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Automatic Resonance Tuning With ON/OFF Soft Switching for Push—Pull
Parallel-Resonant Inverter in Wireless Power Transfer

Shahid Ali Khan

Abstract—This letter proposes the tunable resonant tank and
its control method for push—pull parallel-resonant inverter in
wireless power transfer application. The parallel tuning capaci-
tor is controlled using pulsewidth modulation, and its duty cycle
is determined by the sensing of drain voltage waveshape. Soft
switching is ensured at both the turn-ON and turn-OFF for every
switches in the proposed inverter: zero voltage turn-ON and low
dv/dt turn-OFF. The real-time tuning minimizes the voltage stress
on switches and maximizes the output power, and guarantees soft
switching regardless of detuning of parallel-resonant inverter. The
voltage stress on the tunable element is lower than the stress on
the main inverter part. Moreover, all the MOSFETs are connected
to ground. Hence, the MOSFETs do not experience large resonant
voltage swing across negative and positive levels. These also simplify
the gate driving circuitry. The proposed tuning achieves higher
efficiency than conventional switch-controlled capacitor due to the
elimination of back-to-back two-series MOSFETs. The measurement
verifies that the proposed method achieves maximum 1.96 times
higher output power and 15.86% higher efficiency with the same
voltage stress on switches.

Index Terms—Push—pull parallel resonant inverter, variable
capacitor, wireless power transfer.

1. INTRODUCTION

AXIMUM power transfer with high efficiency is critical
M in wireless power transfer. Among various wireless link
topologies, current source parallel-resonant inverter has short-
circuit protection and better performance under no load condi-
tion due to its current limiting dc-link characteristic [3]. Another
advantages include less components, ease of implementation at
high switching frequency [1], and a simple gate driving circuit
[2]. Moreover, the output voltage is not a square wave but a
sinusoid, which minimizes EMI harmonics.
In practical applications, self-inductance of TX is deviated
from its nominal value due to various reasons. One of the
reasons could be the distance variation between TX and RX
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coils because the metallic and shielding structure in RX affects
the TX inductance. These cause detuning of resonant frequency,
power fluctuations, high-voltage stress on switch, and low effi-
ciency. Many researchers have used self-oscillating topologies
[4]-[7] which automatically change the operating frequency,
and ensure a constant load power and efficiency under distance
variation. However, in many cases, usable frequency range is
specified by government or industrial consortium agencies. For
example, 85 kHz is commonly used for high-power application.
Another example is 6.78 MHz ISM band. In these frequency
bands, the frequency variation is not allowed. Moreover, some
of EMI suppression techniques are tuned to a specified frequency
because they use a tuned resonance circuit [8]-[10]. If the
operating frequency is deviated, then the performance of those
EMI suppression is degraded. In [11], an auxiliary resonant
circuitis added between chopper and resonant inverter to achieve
zero-voltage switching (ZVS). Even if [11] works well, low
sampling delay of digital control can degrade the performance.
n [12]-[13], the array of selectable switches and capacitors are
bulky and costly. Kamineni et al. [14] proposed a mistuning-
tolerant push—pull parallel-resonant inverter. It achieves soft
switching only once among the turn-ON or turn-OFF transitions.
Moreover, it requires additional diode in series with MOSFET
switch. All these characteristics increase loss. Li et al. [15]
proposed a tunable capacitor. Its drawbacks are that the switch
experiences high-voltage stress across negative to positive levels
because the switch is connected to the resonance node directly,
and that the back-to-back MOSFET configuration causes twice
loss.

II. PROBLEMS OF CONVENTIONAL TECHNIQUES
A. Problems of Detuning in Push—Pull Inverter

Fig. 1(a) shows conventional current-fed parallel-resonant
inverter. Fig. 1(b) shows the narrow pulsewidth and high peaking
of V41 due to smaller value of Cx xLrtx. This causes high-
voltage stress on switches and degraded effective output voltage
of inverter, all of which limits the output power of wireless link.
On the other hand, if the Ltx is detuned to high value as in
Fig. 1(c), the ZVS fails for M, and M, thus degrading efficiency.
Therefore, to improve the output power, to reduce the voltage
stress on switches, and to eliminate the ZVS losses, a real-time
tuning is proposed.
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Fig. 1. Conventional push—pull parallel-resonant inverter. (a) Schematic. (b)
When Ltx is detuned to low value. The effective output voltage of inverter is
low, and the voltage stress on M is high. (¢) When Lx is detuned to high value.
The V41 does not drop to zero before gate turns ON, which causes zero-voltage
switching failure.

B. Drawbacks of Conventional Switch-Controlled Capacitor

The MOSFETs in conventional switch-controlled capacitors
(SCCs) should be able to block the bidirectional resonant cur-
rent. This requires two-series back-to-back MOSFETs, which
cause twice loss [15]-[17]. Moreover, these MOSFETS experi-
ence high-voltage stress. The resonant voltage on these SCC
is typically higher than the voltage of main inverter bridge. In
addition, the source pin of MOSFET undergoes large ac voltage
swing, which requires the photocoupled isolated gate driver and
additional isolated power supply dedicated for the photocoupled
gate driver.

Shui et al. [18] proposed another SCC topology. Their SCC
contains both a capacitor and a ferrite-cored ac inductor, which
partly cancel (resonate) out each other within an SCC. Therefore,
the current at the SCC becomes higher than the current at the
main coupling coil. This increases loss at the SCC.

Shi et al. [19] proposed an SCC in a full-bridge form. It
experiences high-voltage stress as illustrated in [19]. Moreover,
four switches are used, resulting in higher cost and loss.

In contrast, the loss in the proposed tuning is less than previous
SCCs. This is because the proposed tuning does not need to block
the bidirectional current, and therefore the two-series back-to-
back configuration is not necessary.

In addition, the MOSFETS in proposed tuning experience less
voltage stress. The voltage stress of proposed tuning is less than
or equal to the voltage of main inverter. Moreover, the proposed
circuit is referenced to ground, and therefore simplifies the gate
driving.

III. PROPOSED TUNING CAPACITOR AND CONTROL METHOD

A. Proposed Switching Operations

Fig. 2(a) shows the proposed tuning inverter and its control
loop. Waveforms of the proposed tuning are presented in Fig. 3.
Fig. 4 shows the current flows. The Cpwmi1 and Cpymo are
the pulsewidth modulation (PWM) switched capacitors. The
allowed region for the rising edge of Vgpwmi 18 notated in the
Vapwmi graph of Fig. 3. This is to guarantee the zero-voltage
turn-ON of M,y 1, as will be discussed in next section. Between
f3 and f3, as the My turns OFF, the I,y starts to flow through
Cpwm1- Even if the Cpym is connected at 71, the I,wm1 does
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Fig. 2. Proposed tuning control for parallel-resonant inverter. (a) When
M pywm1 is ON, LTx resonates both with CTx and Cpwm1- V41 and comparator’s
output Veomp- (b) At perfect resonant condition. (c) When Lrx is detuned to a
lower value. (d) When Ltx is detuned to higher value.
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Fig. 3. Waveforms of the proposed autotuning inverter.

not flow when V; is high. At t3—14, the slope of V4 is slower
because both the Cp,y,m1 and Crx are carrying resonant current.
At 1415, the rate of change of Vy; is rapid because Cpym1 is
OFF. At t5—tg, the Vg1 drops to zero and the diode of Mpym1
conducts. Therefore, the duty cycle of Cpwm1 happens twice a
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Fig. 4. Switching diagram of the proposed PWM tuning for current-fed
resonant inverter. (a) Before #1. (b) 1 —t2. ZVS turning ON of Mpwm1, Which
does not conduct yet. (c) t2—t3, deadtime of Vg1 and Vyo. Ipwm1 and IoTx
start to conduct. Vg1 rises. (d) 13—14. Ipwm1 keeps conducting. ZVS turning ON
of Ms. () t4—t5. Mpwm1 is OFF, IoTx carries all of resonant current of Lrx.
(f) t5—t6. Vsw1 reaches zero, so Mpwm1 (/pwm1) conducts again.

’; 15 Vgl VGpwm] ng

S10

&0

g s

°

Z 0
80

> Vi

g)n ZVS failure le

%s 40 of Mp“ml\

> 20 A
0

—_ I

$ 6 M1

z ‘2‘ L1

50—

o 2 wt
2n)/3 T 3m)/2

Fig. 5. ZVS fails for Mpwm1 if Vapwma1 is turned ON after the falling edge
of Vg1
gl.

period: t3—14 and t5—t¢. By adjusting the 7, timing, the effective
duty of Cpym1 is adjusted.

B. Zero-Vvoltage Turn-oN and Low dv/dt Turn-OFF

To ensure the zero-voltage turn-ON of M 1,1, the rising edge
of Vapwm1 (f1) must be aligned before the falling edge of Vg,
referring to Fig. 3. This is because the V4; and therefore Vgy
are 0 when Vg is high. As shown in Fig. 5, if Vgpwm1 is turned
ON after the falling edge of V1, ZVS fails for M,y 1.

In Fig. 3, the turn-OFF of M1 at 24 is also soft- switching.
The Vg1 does not rise abruptly (low dv/dr) at t,. Therefore,
the Iwm1 and Vg1 do not overlap and the switching loss is
minimized.
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Fig. 6. (a) Equivalent circuit for effective capacitance calculation and wave-

forms. (b) Ceft/Cpwm ratio with respect to duty cycle of Vgpwm-

To guarantee zero-voltage turn-ON for M, the V4 voltage
should drop to zero before the rising edge of V,; as in 7. If the
LC time constant is deviated to be large, it takes longer time for
the V41 to reach O V, and therefore ZVS fails as illustrated in
Fig. 1(c). The proposed feedback loop monitors the waveshape
of V41 and accordingly adjusts the duty cycle of Vapwm(12) to
guarantee ZVS of M and Ms.

At the turn-OFF of M7 (22), the drain voltage V41 does not rise
rapidly (low dv/dt OFF). This minimizes the overlap between
voltage and current, thereby preventing switching losses.

To summarize, all the switches achieve soft switching at both
turn-ON and turn-OFF.

C. Proposed Control

The strategy for maximizing output power and guaranteeing
ZVS is that the V4 voltage should avoid undesired waveforms
such as Fig. 1(b) and (c). Fig. 1(b) has a problem of low output
power and high-voltage stress. On the other hand, Fig. 1(c) fails
ZNS, degrading efficiency. To detect the status of V41, the Vq
is sensed and its width is extracted, which is then inputted to
microcontroller unit (MCU). Fig. 2(c) and (d) depicts that the
extracted width of V45 is narrow for condition shown in Fig. 1(b)
and wide for condition of Fig. 1(c), compared to the perfect
resonant condition shown in Fig. 2(b). The PI loop in MCU
determines the turn-OFF time, #4. Note that the 75 is automatically
set by #4 because of symmetry of Vg, waveform.

IV. ANALYSIS OF DUTY CYCLE AND EFFECTIVE CAPACITANCE

As seen in Fig. 6(a), when Cpypy, is turned ON, the resonant
current divides into Ictx and Ipym. Currents Icrx and Ipym
can be written as

ToClowm
MCos(t),forO <t<TiandTh <t<7

I =
pm 0, otherwise

ey
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Crx+Chwm

o LCrx  cos(t)for0 <t <TiandTh <t <m
CrX = Iy cos(t), otherwise

@

where I is the amplitude of summation of Ictx and Ipwm
which is in cosine form. The fundamental element of /., and
I,y _Fund can be obtained using Fourier series as follows:

2 [Tt IyC,
I = — — P costcostdt
pwm_Fund T Jo CTX + prm
2 [T IoChum

— costcostdt
™ JT2 CTX + prm

1IoCpwm sin 277 —sin 275
= +Ty=Th+m).
™ (CTX+ prm) ( 2 ! °
(3
Similarly, the fundamental element of /cTx is calculated as
TeTx Fund = &
- m (CTX + prm)
in 27 — sin 271-
" <sm L 2sm 5 —|—T1—T2+7r>
Iy [ sin 2Ty — sin 27T}
+— (% -7 +Tz> L@

Referring to Fig. 6(a), Ceg is the effective capacitance of the
duty-controlled Cpyr,. The voltage across Crx and Ceg are the
same with each other because they are at the same Vi, node.
Their voltages are written as

Ierx Tywm
= = Vi 5
](,UCTX ](J,}Cett mv ( )
Substituting (3) and (4) into (5) gives, (6) shown at the bottom
of this page,
Fig. 6(b) shows the effective capacitance ratio of Ce/Cpwm
as a function of duty cycle.

V. MEASUREMENT RESULTS

Fig. 7(a) presents the experimental setup which is comprised
of current-fed push—pull resonant inverter, TX and RX coils,
RX rectifier, sensor board, and TMS320F28335 as MCU. The
detuning of Ltx with respect to TX-to-RX distance is presented
in Fig. 7(b). The coil diameter is 15 cm. The operating frequency
is a fixed 85 kHz which is suitable for small-sized devices.

InFigs. 8 and 9, the “conventional” refers to inverter with fixed
resonant capacitance. Figs. 8(a) and 9(a) show that the effective
output voltage, V41, is small because the V;; does not occupy
the full region where the Vg is zero. V41’s pulsewidth is less
than 70%. At TX-RX distance of 6 cm, conventional system can
output only 132.5 W compared to the proposed system which
outputs 200 W.
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Fig. 7. Experimental setup. (a) TX inverter, RX rectifier, sensor, and MCU
boards. (b) Variation of LTx and coupling k with respect to TX-RX distance.

(b)

Fig. 8. Waveform comparison between conventional and proposed. TX-RX
distance is set to 6 cm (Vg1: 50 V/div, Vg1: 5 V/div, Vampwm1: 5 v/div, and
time: 2.00 s /div). With the same maximum voltage limit on V41, the available
output power is improved. (a) Conventional without tuning. RX power is limited
to 132.5 W due to the narrow inverter voltage of V1. (b) Proposed with tuning.
RX power is improved to 200 W.

Fig. 10 shows the waveform of /cpywy1 Which is similar with
Fig. 3. The operation of Cpwn2 and Cpwi are identical but
has phase difference of 180°. Both Cpwe and Cpwai are
controlled by a single PI controller, and have the same duty
cycle for a specific TX—RX distance.

Dynamic tuning of the proposed system is presented in
Fig. 11. In this setup, the TX-RX distance is abruptly changed
from 8 to 6 cm. The dc component of blue waveform represents
the rms value of V., Which is the sensed waveshape of V.
In response to the rise of rms value of Vi, due to distance
change, the PI controller reduces the duty of Cpyym1 and Cpym2
to maintain a constant Veomp.

Fig. 12(a) presents the improvement in RX received power
at different RX distances. The voltage stress on switch is reg-
ulated to be identical between conventional and proposed for
comparison purpose. At TX-RX distance of 8 cm, the received
power is doubled at proposed inverter. Fig. 12(b) compares the

C'TX Opwm

(sin 2T EsinQTg + Tl o T2 + ﬂ-)

Cop = (Crx+Cpum)
=

(6)

(Crx+Chwm)

Crx (sin?TlgsinQTg 4 T1 _ T2 4 7'() 4 (sin2ngsin2T1 _ Tl + Tg)
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power is limited to 181.02 W. (b) Proposed with tuning. RX power is improved
to 200 W.
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Fig. 11.  Dynamic tuning of the proposed control system (Veomp: 500 mV/div,
Vg1:5 V/div, and Vgpwmi: 5 V/div).

TX-to-RX efficiency between the systems with and without the
proposed tuning. For the conventional case of black square curve
in Fig. 12(b), efficiency drops when TX-RX distance is short
due to the failure of ZVS caused by detuning of Lrx, which
is as illustrated in Fig. 1(c). Fig. 12(c) and (d) shows the loss
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Fig. 12.  RX power and TX-to-RX efficiency comparison between the con-
ventional and the proposed method. (a) RX power with respect to distance. (b)
TX-to-RX efficiency with respect to distance. (c) Loss break down at TX-RX
distance of 4 cm. (d) Loss break down at TX-RX distance of 6 cm.

TABLE I
COMPARISON AT THE SAME 200 W LOAD AND COIL PARAMETERS

Max. MOSFET LOSS FROM NECESSITY OF
WORKS VS(;I];T:SGSE S?/glzngPEIN TUNING ISOLATED GATE
(VDS) RANGE MOSFET SUPPLY

[16] 248V -247-21V 7.TW Yes
[17] 442V -442~48V 5.58W Yes
[18] 419V -420~340V 11.4W Yes
[19] 157V -550~554V 5.08W Yes
This paper 110V oV 4.1W No

breakdown analysis of proposed and conventional. In conven-
tional system, decreasing TX—RX distance causes ZVS failure,
resulting in high switching losses of M;+M5. Table I shows the
comparison between the proposed and the conventional SCC.
The load power, coil parameters, coupling, and semiconductor
devices are kept identical for comparison purpose. Our proposed
method provides the lowest loss and voltage stress at tuning
MOSFET at the same load power and coil parameters.

VI. CONCLUSION

A duty-cycle-controlled tuning capacitor for push—pull
parallel-resonant inverter and its control method are proposed.
This reduces the voltage stress on the switches of inverter and
improves the output power. All the MOSFETS in the main inverter
and in the tuning part achieve soft switching both at turn-ON
and turn-OFF: zero-voltage turn-ON and low dv/dt turn-OFF for
all switches. The MOSFET’s source node is connected to ground,
which simplifies the gate driving circuitry. The voltage stress on
the tuning MOSFET is less than the stress on the main inverter
part. These are another advantages compared to previous tun-
ing topologies which experience high resonance voltage swing
across negative to positive levels.
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