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Abstract: A new power receiving unit (PRU) is proposed in this paper for the resonant wireless power transfer
(WPT), which is characterized by the capability of attracting high power from the power transmitting unit
(PTU). The resonant WPT is designed for delivering the electrical power to the PRU attached on an electrical
vehicle (EV) chassis 50cm away from a PTU installed on the ground. The proposed PRU uses only the passive
elements such as inductors, diodes and the capacitors, which needs no initial power from the EV. It is then
applicable for charging a battery to several hundred volts for even a first-time charging battery. At a switching
frequency of the resonant WPT in the experiment being 4MHz, the proposed PRU behaves itself as a negative
impedance converter (NIC) in the subharmonics of 4MHz. The NIC effect plus the subharmonic oscillation
causes an instability current charging the battery connected to the PRU. In this paper, we simulated the PRU
and performed the experiment. The experiment demonstrates a battery charging of 150W from 50cm away
using three D-mode GaN HEMT transistors via the instability current ramp. The power transfer efficiency
(PTE) improved as the power delivered to load (PDL) goes higher. The best power transfer efficiency (PTE) is
65% in the present findings. The simulation analysis shows that the circuit allows itself be used to much higher
power transfer when it is implemented with more GaN HEMT transistors connected in parallel. The theoretical
derivation of the PRU circuit is also used to support both the experimental and simulation results.

Keywords: power receiving unit; resonant wireless power transfer; class E amplifier; gallium nitride

1. Introduction

Wireless power transfer (WPT) technologies are becoming promising in various application
areas due to the crucial problems of range anxiety and bulky battery [1-2]. The wide bandgap
semiconductor devices, such as GaN HEMTs and SiC, boost the performance of wireless power
applications due to their unique material characteristic: low capacitance and high switching [3-4].
Most of the results have shown that using WBG devices as switching devices, results in higher
transfer efficiency and density [5-6].

Among WPT technique, resonant WPT has attracted more attention, because it can not only
require serious precise coil alignment and tight coupling but also extend the power transfer range.
Namely, the resonant WPT has excellent endurance on the position offset and angular misalignment
between the transmitting and receiving coils [7-8]. However, the resonance mechanism for high
wireless power transfer required an extremely low resistance coil for long distance [9], which is
hardly achievable in practice when the copper has non-zero resistance until the resonance frequency
reaches 20 kHz.

Therefore, the negative impedance converter (NIC) was proposed to generate negative
resistance for reducing the resistance of the coil [10]. Some study has shown the power transmission
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efficiency was improved at a long distance with the NIC [11]. Moreover, using negative impedance
converter can also maximize the system efficiency [12]. Besides, the output electricity should be
regulated no matter how varied it becomes. Previous works have investigated several power-
regulation methods, which can be classified into three types: 1) passive regulation, 2) active
rectification, and 3) post-stage regulation (by LDO or DC-DC) [13-14]. Some literatures, such as
hybrid multi-level buck post-regulator has been exploited for improving spatial freedom [13].

Basically subharmonic oscillation [15-16] is not a small signal instability, it's a large signal
phenomenon in peak current mode control that occurs when the duty cycle is greater than 50%
typically, under certain circumstances it can occur below 50% duty cycle as well. By adding a ramp
signal to the output of the error amp it is possible to stabilize a peak current mode converter for all
duty cycles, but the control loop no longer behaves exactly like a current mode converter [15].

In this study, we proposed a PRU topology, which behave as NIC effect as well as the
subharmonic oscillation causes an instability current for charging the battery. First, the main
components of resonant WPT including PTU, PRU, Transformer model, GaN HEMT module, and
subharmonic oscillation, are introduced in section 2. Then, the PRU module comprising AC-DC
converter circuit and resonant capacitive voltage divider output load was presented to achieve
battery charging. Moreover, flat-band band-pass filter and magnetic coupling coefficient are also
discussed in section 3. Finally, the experimental and simulation results are presented to support the
theoretical derivation of the PRU circuit.

2. GaN HEMT Based Class E Resonant Wireless Power Transfer

2.1. Power Transmitting Unit (PTU)

Since the wireless power transfer does not have a magnetic core, the equivalent circuit of the
wireless transformer can be obtained by removing the core-loss resistance which was in parallel with
the magnetization inductance L» from the general version of transformer, the Steinmetz equivalent
circuit, and shown in Figure 1.

dil _ VDD'Ux(t)

it L M

The increased current i; converted the electrical energy from the DC source Vpp to the energy
in the magnetic field using the electrical current. The magnetic energy is then transferred to the
impedance load side when the switch M; turns off. Therefore, the power delivered to load (PDL) is
proportional to the amount of the magnetic energy absorbed into the inductor which is a function of
the current i; increment. For achieving higher PDL, we need to obtain the lowest v, (t) possible at
the instance when the switch M; turns on and the switch M; turns off when v, (t) rises back to Vpp.
The resistance Ry denoting the coil resistance is preferred to be as small as possible to increase the
power efficiency during wireless power transfer.
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Figure 1. Power transmitting unit (PTU) using class E amplifier.
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It was derived in [17] that the maximum value of the nodal voltage is a function of the current
phase angle ¢, as shown in Figure 2, as follows.

1
= 1+ —
Vx,mux VDD ( +COS(¢))

where )
tang 6
¢ 1-0
The above equation is valid only for the ZVS control of the switch M; in steady state response,

which may not hold for the transition states. The corresponding current phase angle ¢ is 64° and
the corresponding voltage magnification V, pna,/Vpp is 3.28 at steady state [1].
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Figure 2. The current wave form of PTU and the current phase angle ¢.

2.2. Power Receiving Unit (PRU)

A specific kind of PRU is proposed in this paper, as shown in Figure 3. The impedance load is
connected via the magnetic linkage between the PTU and the PRU. The receiving voltage swing on
the PRU side is a function of the distance from the PTU coil and the condition of resonance
determined by the PRU capacitance.

UszR(fo,g,CR) (3)

The receiving voltage amplitude on the PRU coil is a function of distance g away from the PTU
coil and the condition of the resonance to the signal switching frequency f,. Among these
parameters, the wireless signal switching frequency f; is determined by the PTU which has to
provide service to multiple users. The distance g of the specific PRU away from the PTU is a degree
of freedom for the user. The PRU is allowed only to adjust the capacitance C; to achieve the best
power transfer condition referred to as the minimum power input control.
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Figure 3. The proposed power receiving unit (PRU).
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2.3. Transformer Model for WPT

The parallel quality factor Q_P is defined as follows.

C
Q szR \/L:;: (4)

When the PTU and PRU are with similar windings, i.e. Ly = Lg, the magnitude voltage gain G,
is derived under the perfect resonance matching condition, i.e. the switching frequency 2nf, =

1/,/LgCg as follows [9].
Vr k

Gor= k=
TVEK4Q, 5)

The above equation had ignored both effects of the magnetization current flowing through
Ly and the coil loss through the coil resistance Rr. k denotes the coupling coefficient between the
transmitting and receiving winding coils. The coupling coefficient k is larger than Qp when the
distance between the coils are small and is much smaller than Qp in the long distance WPT. The
magnitude and the phase of the voltage gain are expressed individually as follows.

|Gos|=——
’k4+QPZ
(6)

4 %_{ 0°  pure inductive WPT

Gy1= <tan k (-90° pure Resonant WPT

The resulting equivalent circuit for the resonant wireless power transfer is equivalent to the
class-E circuit as shown in Figure 5. The resonance WPT transformer circuit model shown in Figure
4 acts as an impedance inverter that invert the capacitor Cr into an inductor L,. The equivalent
impedance L, mapped from the PRU to the PTU is derived as follow.

o] 1 1
L
] Gz),lz ] wOCR

@)

where
Wy =2 7'Cf0

The above equation is analogous to the transformer of turn ratio 1:G,;. Due to the turn ratio is a
complex number, hence the capacitor became a negative capacitor which is equivalent to an inductor
with the inductance derived as follows.

L= =—C (8)

We let the undamped natural frequency of PTU be denoted by w, as follows.

1 k 1 9
WH= =
2 \/LZCT RR \/CRCT ( )
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Figure 4. Transformer circuit model for WPT.
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Figure 5. Power transmitting unit (PTU) using class E amplifier.

2.4. GaN HEMT Module

The study employed a D-mode GaN HEMT, which was manufactured at the Compound
Semiconductor Laboratory, National Yang-Ming Chiao-Tung University, Taiwan. This device boasts
a total gate width of 20 mm, offering a current density of 500 mA/mm and an on-resistance of 50
mQ/mm. Notably, it possesses a breakdown voltage of 600 V and a gate threshold voltage of -9V.
The accompanying parasitic capacitances and other pertinent characteristics are comprehensively
outlined in Table 1.

Table 1. The 20 mm D-mode GaN HEMT parameters.

. . VDS
Symbol Description Unit oV 600V
Coss Output capacitance pF 31 17
Ciss Input capacitance pF 46 31
Crss Feedback capacitance pF 23 8
Vin Gate turn on voltage Vv -9
Ves Maximum \Y 10 ~-30
Ros,on On resistance mQ 900
Vsp Breakdown voltage Vv 600
iD,cont. Continuous drain current A 3

To address packaging concerns, the 20 mm D-Mode GaN HEMT is encased in a Transistor
Outline 220 (TO220). While the Dual Flat No-Lead (DFN) package which can effectively minimize
the impact of stray inductance, the TO220 packaging exhibits a better thermal resistance. The
reduction in the width of the GaN HEMT device represents a significant improvement over our
previous version, which had a total gate width of 120 mm and was encapsulated in a TO220 package.
The 20 mm D-mode GaN HEMT presents a six times smaller parasitic capacitance compared to 120
mm version. The utilization of the 20 mm D-mode GaN is particularly advantageous for high-
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frequency operations within the MHz range, rendering it an optimal choice for resonant wireless
power transfer.

2.5. Subharmonic Oscillation

Subharmonic oscillations, whose frequency is a fraction 1/ n (n=2, 3, 4, ...) of that of the applied
force term, may frequently occur in nonlinear systems [18], which were found in both theoretical
results and experiments conducted for an electrical oscillatory circuit containing a saturable iron-core
inductance and a capacitance. The PRU proposed in this paper used the diodes whose current output
is nonlinear with respect to the input voltage across the diodes. The diodes turn on and off in
accordance with not only the voltage but also the current itself in a practical model of the high
frequency, high voltage SiC diode. The nonlinear differential equation can produce the subharmonic
responses whose frequency is a fraction of the input, fixed frequency. The individual terms in the
nonlinear differential equation must include the instantaneous states of voltage and current. In our
experiments, the subharmonic response occurs when the DC supply voltage V,, on the PTU site is
higher than some voltage level when the voltage-gain between the PRU coil and PTU coil is higher
than the conducting threshold voltage of the diodes in the PRU. In this paper, we can only show the
existence of subharmonic responses instead of providing complete theoretical results as the
comparison.

3. PRU Module for Battery Charging

3.1. AC-DC Converter

A AC-DC converter circuit using diode rectifier is shown in Figure 6, which has the advantage
on converting the high voltage AC source into a low voltage DC storage. The diode D; is used to
prevent the negative charging into the capacitor Cp. The diode D, works together with the capacitor
C. is the peak detector circuit. The two diodes turn on alternatively to limit the voltage in the
capacitor Cp, thus the capacitor voltage on Cp is derived for low current as follows.

'VDI,onSUCPSUD2,0n+VCC,min (10)

The charging time of the capacitor €, must be smaller than the period time of the input source
Vs, however the smaller the resistance of Ry is, the larger the resistive loss of the converter is when
the voltage goes to negative cycle. It is in practice that the high frequency diode resistance is 0.2 Ohm,
thus the capacitor voltage v¢p can be increased by the actual voltage across the diodes as follows.

- WDI,on+ID1,maxRDl,on)SUCPSVDZ,on+ID2,muxRD2,on+VCc,min (1 1)

The peak detector capacitor voltage v is a function of charging through the resistor Rz up to
Vs — Vpaon and discharging from the load R,. Assuming the Ry is very small, we then have the
steady state result of the minimum value of capacitor voltage C¢.pin as follows.

-1/(2f,R C.) -1
I-e "7OR FRC.
( V s_UDZ,on)erOROCC (12)

VCc,min=(Vs‘VD2,on) e1/(ZfoRDCC)_e—l/(ZfORRCC) =

The maximum current of diode D; and D, respectively may be obtained as follows.

I _ Vs'VDl,on
D1,max™ R
R

(13)
_ VS'VDZ,on'VCc,min
IDZ,mux_R—
R
Subjected to heavy load R,, the two diodes have the same maximum current, i.e. Ipjmay =

IDz,max'
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Figure 6. The AC-DC Converter circuit.

3.2. Resonant Capacitive Voltage Divider

The input source to the AC-DC converter is a resonant capacitive voltage divider which is
modeled as shown in Figure 7. The capacitor Cy is adjustable to tune the series resonance between
itself and the processing capacitor Cp with the inductor Lg. It is assumed that a very small part of
the inductor Ly acts as the magnetization inductor Ly as a secondary coil of the transformer and
the rest of the inductance Lgy into the leakage inductor. The resonant voltage is typically higher than
hundreds of watts. For achieving the voltage reduction as well as maintain the resonance
phenomenon, the capacitor Cp inserted in series with the resonance capacitor C. in the LC tank
integrates a new total capacitance.

_ C,Cp
" CACp

Cr (14)

The voltage resonance occurs when the resonant frequency of the series LC tank f;. matches
the input frequency f, providing the leakage inductance is much larger than the magnetization
inductance, i.e. Ly = Lpy, as follows.

C

V=—7__
S Cr+CP R

(15)

The voltage resonance occurs when the resonant frequency of the series LC tank f;, matches
the input frequency f, providing the leakage inductance is much larger than the magnetization
inductance, i.e. Ly = Lpy, as follows.

fo

1 1
_fLC_Zﬂ\/LR/RCR NZH\/LRCR

(16)

Adjusting the capacitance of C, which subsequently changes Cr, we can tune the resonant
frequency of the series LC tank with the equation as follows.

ACx Cr

1 3
= 2 - - "
Ay gz CrCRI7Lr aCrAC’ 2f, .G}

AC, (17)

Since the exact f;¢ is unknown when doing the adjustment however the transmitting frequency f,
is known, the following equation may be used in the tuning providing that Cp >> C,.
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A AC,
fie_y,
o G
where (18)
Cp
K —_
f2C,

The above equation is stated as the percentage change of the capacitance is proportional to the
ratio of Cp and C,. To allow a low sensitivity of capacitance adjustment which is preferable to the
fine tune, the capacitance of Cp shall be reduced. But on the other hand, the voltage does into the
load is also increased to a very high voltage which is unfavorable to the heavy load Z, application
that can take too much charge from the resonance LC tank and break the resonance mechanism.

Rg
CI) LT Zr
P
Vr: fo LR,M % ; *
A
=~ G
LR.X
® Y

Figure 7. The capacitive voltage divider circuit.

3.3. Battery Charger Using a Flat-band Band-Pass Filter

The output load of the AC-DC converter is a resonant capacitive voltage divider which is
modeled as shown in Figure 8(a). The battery may be modeled using a resistor Rp representing the
electrodes and interlayer connection loss, a capacitor Cp representing the instantaneous capacitive
behavior for charge storage, and an ideal DC voltage source Vg. The resistor Ry is temperature
dependent, which is typically around 0.1 Q) in room temperature for the Lithium-ion battery. The
capacitor Cp are typically thousands of Faraday each individual Lithium-ion battery. The input
source of the battery charger is a DC voltage source v., superimposed with an AC voltage source
v¢c. For reducing the energy loss of the low-pass filter, aside from a small resistance resistor Rz we
used an inductor to serve as a choke to absorb the voltage difference between the input voltage and
the battery DC voltage V. The governing equation for the current to charge the battery capacitor Cp
of the circuit in Figure 8(a) is formulated as follows.

di
Lg d—f+RBiB+ f ipdt =0, +(Ve-V) (62)

Providing the assumption of steady state when Vp = V.., we derived the Laplace transform
between the AC voltage v, and the output current iz as follows.

IB(S) S

Vec(s) Lps?+Rps+ L
Cp

(63)

For the specific frequency f, of wireless power transfer in the range between 4 to 15 MHz, one
may choose Lp in uH which together with the large capacitance of Cp and the zero at the origin form
a flat-band band-pass filter that has low voltage gain on the high frequency component and has also
low voltage gain on the ultra-low frequency component, i.e. the difference voltage between Vy and
Ve, to prevent the current surge from the battery during the initial charging. The alternative circuit
to expedite the current surge from the battery during the connection of the battery to the circuit is to
add a stabilization capacitor C, along with a diode as shown in Figure 8 (b). We can use a diode to
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protect the reverse current flow from the battery to the inductor Lp or even the high frequency
stabilization capacitor C, on the AC-DC converter. Figure 9 demonstrates the Bode plot for the band-
pass filter with Lg = 2uH, Cp = 10,000F and Rz = 0.1 Ohm.

ip
>— (T
Ly é .
B
*.
() vCC
+ —~ Cs
— Ve +
_.l._ Vp

(a)

Figure 8. The flat-band band-pass filter circuit (a) without stabilization capacitor and (b) with
stabilization capacitor C,.

magnitude

phase

10} i 60}

1073 0.001 0.1 10 1000 10° 1073 0.001 0.1 10 1000 10°

WPT Frequency (rad/s) WPT Frequency (rad/s)

Figure 9. The admittance transfer function of flat-band band-pass filter.

The equivalent impedance of battery charger is derived as follows when assuming that the AC-
DC conversion is at its steady state.

Zp=— (66)

Using the same parameters Ly = 2uH, Cz = 10,000F and Rz = 0.1 Ohm, we calculate the
equivalent loading is a resistance 0.1 Ohm with zero phase in a frequency band between mHz to
10kHz. The resulting equivalent circuit for the resonant WPT subjected to PRU is shown in Figure 10.

R:pll

“ (67)

The above equation shows a negative resistance which may cancel out the resistance Ry from
the PTU and even induce instability of the wireless power transfer. At the steady state of resonance,
the PRU circuit is a negative impedance converter (NIC) which converts the positive resistance into
a negative resistance within the bandwidth between sub-Hz to 30 kHz. For the resonant frequency
component of the input signal, the PRU circuit converts the instantaneous capacitance of the battery
into the inductance L, as indicated in Figure 10. When the absolute value of the negative resistance
of the impedance Z'p is much higher than that of the PTU coil resistance, the LC tank in the PRU
becomes associated with a negative damping which can cause the instability of the circuit response.
Therefore, we will need a closed loop current control to stabilize the circuit in the future.
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Figure 10. The equivalent circuit of resonant WPT for battery charging.

3.4. Magnetic Coupling Coefficient

The coupling coefficient k is a function of distance gap g between the transmitting coil and the
receiving coils used in the WPT. The factor of distance gap can be converted into the g/D ratio to
simplify the actual effect to the coupling coefficient [9], where D denotes the coil diameter. The
example which demonstrate the coupling coefficient decay with respect to different g/D ratio
subjected to D =70cm is shown in Figure 11. It can be seen the coupling coefficient k is 0.1 when the
PRU coil is 35cm away from the PTU coil and the coupling coefficient k dropped into half of 0.1
when the PRU coil is 50cm away. It was also proposed in [9] that the maximum voltage gain G, as
well as the maximum power transfer can be obtained when coupling coefficient k matches the
parallel resonance quality factor Qp. It is then concluded that for the ultimately remote distance we
have to use the zero resistance coils which might be easy to fulfill in the outer space but on the earth.
The loading put in parallel with the LC tank can also affect the parallel resonance quality factor Qp
as well, which causes the degradation of the voltage gain as shown in Figure 12. The battery voltage
Vg attached to the proposed PRU is a kind of loading which may be equivalent to the resistive loading
when the charging current is flowing through the battery. For heavy load, i.e. smaller resistance
equivalently, the voltage gain is smaller and thus a smaller equivalent resistance among the power
transfer could be achieved when the battery is charged with large current. As for the same battery
voltage Vp the equivalent resistance becomes smaller when subjected to larger current. It also implies
that it is preferable to charge a longer battery string with higher voltage in order to reduce the
equivalent resistance. In an EV application, where the battery voltage can be as high as 300V could
be an ideal application for the resonant WPT to transfer high power.

Different applications including the cell phone charging with voltage Vz = 5V under the
charging current is 1A and the EV charging with Vp = 132V under the same charging current is 1A
are used for comparison. Using C, = 200pF and Cp=>5nF , the voltage division is 25 times according
to equation (15). For the case of cell phone battery charging the equivalent resistance is 5Q X 25 =
1254, the voltage gain could be as small as 0.02 when g/D = 0.7. For the case of EV battery charging
the equivalent resistance is 132Q x 25 = 3.3kQ, the voltage gain could be as small as 0.8 for the same
distance g/D = 0.7. It has to be a higher V,, input in order to charge the cell phone than that of the
EV application due to their equivalent loading differences as shown in Figure 12.
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Figure 11. Coupling coefficient vs. distance of power transfer.
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Figure 12. The voltage gain in terms of coupling coefficient for different load resistance Zo when CT
=200 pF and L2 =7uH.

4. Simulation and Experiment

4.1. Simulation

We adopted two simulations one is used to identify the effect of PRU alone and the other is to
identify the PRU function inside of the resonant WPT with class E amplifier. The first simulation is
shown in Figure 13, which applied the circuit parameters as shown in Table 2. Both the battery
capacitor and the stabilization capacitor C, are initialized with the voltage 4V. The instability current
can be observed in Figure 14 that the charging current toward he capacitor ramps up quickly after
100us simulation time. The circuit becomes unstable which goes to Mega-watt charging to the battery
in 300us simulation time. It was due to the PRU AC-DC output capacitance C. (scale 10:1; in gold
color line) is charged with high enough voltage to feed into the PRU stabilization capacitance C, (in
blue color line). The battery charging current (in green line) dramatically rises when the voltage in
C, reaches above the battery voltage plus the diode threshold voltage, which simultaneously brings
up the input current (scale 1000:1; in red line). Both PRU resonant capacitor and the AC voltage
divider capacitance voltages rises up due to the current resonance. Taking a closed examine on the
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phase change of the voltage and current with different color markers on the same circuit as shown in
Figure 15, we zoom into the time duration between 63us to 65us before the power burst was
happening. Compared to the time (phase) basis is on the input 5VAC (in purple line), the voltage v
(scale 1000:1; in green line) on the primary winding varies from a 20° phase lead at 63us to nearly
120° phase lead at 65us. The voltage vy (scale 10°:1; in red line) on the primary winding varies from
a 220° phase lag at 63us to nearly 90° phase lag at 65us. It is also when the voltage v; and the
voltage v; comes into a 90° phase, yielding a resonance condition satisfying equation (5) and (6)
with the voltage gain |G,,,| nearly 1000 times.

Although this simulation is unreal in the wireless power transfer as the voltages cannot be as
high as IMega-volt in real application when most of capacitor endures only thousands of volts, and
also the voltage gain |G, ;| cannot be 1000 for long distance power transfer with low coupling
coefficient k, it is still very valuable to understand the resonance mechanism as well as the proper
function of the PRU circuit from this simulation example. It can be observed from Figure 14 that the
voltage in the capacitor C, is oscillating in a subharmonic frequency around 10kHz. The current
ramp is in a sense of exponential growth form which is known as the instability. The battery voltage
Vg is 4V in the simulation because it takes very long simulation time to reach the instability of the
current when a larger battery voltage is applied. In the experiments we will use high battery voltage
to attain the similar instability current effect.

Table 2. List of Parameters in Simulation 1.

Item Description Unit Value
Ry PTU coil resistance Ohm 0.1
Rpg PRU coil resistance Ohm 0.1
Rg Battery resistance Ohm 0.1
Lg Leakage inductance of WPT transformer uH 5
Ly Magnetization inductance of WPT transformer uH 0.1
Lg Band pass filter inductance uH 2
Diys High voltage, fast recovery diode; SiC STPSC406D
Gy PRU resonance capacitance pF 290
Cp PRU AC voltage divider capacitance nF 5
Cp Battery capacitance F 2000
Ce PRU AC-DC output capacitance uF 1
Ca PRU stabilization capacitance mF 1
k Magnetic Coupling Coefficient 1
Vp Battery voltage Vv 4
RT 0.1 D2 STPSC406D
X2 e 5 1 °
AAA VTV o ‘II>I|7 VA "2 T VA N
\ ‘ H LR 5uH J\sﬁ LB 2u Vi R
v —cp WL RB
VAMPL = 5 =
FREQ = 4M '\) ce N
- STPSC406D
g SIRBCKdss = 5 D3
im =/
~ 2000
1 l CB+VB
RR 0.1 cr 290p J —I[_

i A I - \.

Figure 13. Simulation circuit for understanding the PRU functions.
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Figure 14. Resonance results with a PRU in the WPT application.
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Figure 15. Phase changes during the resonance formation.

The second simulation is based on the class E amplifier instead of an AC voltage source, which
can easily deliver high power with high voltage in high frequency around 4MHz. The class E
amplifier was similar to the boost converter except the output is a LC tank as shown in Figure 16. In
the circuit, all parameters used for PRU are identical to the previous simulation example except for
the resonance capacitance C, is micro adjusted to 392pF for the resonance and also the stabilization
capacitance is omitted from the circuit. The resonance occurs immediately after the circuit is turned
on in the simulation, which does not need a stabilization capacitance to assist. The reason why the
circuit can some into the resonance much faster than that of using the AC voltage source may be due
to the precise matching of the resonant frequency or the class E amplifier is self-adjusting to the
resonance. The corresponding results is shown in Figure 17. The AC-DC output capacitor C, first
oscillates a while before reaching the voltage higher than the battery voltage, i.e. 4V and soon after
the charging current rose up and reaches a 4A level. The charging current carries still some high
frequency ripple same as indicated in the wide-band filter result of equation (20). The input current
comes after the rising charging current. Since the battery voltage is set to 4V, the output power is
calculated as 4A X 4V =16W. There was no negative resistance effect of PRU occurred in previous
example because of the steady state exists for the class E amplifier circuit. Taking a closer look in the
time duration between 122us to 125 us before the charging current ramped up as shown in Figure 18,
we observed that the ZVS is gradually forming from the wave form of transistor vpg (scale 100:1; in
gold line) when it is compared to the v (in red line) turn-off time. It is also observed that the phase
difference between the voltage vy (scale 1000: 1, in green line) of the primary winding and the
voltage vy (scale 100: 1, in green line) of the secondary winding is becoming 90° which matches the
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resonance condition in equation (6). The current I; on inductor L, rises up during the transistor turn
on time and the current phase angle ¢ is around 64° and the corresponding voltage magnification
Vemax/Vpp is also around 3.28 as expected in equation (2) of section 2.1 for the steady state. It shows
that the class E amplifier can work just fine with the proposed PRU module. In this simulation, the
switching frequency is 1000/242 = 4.1MHz and the duty is 120/242 = 49.6%. The voltage gain |G, ,|
calculated from Figure 18 is 120V/500V = 0.24 which is achievable in the real resonant WPT
application with quite a distance between PTU and PRU in the measure of diameter of the PYU coil.

L1 47uH
. CT 350p - . ) . o8B 2
NV'V‘\__”_/VVV\ YV >
\, LT 7uH R SuH 02 \.
RB
VDD == C10 0.1
—100V 5n
ppe— ) 1u
M m =il = S
Vi=0 3 *
V2=5 150p -
PW = 120n — CDS ol D
PER = 242n — CB
RR 01 &
AM—}

Figure 16. Simulation circuit for resonant WPT using class E amplifier.
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Figure 17. Simulation result for resonant WPT using class E amplifier with stable currents, the input
current of the PTU (blue color) and the output current to the battery (purple color).
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Figure 18. Class E amplifier responses for resonant WPT, which shows the formation process of the
resonance.

The control system will become unstable when the resonance with very high voltage gain |G, 1|
can be achieved by adjusting the PRU resonance capacitance. Figure 19 shows the instability response
when the resonance capacitance C, is micro adjusted to 292.1pF. With slight variation of the
resonance capacitance C,, the LC tank changes from the stable circuit become an unstable circuit. An
on-line monitoring of the PRU is therefore needed in practical application, the PTU may be controlled
to avoid the instability. Both simulations above were using the same coupling coefficient k = 1 since
the instability phenomenon will still happen with different coupling coefficients only the simulation
time to reach instability will increase due to smaller value of coupling coefficient k. When we
examine the output wave form (red curve trace) of the charging current flowing into the battery, we
observe the subharmonics f;/n around 100kHz and other lower frequencies.
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Figure 19. The instability current with class E amplifier used in PTU including the input current of
the PTU (blue color) and the output current to the battery (red color).

4.2. Experiment

The experimental layout includes a PTU consisting of a class E amplifier and a transmitter coil,
a PRU consisting of the PRU circuit and a receiving coil, a DC power supply, and a function generator
to control the PTU switch as shown in Figure 20. The back-iron plate is isolated from all devices. The
two coils are placed 50cm away from each other measured from the center of the coils. The PTU
switch integrates three 20mm GaN devices connected in parallel which are all D-mode GaN HEMT
driven by the charge pump gate drive. The resonant capacitor is in series of a ceramic capacitor with
an adjustable capacitor which uses to tune the resonance capacitance to match with the switching
frequency of the PTU switch. Each of the 20mm GaN device is able to conduct 6A DC current. In the


https://doi.org/10.20944/preprints202310.1424.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 October 2023 doi:10.20944/preprints202310.1424.v1

16

class E amplifier, the maximum current flowing on the switch is 2.5 times as the DC current read
from the power supply when the duty cycle of switching is 50%. Therefore, the maximum power
allowed to deliver from the PTU under VDD =90V input is 3 * 6 / 2.5 * 90 = 600W. Considering the
switching loss among the GaN HEMT switches, we have to confine the experiment the maximum
output power from the DC power supply within 350W by setting the maximum current output of the
DC power supply into 3.5A. The battery string we used in the experiments, consists of two 48V
Lithium battery packs and three 12V Lead-acid batteries which are all for different EV application.
The batteries were connected in series, which together shows 132V as terminal voltage. The purpose
of this experiment is demonstrating the EV battery charging with 1A current using the resonant WPT
techniques with the PRU.

<+——50 cm_>§

Back Iron Plate

Battery
bank G |

Function
Generator

Oscilloscope
"2 DC Power Supply £

Figure 20. The experiment layout.

Resonant
Capacitor

Figure 21 shows the oscilloscope screen dump at one instance during the battery charging. The
dark blue color trace shows the Vs of one of the D-mode GaN HEMT switch which is with a
threshold voltage of -7V for turning on the switch, which indicates also the duty of switching is 0.5,
i.e. there is 50% of the time Vs is below -7V. The cyan color trace shows the Vs of one of the D-
mode GaN HEMT switch which is with a maximum Vg as 500V, which is actually as high as 700V
before the current limiting is reached. The green trace shows the battery voltage V3 which is
oscillating between 200V to 80V during the battery charging. The purple trace shows the battery
current Iz flowing through the battery string, which shows the average charging current of 992mA
and no discharging current flowing through the battery even when the battery voltage is below 132V.
From the positive charging current point of view, it may be concluded that the battery voltage
oscillation may be due to the measurement of connection wire between the batteries via the high
frequency magnetic flux. The red color trace shows the calculation done by the oscilloscope
internally, which shows an average of 141.5W going into the battery charging.
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Figure 21. The wave forms of voltages and current from the oscilloscope including PTU Vs (dark
blue color), PTU Vps (cyan color), PRU I (purple color), PRU Vp (green color), calculated
power transfer (red color).

Figure 22 shows the power delivery to load (PDL) starting from the time we turn on the power
supply until the time when the power supply reaches its current limit 3.5A. It took about 21 seconds
for the PTU and PRU to form the perfect resonance. The PDL becomes unstable after 21 seconds,
which ramps up until the current limit of the DC power supply is reached. The instability
phenomenon agreed with both the simulation results as well as the theory of negative impedance
converter via the sub-harmonic oscillation. The subharmonic oscillation had successfully converted
the low frequency current back into the transmitting coil as a current feedback to the closed-loop of
the resonant WPT. Although the detailed physics are still left behind to be explored, the experimental
result matched the simulation results for instability current surge. The current limiting function is
activated at the time of 34 seconds, after that the voltage of the DC power supply dropped and the
power output will still be increasing for several seconds before it dropped down to 60% of the
maximum PDL.
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Figure 22. The historical trend of input and output power from one experiment.

Figure 23 shows the power transfer efficiency (PTE) of the resonant WPT. The PTE grows
simultaneously when the instability current shows, which is showing 50% of efficiency in this
experiment. In other experiments, there is 65% PTE can be delivered with lower battery voltage which
is with lower PDL that extends the time when the current limiting from the DC power supply. The
PTE remained at 50% when the current limiting is reached. The PTE rises simultaneously with the
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PDL rising that is favorable to higher power transfer when more D-mode GaN HEMT transistors can
be connected in parallel in the future.
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Figure 23. The historical trend of power transfer efficiency (PTE) calculation from one experiment.

5. Conclusions

This paper disclosed a specific circuit which is useful to be the power receiving unit (PRU) of the
resonant WPT for acquiring high power from the power transmitting unit (PTU) automatically. The
experiment is showing one ampere charging current is flowing into a 132V battery string with a 150W
power transfer from 50cm away which is useful in the EV charging. The PTU consists of a voltage
divider using the capacitors, an AC-DC converter using a pair of high voltage FRD diodes and a flat-
band band-pass filter for the 4MHz resonant WPT. The capacitive voltage divider has its merit on
separating the output loading from the LC tank for resonance. The PRU performed as a negative
impedance converter uses only the diodes and the capacitors, which uses all passive elements and
needs no power source from the equipment that is attached to the PRU. When the PTU switching
frequency matches the PRU resonance frequency, the phases of the PTU output current as well as
transmitting coil voltage and receiving coil voltage will be self-organizing to deliver a high power in
a negative damping resonance which induces an instability current ramp and produces high power
transfer. This instability current phenomenon is a nonlinear effect due to different harmonics of the
current can yield different impedance features. With the flat-band feature, the PRU is able to present
itself as a negative resistance behavior on the middle frequency band and an inductor behavior in the
high frequency band. The nonlinear behavior in this paper interpreted as the subharmonic
oscillation whose nonlinearity could be due to the nonlinearity of the rectification diodes used in the
PRU. When the high frequency AC source is implemented using the GaN HEMT transistor and class
E circuit, the nonlinear behavior still persisted. It will depend on the constant current control of the
specific DC power supply is used when the current limiting of the DC power supply is reached. In
our experiment, the voltage from the DC power dropped to a voltage without causing the PTE
degeneration however the PDL dropped. The resonant WPT proposed in this paper with the PRU in
its negative impedance converter nature is still an open-loop system, which may be improved with a
closed-loop control when the instability is fully comprehended. We will continue to do research on
the subharmonic oscillation theories to explore the possible control to regulate the PTU output
current for sustaining the WPT in its high PDL when the PRU in this type is used. Furthermore, we
are fabricating many more 20mm D-mode GaN HEMT devices and integrating them together into a
higher current switch for the PTU in the future.
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