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Abstract

This paper presents a power supply for gate drivers, which uses a magnetic resonance wireless power transfer system. Unlike
other methods where multiple antennas are used to supply power for the gate drivers, the proposed method uses a single antenna in

an insulated receiver to make multiple mutually isolated power supplies. The power transmitted via single antenna is distributed to
multiple power supplies for gate drivers through resonant capacitors connected in parallel that also block DC bias. This approach has
many advantages over other methods, where each gate driver needs to be supplied with power using multiple receiver antennas. The
proposed method will therefore lead to a reduction in production costs and circuit area. Because the proposed circuit uses a high
resonance frequency of 6.78 MHz, it is possible to implement a transmitter and a receiver using a small-sized spiral
printed-circuit-board-type antenna. This paper used a single phase-leg circuit configuration to experimentally verify the performance

characteristics of the proposed method.
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I.  INTRODUCTION

In the phase-leg configuration using power MOSFET
switches, a gate-driver power supply is required to operate the
switches [1]. For the high-side switch, an N-type switch is
widely used because it has better switching characteristics and
smaller on-resistances than a P-type switch; therefore, a
separate floating power supply is necessary. Fig. 1 shows the
conventional single phase-leg configuration that uses a floating
power supply, and the level-shift circuit for operating the
high-side N-type switch. The power supply for the high-side
switches in a low-power application normally uses a bootstrap
method or an improved charge-pump method [2], [3]. However,
in higher voltage and power applications, a galvanic-isolation
technique is used to protect the gate signals and the power
supply from the noise generated during switching. Generally, a
transformer is widely used to provide isolated power supply for
galvanic isolation. This method, however, increases the cost
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and circuit area, as it requires customized coils. To overcome
the disadvantages as shown in Fig. 2, recent studies proposed
designing an isolated power supply using a wireless power
transfer system [4]-[7]. The isolated power supply using the
magnetic resonance method has high Q(Quality factor), which
allows long-distance transmission. Therefore, this approach is
suitable for the galvanic isolation of the power supply. Also, it
can make a transmitter (TX) system using a single antenna,
which in turn can make receiver (Rx) systems in multiple gate
drivers. This approach will indeed reduce the cost and circuit
area, but will face constraints as it will have to use multiple
receiver antennas. Therefore, this paper proposes a new
isolated power supply design with a magnetic resonance
wireless power transfer system to supply isolated power to
multiple gate drivers using a single Tx and Rx antenna.

This paper consists of five sections including the
introduction. In Section II, a mathematical model of the
magnetic resonance wireless power transfer system is proposed.
The proposed system is described in detail in Section III. In
Section IV, the circuit design, the test board manufactured
based on the proposed method, and the measured results are
presented. Finally, in Section V, the conclusions are
summarized.

© 2017 KIPE
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Fig. 1. Conventional phase-leg configuration.
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Fig. 2. Conventional wireless isolated power supply for multiple
gate driver.
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II. MATHEMATICAL MODEL FOR MAGNETIC
RESONANCE WIRELESS POWER TRANSFER

Fig. 3 shows a diagram that describes the principle of
wireless power transfer using magnetic resonance. The power
is transmitted at the resonance frequency of the LC circuits of
the Tx and Rx antennas. Since the transmission frequency of
Tx is fixed, the transmission gain can be controlled by varying
the resonance frequencies of the Tx and Rx antennas [8].

The resonance frequency is defined as follows:
1

Py m (1)
In order to understand the operation of the magnetic
resonance coupled circuit, one should first study the
coupled-circuit model and the reflected impedance concept [9],
[10]. The diagram of a magnetic resonance circuit model is
shown in Fig. 4. C;, C,, and L, represent the L-C resonance
tanks of the Tx and Rx, R; and R, represent the parasitic
resistances in the antennas, and R, represents the load.

fresonance =

To calculate the impedance looking into the input, the load is
shorted, and the reflected impedance is calculated as follow.
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fr = transmitter resonance frequency
fr = receiver resonance frequency
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Fig. 3. Magnetic resonance wireless power transfer model.
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Fig. 4. Magnetic resonance wireless power transfer model.

According to Kirchhoff’s voltage law, the primary side can
be represented as:

. 1
Zl = R1 +]WL1 +M (2)

. 1
ZZ = RZ +]WL2 + E (3)
Zy = jwMy; = jwM,y = jwM “)
Vs =1Lz, —LZy )

and the secondary side as:
0=—-1,Zy+1,Z, 6)
_ hZu

I =" @

The input impedance is then calculated by substituting (7) into
(5) as follows:

v w?Mm?

VA 2
Zg=7=li—j=h—-— ®)
Then, the reflected impedance is:
w2M?
Zreflected =", )

2
Fig. 5 shows a magnetic resonance coupled model that

reflects the mathematical configurations above. It shows that
the current on the secondary side and the reflected voltage
(jwMi;) can be controlled by adjusting the current on the
primary side [11].

Fig. 6 shows the wireless power transfer model and output
voltage for the isolated power supply presented in this paper.
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Fig. 7. Seemingly possible idea for multiple outputs with single
antenna for a phase leg configuration.

The primary side can be described as a Tx system, and the
secondary side can be described as a Rx system. Thus, as
mentioned above, the voltage transmitted to the Rx can be
modeled as current controlled voltage source controlled by the
Tx. It also shows that the maximum output voltage is limited
by Tx system. The maximum output voltage in Rx can be
obtained under no-load conditions. Therefore it is apparent that
the maximum output voltage is equal to the reflected voltage
(jwMiy), since there is no voltage drop in R, L and C due to
zero current conditions in Rx.

Vour = jwMi; (at no load condition) (10)

III. SIMPLE CONFIGURATION METHOD USING A
SINGLE RECEIVING ANTENNA

This paper proposes a method to supply isolated power
supply to multiple gate drivers using only a single Rx antenna
in the wireless power transfer system, by providing an output
path in parallel with the coil (Lg) used in the Rx antenna. Fig. 7
shows one seemingly possible idea to provide multiple output
voltages using one Rx antenna [12], [13]. To maintain the
resonance frequency of the circuit connected in parallel, the
resonance capacitor is selected as follows.

CR — CResoznunce (l 1)
1
fresonance = m (12)

The two output voltage Vgare 1 and Vgare 2 are used as
power supply for the gate driver circuit to drive each N-type
switch in a single phase-leg circuit as shown in Fig. 7.
However, in this case, the highlighted current path is generated
from one power supply to another when the high-side switch
turns on. This condition results in the destruction of low-side
gate drive and switch due to high voltage stress. Therefore,
isolation between each of the power supplies is crucial when
only a single Rx antenna is used for multiple gate drivers.

In this paper, the resonance capacitor in the Rx resonant tank
circuit is distributed to the rectifier at each power supply in
order to block the DC path and minimize the interference from
other power supplies during switching. Fig. 8 shows the
proposed circuit. The value of the distributed capacitor (Cg pys)
required to maintain the resonance frequency of the Rx system
can be calculated as follows.

C
CR_DIS = 2 Res;nance (13)
2C
Cr_pisTotal = XY —Resznance (14)
1
=— 15
fresonance ZH\/W ( )

The capacitor (Cg pis) in the resonant tank blocks the DC
voltage to prevent interference from other power supplies.

In the case of AC voltage, the voltage fluctuations from
other power supplies appear in the form of ripples, the
magnitude of the ripple is determined by the ration of the
capacitor in the resonance tank (Cg pis) to the capacitor in each
power supply (Cyour). When Cg pis is much smaller than Cyour
(Crpis << Cyour), the ripple magnitude is very small.
Therefore, the transient fluctuations in the output voltage
during switching can be analyzed in the same manner as the
AC voltage conditions. In other words, the current generated
by  the fluctuations in the  output  voltage,

CR.DIS x d(Vpc—VGATE 2)
2

the condition Cy p;s K Cyoyr . Therefore, the distributed
capacitor (Cg pis) effectively blocks the interference resulting
from the changes in the output voltages of the different power
supplies; thus, it effectively isolates the power supplies. Since
the required capacitance of Cg pis is only a few hundred pF, a
compact and low-cost system can be designed even for the

, will have a very small magnitude under
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Fig. 9. Design of wireless isolated power supply for multiple gate
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Fig. 10. D651gn of proposed ereless isolated power supply.

high-voltage applications. The price of 560pF ceramic
capacitor with 2.5kV isolation voltage is less than 10 cents in
DIGIKEY which is one of the largest online electronic parts
shop. However, the cost of ceramic capacitor above 3kV
isolation voltage is much higher. In general, the minimum
required isolation voltage of the capacitor Cg pis is 2.5kV under
300V DC link voltage condition for the long-term reliability in
high-voltage applications.

IV. DESIGN AND MEASUREMENT RESULTS
A. Design of Wireless Isolated Power Supply

Fig. 9 shows the test board used to verify the performance
characteristics of a proposed wireless isolated power supply
system. Fig. 9(a) shows the conceptual diagram of PCB board
composed of Tx and Rx. The PCB is composed of 2 layers, and
the bottom side is used as Tx and the top side used as Rx. The
isolated power supply is transmitted from bottom side Tx to top
side Rx. Therefore, it is easy to align Tx and the Rx antenna for
better wireless power transmission. The thickness of the PCB
used in this design is 1.6mm, and the thickness of the copper
foil used as the antenna was designed to be 2 oz. Fig. 9(a)
shows the cross-sectional diagram and top views of the Tx and
Rx antennas. Because wireless power transfer is done using a
high resonance frequency of 6.78 MHz [14], it was possible to
implement antennas of small sizes. The shape of the antenna is
a spiral printed-circuit-board-type inductor and the area of the
antenna is 27.56mm?(W = 32.9mm,L = 23.1mm) Fig.
9(b) and (c) show the photos of the actual Tx board and Rx
board designed on the top and bottom sides of the PCB.

Fig. 10 shows the circuit design for the test boards shown in
Fig. 9. The Rx system consists of an Rx antenna and two
power supplies to make a single phase-leg and provide the
isolated power supply. Furthermore, a full-bridge rectifier is
used to convert the AC voltage to DC voltage.

B. Test Board of Wireless Isolated Power Supply and
Measurement Results

Fig. 11 shows the test circuit of the proposed wireless
isolated power supply system and the test conditions are
described in Table I. The load resistor, Rypap, is assigned a
1kQ resistance value to model the required power for gate
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Fig. 11. Test circuit of proposed wireless isolated power supply
system.
TABLEI
WIRELESS ISOLATED POWER SUPPLY TEST CONDITIONS
Vin 8V
Resonance Frequency 6.78 MHz
LT, LR 1.8 lLH
Cr 1.1 nF
CR DIS 340 pF
Coarte 15 Coate 2 10 uF
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Fig. 12. Waveforms of V| , Vps and Vs at the transmitter.

drive. This means that the isolated power supply can drive
continuous 20mA current or 0.4W power to each gate driver.

The magnitude of Vy is determined by the experiment where
Veate is sufficiently charged up to 20V with 1kQ load resistor.
Therefore, under no-load condition, Vgare is limited 20V by
Zener diode in order to protect power switches from over
voltage condition. Since Vgare is proportional to the magnitude
of V), if the higher power is required in each gate driver the
higher Vy is needed. However, once the gate charge of power
device and its switching frequency is determined, the
maximum gate driver power can be calculated. Therefore, in
real applications, there is no need to adjust V. This is exactly
the same concept as the conventional isolated power supply
using a transformer. However the selection of an input voltage
with a transformer is more flexible because its efficiency is
high and turns of coils can be easily altered.

Fig. 12 shows test results of Class-E amplifier. The red line
represents Vy, the blue line represents Vps, and the green line
represents Vgs. The operating frequency is 6.78MHz and
voltage of Vpg is about 30V. These waveforms demonstrate

(200ns/div)|

Vare 3 (10V/div)  Veare 2 (10V/div)

A A TR A A A A n A A A

(200ns/div)’

Vo 1 (10V/i) Vo3 (10V/)
A 8 s £ 2 o 2 s 44

(b)
Fig. 13. Waveforms of received output voltage at the receiver. (a)
Waveforms of no-load conditions, (b) Waveforms of 1kQ load
conditions.
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L ON signal

Enable (5V/div)
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-

Fig. 14. Waveforms of start-up voltage.

that the class-E Amplifier works properly.

Fig. 13 shows the test results of the wireless isolated power
supply system for two power supplies with no load and 1kQ
load conditions. Fig. 13(a) shows the voltage waveforms
measured at the receiver side in no-load conditions. The
resonance frequency of the received power supply voltage is
6.78 MHz and the output voltage of each power supply is 23V.
In no-load conditions, the peak of antenna voltage is
approximately equal to the output voltage. Fig. 13 (b) shows
the voltage waveforms measured at the receiver side in load
conditions. the output voltage of each power supply is 20V.
These waveforms prove that the magnetic resonance wireless
power transfer system works properly as an isolated power
supply. Fig. 14 shows the start-up voltages of the output
voltage of the power supply at the receiver. The output voltage
of the power supply at the receiver is highly stable and has a
2-ms settling time after applying an enable signal to the
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transmitter. The efficiency of the power transfer system from

Tx side input voltage to Rx side output with load is about 43.7%

under the experimental conditions shown in Table I.

C. Gate Driver Test Board of Phase-Leg Configuration and
Measurement Results

Fig. 15 shows the gate driver test circuit used to verify the
isolation of each power supply when power is supplied to
multiple gate drivers using a single Rx antenna. Fig. 15(a)
shows the test circuit with high-side inductor load, and Fig.
15(b) shows the test circuit with low-side inductor load. The
photo of gate driver test board for a single phase-leg
condifuration is shown in Fig. 15(c). The power MOSFET and
the gate-driver IC used in this circuit design are Infineon
IPB65R660CFD and HCPL-316J, respectively [18] [19]. The
test conditions of gate driver are shown in Table II.

Fig. 16 demonstrares the measured waveforms of Vgare 1
and Veare » of each isolated power supply, with the lpgay and

(Sus/div)
(T S

Vs (100V/div)

ooy ey

Iprain (5A/div)

Veare_1 (20V/div)

Veare 2 (20V/div)

@

Vs (100V/div) (Sus/div)

Ipraiv (5A/div)

Veare 1 (1V/div)
TR TORT AT T AN S I TP A TT YL b Ty
Vears. 2 (1V/div)

PV L e T T g Ml U ety

(b)

200ns/di
Vs (100V7div) (200ns/div)

Ipraiy (5A/div, _"

Veare_1 (1V/div)

o e e e T T T T e

Veare 2 (1V7div)
(©
(200ns/div)
Vs (100V/div)
. Ipraiv (5A/div) i =
Veare_1 (1V/div)
I I R N NS
Veare 2 (1V/div)
(d)

Fig. 16. Gate driver board test with high-side inductive load. (a)
Waveforms of DC voltage. (b) Waveforms of AC ripple voltage.
(c) Waveforms of AC ripple voltage at Vps falling condition. (d)
Waveforms of AC ripple voltage at Vpg rising condition.
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TABLEII

GATE DRIVE TEST CONDITIONS
Vpe 100V

IDRAIN 5 A
tON 20 us
Lioap 2 mH
Vee 15V
VEE 75 V
Reate 10 Q
Cvcer Cvee 10 uF

Vps of low-side switch with a high-side inductive load. Fig.
16(a) shows the voltage waveforms of Vgare 1 and Vgare 2 with
20V/div voltage scale when the output voltage changes. Fig.
16(b) shows the expanded voltage waveforms of Vgare 1 and

Vearte 2 to investigate voltage ripple in detail. Fig. 16(c) and Fig.

16(d) show the ripple voltage waveforms of Vgare 1 and Viare 2
with an expanded time scale to focus on switching transient.
From these test results, it is clear that the voltage ripple on
Vearte 1 OF Veare 21s very small during output voltage transition
under high-side load condition.

Similary, Fig. 17 shows that the measured waveforms of
Veare 1 and Vgare , of each isolated power supply, but this time
with the lpgany and Vpgs of high-side switch with a low-side
inductive load. Fig. 17(a) shows the voltage waveforms of
Veare 1 and Vgare » with 20V/div voltage scale. Fig. 17(b)
shows the expanded voltage waveforms of Vgare 1 and Veare »
to investigate the voltage ripple in detail. Fig. 17(c) and Fig.
17(d) show the ripple voltage waveforms of Vgare 1 and Veare 2
with an expanded time scale to focus on switching transient.
The measured voltage ripple with a low-side inductive load is
about 1V, which is greater in amplitude than that of high-side
inductive load. The voltage ripple difference between two
condition can be explained as follows: The high-side switch
always operates in saturation region while the low-side diode
turns on during output voltage transition. This condition
generates the low-impedance path between high-side and
low-side power supply through gate-source of high-side switch
and low-side diode. This low-impedance path causes a large
voltage ripple during output voltage transition. Similary, under
high-side load condition, the low-side switch operates in
saturation region while the high-side diode turns on. However,
in this case, the impedance path between high-side and
low-side power supply becomes very high because the
low-side switch plays the role of the current source during
voltage transition. Therefore, the ripple voltage under high-side
load condition is much less than that of low-side condition.
From the test results, the maximum peak ripple voltage

generated by d‘;’; s

when Cy p;s = 340 pF and Cyoyr = 10 pF. This is less than
5% of the power supply voltage, 20V. It is apparent that the
ripple voltage can be more effectively reduced if a higher value

during high-side switching operation is 1V

of Cygur is selected. From the test results, the distributed
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Fig. 17. Gate driver board test with low-side inductive load. (a)
Waveforms of DC voltage. (b) Waveforms of AC ripple voltage.
(c) Waveforms of AC ripple voltage at Vps falling condition. (d)
Waveforms of AC ripple voltage at Vpg rising condition.
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TABLE III
PERFORMANCE COMPARISON
. Conventional

This Work Method[4]

Number of Tx ANTSs 1 1

Number of Rx ANTSs 1 6
Coupling Resonance Resonance
Frequency 6.78MHz 2.18MHz

Antenna Size 27.56 mm> 44 mm?
Galvanic Isolation YES YES

capacitors (Cg pis) block any interference from other power
supplies and effectively isolate the power supply to drive the
gate of each switch.

Table III shows the performance comparison between the
conventional method and the proposed method. Unlike the
conventional method, the proposed method uses only a single
Rx antenna. Therefore, it offers a huge advantage in terms of
reducing the cost and circuit area.

V. CONCLUSIONS

This paper describes an isolated power supply with a new
structure, based on the magnetic resonance wireless power
transfer method. The proposed structure is simple and provides
isolated power to multiple gate drivers, using a single Rx
antenna. By using a high resonance frequency of 6.78 MHz, a
spiral PCB-type antenna could be implemented in a small area.
When compared to conventional methods in an isolated power
supply configuration, the proposed method demonstrates
advantages such as reduction in cost and circuit area. The
proposed method was verified by conducting PCB test board
experiments, and it was verified that it could effectively isolate
the power supplies to drive the gates of different switches.
Therefore, this paper is expected to provide advantages in the
implementation of various high voltage and high power
applications.
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