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Abstract—This paper presents the design and implementation
of a high frequency resonant converter based on the Class ®;
inverter for inductive power transfer. MHz frequency operation
can allow for higher power density than conventional switching
frequencies. The converter is based on the Class ®, inverter,
reducing the voltage stress across the switch compared to other
resonant topologies. In order to increase power while reducing
input current ripple, a push-pull Class ®; inverter was imple-
mented to drive resonant coils for wireless power transfer (WPT).
Specially, we demonstrated 219 W, 160 V push-pull inverter at
13.56 MHz. This paper provides experimental and simulated
results of the WPT system investigated.

I. INTRODUCTION

Wireless power transfer (WPT) has attracted recent atten-
tion as a power deliver method for numerous mobile, medical
applications, and electric vehicle charging systems [1]-[3].
More specifically, WPT through inductive resonant coupling
has been analyzed and demonstrated as a method of delivering
power to a load with relatively high efficiency [4], [5]. Various
frequency ranges can be used for WPT. However, this paper
implements a 13.56 MHz frequency WPT system in order to
study the trade-offs in design, size and feasibility of WPT
at high frequencies. Operating at frequencies above 10 MHz
allows for a significant reduction in the values of passive
energy storage components [6]. This reduction allows for all
magnetic components in our design to be implemented without
using ferro-magnetic cores.

The WPT system presented herein consists of class @9
power amplifier driving a tuned set of transmitting and receiv-
ing coils. We use resonant power amplifier because it enables
operation at switching frequencies above 10 Mhz. Moreover, a
®, inverter allows for a higher input voltages for a given switch
rating. The ®- inverter operates at reduced device voltage
stresses compared to other commonly used single-switch high
frequency resonant topologies.

The design presented herein is a push-pull version of the
®, inverter [7] which allows for an increase in the output
power delivered to the load while exhibiting other promising
attributes such as lower input current ripple. Each side of the
push-pull inverter operates from a single input voltage source
and shares a common ground, which reduces the complexity
of the gate drive. A push-pull implementation can potentially
lead to consolidation of passive components which promises
increased power density over a single inverter design.

In this paper, a push-pull class @5 inverter for inductive
wireless power transfer at 13.56 MHz is designed and evalu-
ated. Section II provides details regarding the configuration
of a single inverter, the transmitter and receiver coils, and
push-pull version of the inverter. Section III presents details
regarding the simulation and experimental results of a single
inverter and the push-pull inverter with coils. Section IV
concludes the paper.

II. CIRCUIT CONFIGURATION
A. Class ®y inverter

The Class E inverter [8] of Fig. 1 is a well known resonant
topology capable of operating at frequencies reaching into the
10s of MHz. This topology provides zero voltage switching
(ZVS) and has a single ground-referenced active switch (Q1).
While the class E topology has many merits as an rf inverter,
it achieves ZVS but imposes a large voltage stress across the
active switch. The peak switch voltage can reach in excess of
3.6 times the input voltage. Moreover, this circuit is normally
designed with a relatively large input inductance (L poke in
Figure 1), but designs with smaller inductance values are
possible [9]. This input “choke” tends to slow the transient
response of the system.
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Fig. 1: Class E inverter. Peak drain voltage reaches > 3.6 X Vjn. This
topology is widely used in rf and high frequency applications.

A topology that overcomes many of the shortfalls of the
class E is the class ®» inverter of [10]. This circuit topology
is shown in Fig. 2. It has an additional circuit branch formed
by Larr and Cpsr in parallel with the active switch. These
components are tuned to provide a low impedance at the 2"¢
of the switching frequency. Following the procedure outlined
in [10], the drain impedance under biased conditions is tuned
to produce a waveform with a substantial reduction in peak
voltages compared with the class E of Fig. 1. The resulting
trapezoidal voltage waveform at the drain has a peak of
approximately twice the input voltage. This allows the use
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of a MOSFET with lower voltage rating and hence better
conduction, and switching characteristics for a given input
voltage. Moreover, as described in [10], the interaction of Ly
and Cp with the remaining resonant components of the circuit
and the load make the impedance at fundamental and third
harmonics to attain the values that make the MOSFET voltage
approximate a trapezoid. It is important to notice that in the
P, of Fig. 2, the inductance L place an active role in shaping
the drain voltage, and has a significantly smaller value than in
most class E designs. Smaller input inductance value results in
a faster transient response but at the expense of a significantly
larger input current ripple. Evidently, the larger input current
ripple of a ®, design is not an issue when two converters are
operated in push-pull due to the current interleaving effect.
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Fig. 2: Class @2 inverter. Peak drain voltage is reduced to ~ 2 X Vjy,

B. Resonant coupling

Figure 3 shows the model of the coupled coils connected
to the capacitors used to resonate the magnetizing and leak-
age inductance of the structure. Specifically, in this figure
Ljs represents the magnetizing inductance of the cantilever
model [11], while L; is the leakage. Here, n models the the
effective turn ratio. We used the cantilever transformer model
throughout our design because it allows us to easily incorporate
part or the totality of the leakage and magnetizing inductance
into the design of the ®, inverter. In this model, when the
distance and/or position between the transmitter and receiver
coils varies, L; and n change simultaneously, and this change
can be substantial. The variation in the parameter of the model
depends, among other things, on the number of turns of each
coil, its diameter etc. Moreover, due to the limited number of
low-loss magnetic materials able to operate in this frequency
range, our design does not use sheets of magnetic material
behind the transmitter and receiver coils used to steer the
magnetic flux and improve coupling.

If the number of turns on the primary coil is less than
the secondary coil, the effective ratio increases with distance.
This effective ratio is a significant factor when designing the
inverter. Therefore, if the distance changes significantly, the
inverter performance is adversely affected. In highly resonant
converters active re-tuning may be difficult or impractical.
Frequency variation can help mitigate de-tuning due to coil
parameter variation, but the benefits of this approach is limited
as the frequency range in which the Class ®5 inverter operates
efficiently is narrow.

C. Push-pull inverter with resonant coil

In this paper a push-pull class ®- inverter was designed to
deliver 175 W to a 50 Q load, when V;n = 180V. Figure 5
shows a schematic of the ®5 push-pull inverter formed by
combining two single ended inverters [12]. This configuration
leverages the tuning efforts of one converter, and applies it in
a way that increases output power and power density with a
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Fig. 3: Model of transmitting and receiving coil. Lps and Lgr presents
magnetizing inductance and leakage inductance. n is the the effective turns
ratio between the two coils. L; and n is changed according to the variation of
distance between coils. Cj; and C; are selected to be resonant at 13.56 MHz.
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Fig. 4: Variation of leakage inductance Lj; and effective ratio n with coil
separation. In our coils, the self-inductance of transmitter coil is L1=0.403 uH,
while the self-inductance of receiver coil is L2=16.3 pH. As coil separation
increases, Ly increases rapidly. So does, n, the effective turns ration of the
structure.

modest increase in complexity. Moreover, as described in [7]
several components can be consolidated to improve power
density. The gates for each MOSFET in the push-pull inverter
are driven with out-of-phase signals to operate in alternation.
In Fig. 6, coils are placed between the inverter and load to
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Fig. 5: Push-pull class @7 inverter. A single inverter is tuned first for the load
and another inverter is duplicated. MOSFET gate signals are phase shifted
180° to operate inverters alternatively.

form an air core transformer central to the WPT effort. The
high @ resonance of the circuit containing the coils results in
an ac output with low harmonic content.

III. EXPERIMENTAL VERIFICATION

The WPT system implemented here was designed to deliver
250 W of power through a 4 cm air-gap with a switching
frequency of 13.56 MHz frequency. The design was simulated
and implemented experimentally to verify the feasibility of this
approach.
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Fig. 6: Push-pull class ®2 with receiving and transmitting coil. The primary
coil is connected to the output of the inverter. The load is attached to the
secondary coil. The impedance seen by inverter should be resistive to transfer
maximum power. The load coils form a transformer that also provides isolation
between the inverter and load.

A. Single ended ®+ Inverter

We started by designing and simulating a single ended ®o
WPT circuit in LTspice. Our simulation incorporated relevant
parasitic parameters extracted by measurement on the PCB
used during the implementation. Moreover, our library models
pay careful attention to model the non-linear C,,, and Cyq as
function of the applied drain voltage.

Figure 7 shows the simulated vy (¢) and vjoq4(t) of a single
ended @, inverter of Fig. 2.
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Fig. 7: Simulated drain voltage for a single inverter. Here fs = 13.56 MHz,
Vin = 180 V and Ry, = 50 Q. Here Lr =390 nH, Ljpsr =300 nH,
Cyr = 114 pE, Lg =900 nH and Cs =1 nF.

The simulation and implementation of the class ®» inverter
driving a 50 2 resistive load was designed for use with a
500 V Microsemi ARF475FL. This MOSFET comes in a dual
rf package with low package inductance. In the preliminary
single ended implementation of the ®, inverter only one side of
ARF475FL was utilized. We proceeded to implement and test
the complementary single ended inverter that would eventually
form a push-pull. We made sure both single ended converters
performed at comparable output power levels and present
similar v4s(t) waveforms. Figure 8 shows the measured v
and vjoad(t) when Vyn = 180 V. In this operating condition,
the maximum vg,(t) is ~ 360 V. Notice the good agreement
between experiment and simulation.

B. WPT with single ended ®2 driving stage.

Figure 9 shows the two coils used for the WPT described
here. The 2 turn transmitter coil has a inductance of 748 nH
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Fig. 8: Measured drain and output voltage of the inverter under WPT
operation. Here V;,, = 180 V and Ry, = 50 €2, Ly g=300 nH, L =390 nH,
Ls=900 nH, Cpsr=114 pF, C,=185 pF, Cs=1 nF, L1=748 nH, Ly = 3.1 pH,
Cpr=184 pF, C;=44 pF.
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Fig. 9: Transmitting and receiving coil implementation. Here L;=748 nH,
Lo=3.1 uH, Cps =185 pE, C;=44 pF and R=10 Q.

while the 5 turn receiver has a self inductance of 3 pH. Ljy,
L; and n, the parameters of the cantilever model are obtained
from open and short impedance measurements as described
in [11]. Lps is 0.748 pH and L; is 14.75 pyH. These values
are used to determine the value of capacitances Cj; and C;
that resonate Lj; and Lg at the switching frequency. For these
values, the inductances of the cantilever model resonate at f; =
13.56 MHz with Cj; = 185 pF and C; = 44 pF connected to
each coil as shown in Fig. 3. C;; was connected to the primary
coil in parallel to resonate the The effective turn ratio of the
coil arrangement is n =2.24 when the separation of the coils
is 4 cm. A 10 €2 load resistor is connected to the receiver coil.
This way, when properly tuned, the equivalent resistance at the
fundamental seen at input of the transmitter coil is =~ 50 €.

The output power and efficiency as function of input
voltage is depicted in Fig. 10. Increasing input voltage leads
to higher power and efficiency. Also, the variation of power
and efficiency with coil separation are plotted in Fig. 11.

The transmitter and receiver coils were tuned at a 4 cm
distance. Therefore, this is the point in the figure of peak output
power and efficiency.

C. WPT with a ®5 Push-pull converter.

Figure 12 shows the assembled PCB of the push-pull
&, inverters described here. Table I list the values of the



TABLE I: Components values. Here L1 is the self inductance of the
transmitter coil while Lo is the self inductance of the receiver.
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Fig. 10: Measured power and efficiency vs. V. Airgap is 4 cm. Efficiency
varies slightly between 68 % and 71 % in the 150 V' < V;n < 180 V range.
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Fig. 11: Measured power and efficiency vs. distance. Here, V;,, = 170 V,
fs = 13.56 MHz. As coil separation increases, power delivery decreases.
Efficiency is maximum at 4 cm, the nominal coil separation.

components of the @, inverters that form our push-pull design.

Fig. 12: Photograph of assemblgd PCB with all components of the ®o push-
pull inverter. Note the gate drive tri-filar transformer next to the MOSFET.

The PCB was laid out paying close attention to symmetry
to ensure parasitics of the two single ended converters were
the same. Out-phased gate signals, were obtained by using
a tri-filar wound air-core transformer (shown on the right of
Fig. 12). Applying the output of a rf power amplifier to one
of the windings, we obtained two equal isolated gating signal,
that can be connected to drive the gates of the two MOSFETs

Parameter ~ Value Units
Ly 390 nH
L MR 300 nH
Ls 900 nH
CM R 114 pF
Cp 185 pF
Cs 1 nF
Ly 748 nH
Lo 3.1 pH
Cnmr 184 pF
C; 44 pF

MOSFET ARF475FL

with the appropriate phase difference. Figure 14 shows the
experimental measurement of the two drain voltages. Notice
that they have similar shape but are shifted by 180°. The single
ended ¥, inverters were designed for a 50 ) load. When
connecting two out-of-phase inverters in a push-pull, the load
can be connected differentially between the output rails of the
inverters. To keep the respective drain impedance of each stage
unchanged the load impedance of the push-pull configuration
must double. Based on the effective turn ratio of our trans-
mitting and receiving coils, a 20 2 resistance connected to
the receiving end will have an equivalent impedance of 100 2
at the output of the push-pull. Figure 15 shows the output
voltage waveform across the 20 €2 load of the push-pull when
Vin = 160 V. The output power under this operating condition
was 219 W with an efficiency of 71 %. The output power was
measured under varying voltage and distance as depicted in
Fig. 16 and 17. For push-pull inverter, the coil was tuned for
a separation of 2.5 cm.

Future work will include improvements in the layout and
reduce the inductance between the outputs of the two single-
ended stages and the transmitter coil. We also plan to study
the effect of low-loss, low-permeability materials to steer the
magnetic flux and improve coupling between the coils and
increase their separation.

Fig. 13: Set up used to measure converter performance. An rf PA is used
to provide power to the respective gates via the tri-filar transformer. During
testing, the converter and coils were placed at enough distance from metallic
structures that could affect coupling.

IV. CONCLUSION

This paper presents the design and implementation of a
wireless power transfer system based on the class ®5 inverter.
High frequency operation provides high power density by



400

350
300
250

200 \
I
\

150 1

Voltage(V)

100

I
! ! /
’( \ !! \ ’f |
SZ A/ A/ ﬂv Wi

yv v | BA1iAd

-50

-100

80 159 237
Time(ns}
Fig. 14: Measured drain voltage of push-pull inverter under WPT operation.
Here Viny = 160 V and Ry, = 20 €, fs = 13.56 MHz, Lp=390 nH,
Larr=300 nH, Ls=900 nH, Cps r=114 pF, C,=185 pF, Cs=1 nF, L1=748 nH,
Ly = 3.1 pH, Cpr=184 pF, C;=44 pF. The two drain voltage have same
waveform.
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Fig. 15: Measured output voltage of push-pull inverter under WPT operation.
Here Viy = 160 V and R;, = 20 Q, Lp;r=300 nH, Ls=900 nH,
Carr=114 pF, Cp=185 pF, Cs=185 pF, L1=748 nH, Lo = 3.1 pH,
Car=184 pF, Cp,=44 pE. Power is 219 W with 71 % efficiency.

reducing passive component size. The power amplifier for
WTP is implemented based on class ®, inverter in order
to achieve low voltage stress and fast transient response. To
enhance the concept of class ®5 inverter, a push-pull inverter
was designed to deliver more power to the load with little
additional tuning effort. A 219 W 160 V @4 push-pull inverter
switching at 13.56 MHz was implemented and experimentally
tested. The efficiency is about 71 %. Efficiency increases are
expected through the development of different gating methods
and improved coil modeling and design.
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Fig. 16: Measured output voltage in the push-pull inverter. Here, coil sepa-
ration is 2.5 cm. Power delivery increases with input voltage. The efficiency
varies slightly within this input voltage range.
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separation. Here V;,, = 160 V and Ry, = 20 €.
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