figure 9¢ depicts the implementation of the class E PA on a printed circuit
board (PCB) with dimensions of 5 cm by 6 cm, which was utilized in the experiment. The
PRUs are connected in parallel with the power resistor of 10 k(}, as shown in Figure 9d,e.
Two kinds of power resistors were used in the experiment. Due to the different fabrication
process, the wire wound one will have a higher parasitic inductance than the film one. The
parasitic inductances of two different kinds of resistors were 300 uH and 40 nH, which were
measured using a GWINSTEK LCR819 RLC meter. This is due to the skin effect, whereby
the tendency of an AC current to become distributed within a conductor is such that the
current density is largest near the surface of the conductor and decreases exponentially
with greater depths in the conductor. Table 2 lists the parameters and specifications of class
E PA and the hollow tube used in the experiment.



Energies 2023, 16, 3657

13 of 21

Power
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Figure 9. (a) Schematic view of the experiment, (b) experiment setup, (c,d) class E PA PTU according
to Figure 3, (d) wire wound power resistor, (e) film power resistor.

Table 2. Experiment Parameter.

Class E PA Units
Gate driver UCC27614 (TT)
Switch M; GaN HEMT (NYCU)
Inductance Lq 47 uH
Capacitance Ct 200 pF
Coils PTU PRU
Inductance Ly, Lg 10 9.6 uH
Windings N 2.75 2.75 Turns
Coil Diameter D 72 72 cm
Coil length 7.8 7.8 cm
Tube Diameter d 2.8 2.8 cm
Tube Thickness 0.8 0.8 mm
Capacitance Cg 137 pF
Coil Resistance Ry 0.08 Ohm

4.1. Maximum Voltage Gain and Coupling Coefficient

The measurement results from the experiments show that the maximum voltage
gain |Gy 1| is increasing along with the distance gap ¢ and Ry, which is demonstrated in
Figure 10a. The maximum voltage gain |Gy 1| is reduced when the parallel quality factor
Qp,o is increased, Equation (24). The actual products of voltage gain and the coupling
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coefficient can match the theoretical values with 30% max. error. The error between the
actual product and the ideal constant reduces as the diameter of the transformer increases.

The maximum voltage gain implies the maximum power efficiency because PDL is the
square voltage divided by the load resistance (k()) on PRU. The higher the power received
by PRU, the higher the PTE is. From Figure 10b, which shows the PTE% via different
distances and load resistances, we can observe that the maximum voltage gain points are
forming the ridge of the PTE surface. The two sides of the ridge (or saddle point) are
with different slope gradients due to their PDL differences, which will be discussed in a

later section.

5
A Maximum |Gv,1| A
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6 2
N A
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Figure 10. Cont.
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Figure 10. Measurement results of the resonant WPT under zero current switching; (a) vr, vg and
PDL versus Vpp; and (b) PTE for different distances and loads; and (¢) Max. PDL and PDE for
different distances and load resistances.

In Figure 10c, we show the experimental results with interpolation on the PDL via
different distances and load resistances. In addition to the maximum PTE line in the black
dot line via a different load resistance R corresponding to Figure 10b, we can find the other
ridge from the view of distance g in cm. The distance is directly related to the coupling
coefficient as well as the maximum voltage gain. The maximum PDL line in the red center-
dash line along the same distance is a function of the load resistance Ry, which can also be
found according to Equation (25). Along the maximum PDL line is the best load resistance
to receive the maximum power for a given distance. In order to find the maximum PDL
line experimentally, we may apply the hill climbing method to adjust the load resistance R
in order to reach the maximum power. The load resistance adjustment requires certain dc
chopper or DC-DC converter controls, as stated previously.

As shown in Figure 11, the voltage gain |Gy 1| derived in Equation (14) is practically
a function of Vpp. In order to understand the maximum power that can be transferred
via a single GaN HEMT-based class E PA module, we fixed the switching frequency to
4 MHz, the duty to 50%, the distance to 35 cm, and measured the voltage gain and the
PDL. The adjustable capacitor can only endure 1 kV and the waveform is distorted after
Vpp =80 V. When Vpp =85V, the PDL is 45 W and the Vi reaches 1.27 kV. The PDL is
calculated from (25) with the output resistance Ry connected to 10 k(). There are two kinds
of resistors used in different power levels, and the film resistor MP925 made by Caddock in
the TO-220 package cannot withstand a received power of over 25 W. Thus, it is substituted
by the wirewound one, which is capable of hundreds of watts of power. However, the extra
parasitic inductance may have an influence on the reception of practical power and the
resonant quality factor. The PDL monotonically increases with the input voltage, and the
voltage on the PRU can be as high as 1.27 kV when the input voltage is at 85 V. Class E
PA oscillates DC voltage Vpp into the sinusoidal PTU coil voltage output with Vr as high
as 3.5 times on average [27]. Hence, when the Vpp is 150 V, the GaN HEMT is subjected
to a turn-off drain-source voltage Vps ~ max. The Vr is around 1 kV. According to the
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interpolation data shown in Figure 11, when the Vpp is 150 V, the power delivery is 150 W.
Our GaN HEMT is capable of enduring the breakdown voltage above 1 kV, which allows
for the delivery of 150 W to the PRU when the load resistance is 10 k(2. The 150 VDC can
be easily acquired from the 110 VAC through the AC/DC converter at home, and this is a
main reason why the class E amplifier is used.

150
vy (x10V)@ g =35cm
125 PDL (W) @R, = 10kQ)
v, (x10V) @ g =35 cm
100 ((x10V)@g
75
50 PDL = 0.4607Vpp + 8.6223
25
Ur= 7VDD —140
0
25 30 35 40 45 50 55 60 65 70 75 80 85

VDD (V)

Figure 11. vr, vg and PDL versus input DC voltage Vpp.

4.2. Power Transfer Efficiency

The experiments with non-ideal conditions such as the external resistor Ry in parallel
with the capacitor C will increase the parallel quality factor Q. The conventional mutual
inductance model supporting the inductive power transfer is known as the strongly coupled
WPT, and can only be effective in delivering power for short distances. The resonant WPT
is also known as the loosely coupled wireless power transfer that can be used to transfer
power over a long distance. The coupling coefficient decreases as the distance between
coils increases, as shown in Figure 7. The PDL is a function of the switching frequency for
the WPT. The phase shift between the PTU and PRU, stated in Equation (18), can be used
to control the WPT delivering power at longer distances. The experiments show that the
phase shifts for those PDL peaks that occurred in the short distance are nearly zero degrees,
hence they are the inductive power. The phase shifts for those PDL peaks that occurred at a
long distance are nearly 90, and can be regarded as resonant power. The inductive power
transfer is limited by conventional transformer theory so that the voltage gain is unified
when the turn ratio between windings is one. As a result, there is no phase difference at
very close WPT. In our experiment, the phase of two coils is controlled within 45°, which
satisfies the optimal k condition in (19).

Figure 12 shows one of our experiment results via distance, in which the PTE is
compared to those reported in Table 1 with their maximum PTE. The results from [5,19,32]
are sub-MHz resonant WPT when rest of them [17,18,33], including this work, are resonant
in the frequency above 2 MHz. It is theoretically possible that the higher the resonant
frequency, the longer the distance that the wireless power can be transferred. Therefore,
the work shown in [19] is a special case due to its special, strongly coupled resonance
mechanism. Compared to the results shown in [17,18,33], our result demonstrates the
highest PTE and possibly also the largest PDL. The work of [18] can deliver wireless power
to a greater distance than this study, whose actual PDL is not reported. Figure 13 shows
our experimental results with increasing input voltage Vpp. The PDL monotonically
increases and the PTE monotonically decays with the increasing input power P;,. We
artificially mapped the comparisons among all results according to their efficiency reported
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to the input power of 100 W. The research work in [5] has the highest PDL, albeit at a
short distance. Our analysis of the experiment data including both the PDL and the PTE
calculation are according to the power resistor MP925 without any inductance; therefore,
the measured power is the actual power delivered to the load resistance. Figure 14 shows
the waveforms of vgs, vps, vr and vg, which demonstrates that our class E amplifier is
working in its zero- current switching (ZCS) phase. The ZCS ensures the lowest transistor
switching loss, and thus the best efficiency is obtained. It can also be seen that the voltage
R is in its perfect sinusoidal resonance.
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L This work

Lukashov, 2017
50 ’\\\ X Oshimoto, 2023
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30 Nagai, 2018
20 Nwpr (%) @ VoD =40 V
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0

0 20 40 60 80 100 120 140 160 180 200

g (cm)

Figure 12. yypt and PDL versus different distance gap g [5,17-19,32,33].

-

70

Yan, 2020
o

60

50 >

40
Nagai, 2018

Kuzs, 2007

30

20 Nypr (%) @ g =35 cm

10 ~—{>~ PDL (W) @R,=10kQ

10 20 30 40 50 60 70 80 90 100

Figure 13. PDL and nwpr versus Pj, [5,17-19,32,33].
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Figure 14. Oscilloscope waveform under 45° phase difference and the achieved maximum PDL at a
distance of 35 cm.

5. Conclusions

This paper provides the schemes for implementing a long-distance WPT system, which
is verified by Class E PA and operated in the MHz frequency. A normally-on GaN device
is used to drive high transmitter voltage at radio frequency. The coil inductor and WPT
system are analyzed in the paper in detail. Meanwhile, a pair of hollow copper tubes were
designed and used to verify the constant product of voltage gain and coupling coefficient
at resonance. The experimental results show that the voltage gain and transferred power
can be increased by either reducing the coil resistance of the receiver or increasing the
coupling coefficient, and the transfer distance can be increased by matching the parallel
quality factor and the coupling coefficient. Having the smallest possible parallel quality
factor Qy is the key to increasing both the maximum voltage gain and the power transfer
distance. High load resistance and low coil resistance are both beneficial in decreasing
the parallel quality factor Q,. However, the high load resistance on the PRU will reduce
the rate of harvesting power on the PRU. The load resistance tuning can be used in the
maximum power point tracking when the PRU is moving. When we need to increase the
power transfer for a fixed distance, we then need to reduce the coil resistance to directly
reduce the parallel quality factor Qp according to Equation (13) due to a fixed switching (or
resonant) frequency and a fixed PRU coil. There are many ways to reduce the coil resistance,
for example by the cooling of the coil to its low resistance, as is done in outer space. The
other way of lowering the parallel quality factor Qj is to reduce the resonant frequency
so that we may have a larger PRU capacitor storing and converting the magnetic power
from the LC tank of the PRU. The findings are becoming clearer for the utilization of large
diameter coils or superconductor materials, which also make a significant contribution
to long-distance WPT systems, with potential applications in various industries such as
healthcare and consumer electronics. In a future work, we will proceed on to the coil design
to achieve the kW requirements.
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Nomenclature

Symbol Abbreviation

Lrs the self-inductance of the PTU

Ly mutual inductance

Lr, the leakage inductance of the PRU

oT the voltage across the transmitter coil

uT i transfer voltage of the PTU

UR,i the induced receiver voltage

UR the voltage across the receiver coil

it current flowing through the transmitter coil

iR j current flowing through the receiver coil

Nt turns of the transmitter coil

Ng turns of the receiver coil

a the turn ratio of Ny and Ng

Rt the reluctance of the transmitter coil

R, the coil resistance on the winding on the receiver side
ZR receiver impedance

Zy the load impedance

Cr the resonant capacitor of the PRU

A the cross section area of the inductor of the PTU

B flux density

Pm magnetization flux

Qi induction flux

Qs self-induction flux

k coupling coefficient

fo the natural frequency

Lt transmitter inductance

Lg receiver inductance

Qp the parallel quality factor without considering load
€ the mismatch of the inductance

P the correction factor

Gyva the voltage gain when the transmitter frquency matchs the receiver
Gvy the voltage gain when the transmitter frquency mismatchs the receiver
f(k) the monotonic increasing function with the coupling coefficient k
Qpo the parallel quality factor with considering load

Po rms root mean square received power

6 duty ratio of class E PA control signal

M; switch of class E PA

UGS gate to source voltage of switch

Cps drain to source capacitance of switch

UDs drain to source voltage of switch

P, class E PA power input

i class E PA input current

Vbp class E PA input voltage

Ly choke inductor of class E PA
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Cr the resonant capacitor of PTU

g distance gap between two coils

) the coil legth

D the coil diameter

lw the wire length of coil

Lext the external inductance

6; The coil skin depth

Ciss The GaN HEMT input capacitance

Coss The GaN HEMT output capacitance

Crss The GaN HEMT reverse tansfer capacitance
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