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Abstract-- This paper proposes a design flow and )
implementation method of a high-frequency and high-power Hl] S

inverter for wireless power transfer(WPT) systems. This
design flow is revealed to achieve zero-voltage-switching
(ZVS) operation and lower the thermal resistance for 3-kW
continuous operation in 6.78 MHz. The printed circuit
board(PCB) and a dead time design are theoretically
described to achieve ZVS operation. In addition, the
performance of a heat dissipation structure for a surface-
mounted device(SMD) is evaluated by comparison of three
types of heat dissipation structures to reduce the thermal
resistance effectively. As a result, the continuous operation of
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the inverter is demonstrated with a 3.3 kW prototype at 6.78- «
MHz in experimental. i
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I. INTRODUCTION T T R
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Recently, battery chargers have been installed widely
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for Electric Vehicles (EVs). Notably, WPT systems for e
battery chargers have been actively studied for safety and
convenience [1-2]. So far, the WPT system for the EV

charger is normalized to 85 kHz. Although, the weight of

the transfer coil becomes heavy at 85 kHz. Thus, the WPT

system with megahertz, which is 6.78-13.56 MHz as an
industrial scientific and medical(ISM) band, has been
actively studied [3—6] to reduce the weight and volume of T
the system. In order to achieve the megahertz switching, a B

14
GaN device is usually employed in the circuit for the WPT o
system [7-8]. —[

T

However, the design and implementation of the circuit,
which employs a GaN device with megahertz operation,
require much knowledge and know-how about the design
of high-frequency circuits. Thus, the design and
implementation are complex and unclear to achieve the
kilo-watts output with megahertz operation.

This paper proposes the design flow and v
implementation method of the inverter circuit, which has a
kilo-watt output in the megahertz range. This design flow }
conducts the optimization drive condition of the GaN T T Coe T A
device with the zero-voltage switching (ZVS) and the — | =
safety junction temperature in the megahertz operation. \ R
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Finally, the wvalidity of design flow and circuit
implementation is demonstrated by experiment using a
3.3-kW prototype.

II. CURRENT PATH AND WIDTH DESIGN (b) Dead time with negative current.
A Current path on PCB Fig. 1. Current flow of full-bridge inverter.

Figure 1 shows the current path of the full bridge



inverter for a WPT system. The output side of the inverter
is connected to the RLC resonant circuit as the WPT
system. Figure 2 shows the ideal switching pattern of
devices, drain-source voltage, and output current. The
phase delay of the output current is required to achieve the
ZVS operation of each device.

The charging and discharging current of the output
capacitance of devices flows between both legs during the
dead time. Thus, the DC-link should be implemented to
decrease the loop area, which consists of both legs and the
DC-link wiring on the PCB, because the loop inductance
affects output voltage and current.

B. Pattern width of Current path

A skin-effect should be considered when designing the
pattern width on PCB because the parasitic resistance of
wiring increases, especially in the megahertz band. The
skin depth Jis expressed as

urf

5= |-~ (1),

where p is the electric resistivity, x is the magnetic
permeability, and f'is the frequency. Then, the skin depth
Jis approximately 24 um under the following conditions:
the frequency f'is 6.78 MHz, the electric resistivity of
the copper p is 16-nQ-m, the magnetic permeability of the
copper is 4nx10~7 H/m, which is the same as the magnetic
permeability in a vacuum.

The minimum wiring width considered the skin depth
is determined as
Spuem + 407 ) =4,

pattern (2) >

1
w= 5( pattern
where w is the minimum wiring width on the current path,
Spattern 1S the minimum cross-sectional area required to flow
the maximum current of the wiring on the PCB, and dpattern
is the thickness of the PCB pattern. Then, the minimum
wiring width w is 11.2 mm under the following conditions:
the minimum cross-sectional area Spatern is 0.53-mm?, and
the thickness dpatiern is 70 pum.

III. ZVS OPERATION OF DEVICES

The importance of ZVS operation is very high in
achieving a continuous operation with over a few kilowatts
output in the megahertz band. Then, the output current of
the inverter is expressed as

i(t) = I sin(at + ¢) 3),
where Ipeax is the amplitude of the output current and ¢ is
the phase of the output current. Then, the charge amount
at the output capacitance of each device during the dead
time is expressed as
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Fig. 2. Current flow and ZVS operation.
Table 1. Simulation parameters.
Main circuit
DC link voltage Ve 300V
Switching frequency fs 6.78 MHz
Parasitic capasitance
130 pF
at drain-source of GaN-FET Cas P
Load
Resonant inductance L, 6.0 uH
Resonant capacitance C, 100 pF
1 r% V
== | i(t)dt =—=2L—sin(g)sin(wt 4),
0 244() g Sn@sinar,) )

where Vpc is the DC-link voltage, Z;. is the impedance of
the RLC resonant load, and ¢4 is the dead time. Then, the
minimum value of dead time to achieve ZVS operation is
expressed as

_i a1 ﬂ-szLQoss
t, =—sin (VD sin(¢)] (5).

The validity of (5) is checked by simulation. Table 1
shows the simulation parameters. An additional capacitor
Cys is connected in parallel to the ideal switch as the
parasitic capacitance.

Figure 3 shows the simulation result of the ZVS
operation based on the (5). The ZVS operation is achieved
when the dead time value satisfies the minimum value
calculated by (5). Thus, the equation of minimum dead
time value (5) is valid for achieving the ZVS operation.
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Fig. 3. Simulation result of ZVS operation.

IV. THERMAL DESIGN OF DEVICES

An optimum thermal design of devices is also essential
to continuously achieve a high-frequency and kilo-watt
operation because the thermal pad of the GaN device is
tiny. Figure 4 shows the thermal resistance circuit of
devices. Then, the Rnpcs) is the thermal resistance at the
PCB, and the Rty is the thermal resistance of the
thermal interface material. Then, the total thermal
resistance is expressed as

kT T

(th(PCB) + th(TIM) + th(Hcatsink)) =— J;;ax - = Rth(jfc) (6)7

Loss

where T, is the ambient temperature, Timax is the absolute
maximum value of the junction temperature, k; is the
temperature margin coefficient, and Pposs is the loss value
of each device.

The effective implementation of the thermal resistance
is investigated by comparing three cases of the thermal
configuration. Figure 5 shows the side view of each
thermal configuration. Then, the thermal resistance of
PCB and TIM are expressed as

dTIM(a)
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Fig. 4. Equivalent thermal resistance.
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Fig 5. Thermal structure on PCB.

Table 2. Parameters of thermal components.

Thermal conductivity of copper k cu 393 W/(m-K)
Thermal conductivity of solder k solder | 57.3 W/(m-K)
Thermal conductivity of air kair 10.026 W/(m-K)
Diameter of thermal via 1) 0.3 mm
Thickness of the via dptH 15 um
Thickness of the PCB d 1.6 mm
Number of via Nia 45
Thickness of cupper block dcy 1.5 mm
Width of cupper block W Cu 3.0 mm
Length of cupper block lcu 10 mm
Thermal conductivity of TIM k im 3.5 W/(m-K)
Thickness of TIM (a) d TiMm(a) 0.7 mm
Thickness of TIM (b & ¢) d TiM(bc) 0.6 mm
Width of TIM (a) W TIM(a) 5.0 mm
Width of TIM (b & ¢) W TIM(byc) 25 mm
Length of TIM (a) I Timca) 10 mm
Length of TIM (b & ¢) I TiM(b.c) 25 mm
Thickness of heat-spreader d goreader 2.0 mm
Width of heat-spreader W spreader 25 mm
Length of heat-spreader ! spreader 25 mm
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Ao
th_c¢(PCB&TIM)
- : kCu (WCu X lCu )

spread
Sspreader +
kCu (Wsprcadcr X lsprcadcr) kTIM (WTIM(b,c) x lTlM(b,c) )

where d is the thickness, w is the width, / is the length, k is
the thermal conductivity of each material, and @i, is the
thermal resistance of the thermal via. Table 2 shows each
parameter of thermal components. The thermal resistance
@, 1s calculated by [9].

Figure 6 (a) shows the PCB board, which is used in
thermal measurement, and (b) shows the measurement
configuration of the thermal resistance. The PCB board has
a footprint of a GaN-device PGA26E07BA(600V, 26A,
150°C: Panasonic) and each thermal structure. A heater is
applied on the top side of the PCB to get a thermal flow.
Then, the thermal resistance is calculated by the thermal
flow and the temperature difference.

Figure 7 shows the design and measurement value of

the thermal resistance. Then, the filled material in the
thermal via directly affects thermal resistance. In the case
of the thermal via filled-in solder, the thermal resistance
differs by about 24% compared to the case of the air.
In the thermal design, case (c) achieves a 95% decrease in
thermal resistance compared to case (a). In the
measurement, case (c) also achieves a 92% decrease in
thermal resistance.

d

TIM(b,¢)

+

V. EXPERIMENTAL VERIFICATION

Figure 8 shows the prototype circuit for 6.78 MHz
operation. The design of the current path and the thermal
implementation are applied to the prototype inverter. The
PGA26E07BA is employed as the GaN device.

Table 3 shows the experimental condition. The DC-link
voltage in the experiment is 350 V. Then, the output charge
of the GaN FET Q. is 42 nC from the datasheet. The
minimum deadtime ¢4 based on the (5) is 6.6 ns.

Thermal condition is the same as the thermal
measurement. The copper block and the heat spreader are
used in each device as the thermal structure Fig.5 (c). The
force air cooling is applied to the heatsink.

Figure 9 shows the experimental waveform of the
prototype circuit. The input power of the DC-side is 3.4-
kW, and the calculated output power based on the
measurement waveform is 3.3 kW. Thus, the circuit
efficiency achieves 96%.

The ZVS 1is achieved of devices. However, the
minimum dead time value to achieve the ZVS operation is
larger than the calculation about three times in the
experiment. One of the main causes is the parasitic
capacitor between each device and the heat spreader. The
required current to achieve ZVS operation increases when
the parasitic capacitor becomes large because a part of the
load current charges and discharges to the parasitic
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Fig. 6. Thermal resistance measurement.
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Fig. 8. Prototype circuit operated in 6.78 MHz.

Table 3. Experimental condition.

Main circuit

DC link voltage Vbe 325V

Switching frequency fs 6.78 MHz

Output charge of GaN-FET 0O oss 42 nC
Load

Resonant inductance L, 5.8 uH

Resonant capacitance C, 100 pF

Load resistance R 16.7 Q




capacitor.

Figure 10 shows the temperature on the package of the
GaN device for one hour with continuous operation at 6.78
MHz. The package temperature saturates approximately
87°C. The temperature result indicates that the continuous
operation of the prototype is stable and safe at 6.78 MHz
without a water cooling system.

VI. CONCLUSION

This paper mentioned a design flow and
implementation to achieve a continuous operation with a
3-kW class output in a 6.78 MHz band for a WPT system.

The current path and the skin effect should be
considered in PCB design to reduce the influence of the
parasitic components and the conduction loss. The skin
depth determines the minimum width of the current path.
The skin depth is approximately 24 pum in the case of the
6.78 MHz. Then, the minimum width was 11.2 mm for this
consideration.

Moreover, the dead time design of the devices is
necessary to achieve the ZVS operation. The minimum
dead time to achieve the ZVS is derived from the device’s
output charges and load condition. The validity of the dead
time equation was checked by the simulation. The required
dead time is 6.6 ns in the experimental condition.

Furthermore, an optimization of the thermal design for
the PCB is also needed to reduce the thermal resistance
because the thermal pad on the GaN device is very tiny.
The thermal resistance of the TIM decreased with a heat-
spreader. The thermal resistance of the PCB decreased by
a copper block instead of the thermal via array. The heat-
spreader and copper block decreased the thermal
resistance between the device package and the heatsink by
over 90%.

Finally, the prototype circuit based on the design flow
and implementation achieved 3.3 kW continuous
operation at 6.78 MHz without water cooling.
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