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Abstract— The resonant inductive coupling wireless power
transfer technique (RIC-WPT) is emerging as a promising
wireless power transfer method for small mobile devices with
comparatively high-power transfer capability and good
efficiency. However, the performance of the RIC-WPT system
is severely deteriorated by the resonant frequency detuning of
the transmitter, repeater, and receiver resonators, which can be
naturally caused by the manufacturing tolerance and the aging
effect of these resonators. Particularly, the detuning of the
repeater resonator tends to severely affect the performance due
to its high-quality factor, which should be solved for practical
application of RIC-WPT technology. This paper addresses this
difficulty by proposing an autonomous resonant frequency
tuning controller circuit for the repeater resonator. The
controller tunes the resonant frequency of the repeater
resonator to the operating frequency of the inverter, driving the
transmitter, without an external power supply and wireless
communication with the inverter controller, which restricts the
freedom of the installation location and therefore preferably be
avoided in the wireless power transfer system. The operating
principles of the proposed controller were confirmed by the
circuit simulator, supporting the feasibility of the proposed
controller.

Keywords— Control circuit, Frequency Synchronization, Hill
climbing method, Resonant frequency, Wireless power transfer

I. INTRODUCTION

The recent progress of the Internet-of-Thing technology is
giving rise to the small mobile information devices for
industrial, medical, and consumer use. For example, the active
radio frequency identification tags (RFID tags) [1][2] and
smart sensors [3][4] are increasingly utilized in manufacturing
factories and warehouses. The cutting-edge medical
examination often involves capsule endoscopy [5][6]; the
biomedical implants [7][8] are appearing as a useful tool for
medical treatment. In our daily life, smartphones and tablet
devices are becoming indispensable for personal
communication and entertainment. However, the near-future
widespread of these IoT devices incur the need for the power
supply method to these devices distributed in a large
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volumetric area because the cable connection to many small
IoT devices will significantly impair the convenience.

The wireless power transfer (WPT) technology is
attracting the researchers’ attention as a promising technology
for this need because this technique enables the simultaneous
power supply to many distributed devices without a cable
connection. This technology has some different methods.
However, the resonant inductive coupling wireless power
transfer (RIC-WPT) technique [9]-[13] is a promising
candidate owing to its comparatively high power transfer
capability at comparatively high efficiency.

Figure 1 illustrates a basic configuration of the RIC-WPT
system. This system includes the three coils used for the power
transfer via magnetic field: the transmitter coil, the repeater
coil, and the receiver coil. Each of these three coils is
connected to the resonant capacitor to form the LC resonator,
which is designed to have the same resonant frequency. The
transmitter resonator is supplied with the ac power at its
resonant frequency using the high-frequency inverter,
generating the large resonant current flowing through the
transmitter coil. This resonant current generates the high-
frequency ac magnetic field around the transmitter coil, which
causes the voltage induction and induces the large resonance
current inside the repeater resonator. The repeater resonator,
therefore, generates the ac magnetic field around the repeater
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Fig. 1. Basic configuration of resonant inductive coupling wireless
power transfer system with repeater resonator.
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Fig. 2. Previous resonant frequency tuning system of the repeater
resonator.
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Fig. 3. Operation waveforms of previous resonant frequency tuning
system. (a) Inverter output voltage ¥y and transmitter coil current /7y.
(b) Repeater coil current /ggp and ac voltage generated by ATAC Vryc.
(c) Sawtooth wave V,,, with the twice as high frequency as the received
signal. (d) Square wave V., with twice as high frequency as the received
signal.

coil, thus contributing to expanding the region of the ac
magnetic field, i.e. the region for the WPT. Then, the resonant
current is induced by the voltage induction in the receiver coil,
located in the region of the ac magnetic field. Finally, the dc
power can be extracted in the receiver by rectifying the
resonant current of the receiver resonator.

According to the operation principles of the RIC-WPT
system, these resonators should ideally have the identical
resonant frequency for effective generation of the resonant
current and efficient power transfer to the receiver. However,
in the practical application, the resonant frequency is detuned
from the ideal value due to the manufacturing tolerance and
the aging effect, which deteriorates the maximum possible
power to be transferred. The manufacturing tolerance and the
aging effect have a non-negligible effect on the resonant
frequency detuning considering that the many commercial
inductors and capacitors have the maximum tolerance of 10%,
which implies the deviation of the resonant frequency by 10%
at maximum. Particularly, the repeater resonator generally has
a high quality factor of the resonance due to its simple
structure and can easily cause the frequency splitting
phenomenon [14]-[20]. Therefore, the repeater resonator
tends to suffer from extremely high susceptibility to the
detuning, thus hindering the practical application of the RIC-

WPT system considering the difficulty of the mass production.

A possible remedy for this problem of the repeater
resonator is to develop the autonomous resonance frequency
tuning system. For this purpose, many preceding studies have

proposed the methods to directly or equivalently tune the
resonance frequency of the LC resonator. For example, [16]
utilized a variable capacitor as the resonant capacitor and
mechanically adjusted the capacitance using the stepping
motor. Although this study proved the effective tuning of the
resonance frequency, this method leads to large power
consumption for tuning the resonant frequency, which also
deteriorates the power transfer capability of the RIC-WPT
system. To overcome this difficulty, many studies [18], [19],
[21]1-{23] have proposed the lossless switching circuits that
can equivalently adjust the capacitance of the resonant
capacitor. These switching circuits are controlled to generate
the reactive voltage for compensating the reactive voltage of
the LC resonator caused by the detuning of the resonant
frequency. Many of these switching circuits need complicated
control systems with complicated switching patterns requiring
accurate duty ratio or switching timing, which hinders
application to high-frequency applications like the RIC-WPT
system. However, the Automatic Tuning Assist Circuit
(ATAC)[18],[19],[21], [24], [25] was reported to be possibly
controlled using a simple control circuit and simple switching
pattern, which is attractive for the RIC-WPT system, although
preceding studies have not proposed the practical control
system of the ATAC for the repeater resonator of the RIC-
WPT system.

The purpose of this paper is to propose an autonomous
resonant frequency tuning system of the repeater resonator in
the RIC-WPT by developing a control circuit of the ATAC.
The proposed tuning system is constructed based on the recent
studies, in which the feasibility of the tuning system for the
repeater resonator using the ATAC was first discussed in [18]
and a tuning system using the ATAC was proposed to adjust
the resonant frequency of the repeater resonator in [25].
However, the tuning system of [25] was not convenient for
practical application because this previous system needed
wireless communication with the controller of the transmitter
resonator, which restricts the freedom of installation location
of the repeater resonator. Therefore, the proposed tuning
system was developed such that it operates fully
autonomously without an external power supply and wireless
communication with the inverter controller of the transmitter.

The remainder of this paper is divided into four sections.
Section II briefly reviews the operation principle of the
previously proposed tuning system of the repeater resonator
including the brief introduction of the ATAC. Section III
proposes the novel tuning system and presents its operating
principle. Then, section IV shows the simulation results to
confirm the operation of the proposed tuning system. Finally,
section V gives the conclusions.

II. REVIEW OF PREVIOUS RESONANT FREQUENCY TUNING
SYSTEM OF REPEATER RESONATOR

Figure 2 illustrates the previous tuning system proposed in
[25]. This figure omits the receiver resonator for
simplification. As this paper targets the wireless power
transfer to the small IoT devices, the receiver resonator is
assumed to receive small power compared with the electric
power stored in the transmitter and repeater resonators and
therefore the receiver resonator can be regarded to have a
negligible effect on the operation of the repeater resonator, as
is similar to the discussion in [26]. The resonant frequency of
the repeater resonator is assumed to be detuned from the
operating frequency of the inverter that drives the transmitter
resonator.



The repeater resonator is made of the series connection of
the repeater coil, the resonant capacitor, and the ATAC. The
ATAC is made of the half-bridge circuit of the switching
power devices and the decoupling capacitor that stabilizes the
voltage of the half-bridge circuit. The voltage stored in the
decoupling capacitor is utilized to compensate for the reactive
voltage of the LC resonator of the repeater coil and the
resonant capacitor, which should have vanished if the resonant
frequency is appropriately tuned. Additionally, a small portion
of the dc power stored in the decoupling capacitor is converted
into the dc power supply to the controller of the ATAC using
the DC/DC converter so that this tuning system can operate
without an external power supply.

The half-bridge circuit of the ATAC is operated with the
duty cycle of 50% at the same frequency as the inverter of the
transmitter, as shown in the operating waveform depicted in
Fig. 3(b). The controller of the ATAC adjusts the phase
difference between the output voltage of the half-bridge
circuit and the transmitter coil current so that the resonant
current inside the repeater resonator is maximized. For this
purpose, the controller of the ATAC receives the square wave
signal synchronizing the polarity of the transmitter coil current
or more indirectly the inverter’s gate switching signal from the
controller of the transmitter via wireless communication. (The
phase difference between the inverter output voltage and the
transmitter coil current is assumed to be sufficiently stable.)
Then, the controller of the ATAC generates the gating signals
of the half-bridge circuit by delaying the received signal with
an appropriate phase shift angle, which is searched by the
ATAC controller to maximize the resonance current in the
repeater resonator.

The important function of the ATAC is that it
automatically adjusts the ac current flowing into the ATAC to
have the phase angle perpendicular to the gating signal of the
ATAC by applying an appropriate reactive voltage to the
repeater resonator. Noting that the resonant current in the
repeater resonator has the same frequency as the inverter that
drives the transmitter, the ATAC operates at the same
operating frequency as the repeater’s resonant current flowing
into the ATAC and therefore generates the ac voltage with the
same frequency as the resonant current at the input of the
ATAC. Remembering that the duty cycle of the half-bridge
circuit is 50%, the root-mean-square value of the fundamental
wave Vr4c of this ac voltage is expressed as

V2

|VATAC| =—Vr (1)
e

where V4ris the dc voltage stored in the decoupling capacitor
C4 of the ATAC. Therefore, the equivalent circuit of the
repeater resonator, excluding the controller, can be expressed
as Fig. 4, where Vjyp is the ac voltage induced in the repeater
coil; Crep is the capacitance of the resonant capacitor; Lgrep
and Rggp are the inductance and the ac resistance of the
repeater coil, respectively.

According to this equivalent circuit, the ATAC receives
the active power Re(Viruclrer'), where the Ipgp” is the
complex conjugate of Izzp. However, the ATAC cannot
receive the active power in the steady-state because the ATAC
is made of only passive components except for the switching
power devices and therefore is lossless circuit. (The power
consumption of the controller of the ATAC is small and
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Fig. 4. Equivalent circuit and phase diagram of repeater resonator with
ATAC. (a) Equivalent circuit. (b) Phase diagram.

therefore neglected.) This indicates that Izzp must be
perpendicular to Vz4c in the steady-state.

Next, Kirchhoff’s voltage law is considered for this
equivalent circuit. If the origin of the phase angle is taken such
that the phase angle of Vz4c is zero, Kirchhoff’s voltage law
can be expressed as the following two equations, which
represents the components parallel and perpendicular to Vyzac:

1
V 0|V =—| Lppp ————
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|VIND| sin = RREP|1REP| sin ¢ A3)

where o is the angular frequency of the operating frequency
of the ATAC, 0 is the phase angle of Vjyp, ¢ is the phase angle
of [, REP.

Noticing that /zzp must be perpendicular to Vyrac, ¢ must
be 90° according to (3) if 0 is in the range of 0°-180°, whereas
¢ must be —90° if 0 is in the range of 180°-360°. Therefore,
the repeater coil current /zep takes the maximum amplitude by
adjusting 0 at either 90° or —90°. The appropriate choice of 6
from 90° and —90° is dependent on the reactance of the
repeater resonator because the root-mean-square value must
take a positive value. Consequently, 6=90° should be chosen
according to (2) if Lzep—1/@*Crep takes a positive value,
whereas 6=—90° should be chosen if Lggp—1/0*Crep takes a
negative value. (In the practical application, however,
Lrer—1/0*Crep should preferably be designed to take a
positive value for achieving the soft-switching of the ATAC,
which requires ¢ to be 90° rather than —90°.)

According to (3), the operation when 6 is adjusted to
maximize |lzgp| results in a simple equation that
|Vino|=Rrep|lrep|. This equation is equivalent to the operation
of the repeater resonator when the ATAC is disconnected and
the resonant frequency of the repeater resonator is accurately
adjusted at the operating frequency of the transmitter.
Therefore, these results can be interpreted as that the ATAC
can equivalently adjust the resonant frequency of the repeater
resonator.

As seen above, the ATAC needs to control only 0, which
is the phase angle between the voltage induction and the
gating signal of the low-side power device of the ATAC, so
that the amplitude of the repeater coil current takes the
maximum value. Therefore, the dc voltage Vyr of the
decoupling capacitor of the ATAC is automatically
determined without control. This voltage when the repeater
coil current is maximized is obtained from (1)—(3) as
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In the practical design of the controller of the ATAC, the
direct adjustment of 0 is difficult because the accurate sensing
of the voltage induction is difficult. To overcome this
difficulty, the phase angle between the gating signal of the
ATAC and transmitter coil current can be adjusted instead of
0 because the induction voltage Vpp must be always
perpendicular to that of the transmitter coil current according
to Faraday’s law. Alternatively, the phase angle between the
inverter output voltage and the gating signal of the ATAC can
also be utilized if the operation of the RIC-WPT system is
stable and therefore the phase angle between the voltage
induction and the inverter output voltage can also be regarded
to be stable.

These phase angles are beneficial in easier measurement
than 0O, although the measurement will need wireless
communication of the phase angle from the transmitter to the
repeater. Figure 2 also presents an example of the control
diagram of the controller of the ATAC. In this RIC-WPT
system, the controller of the inverter of the transmitter sends
the gating signal of a switching power device of the inverter
as a real-time wireless communication signal, e.g. the infrared
on-off keying signal. The receiver of the ATAC controller in
the repeater resonator receives this signal and generates the
sawtooth wave with twice as high frequency as the received
signal, as depicted in Fig. 3(c). This sawtooth wave is
generated in synchronization with the rising and falling edge
of the received signal. Then, this sawtooth wave is compared
using a comparator with the dc voltage signal Vs, which is
determined by the controller and represents the phase shift
from the received signal, to generate the phase-shifted square
wave with twice as high frequency as the received signal, as
depicted in Fig. 3(d). Based on this square wave, a new square
wave with the half frequency, which is identical to the

synchronization with the rising edge of the original square
wave. Finally, this new square wave is utilized as the gating
signal for the low-side power device of the ATAC. (The high-
side gate signal is also generated from the low-side gate
signal.)

The resultant gating signal of the ATAC has the phase shift
from the received signal depending on the dc voltage supplied
to the comparator. Therefore, by adjusting this dc voltage, the
value of the phase shift between the received signal and the
gating signal of the ATAC can be adjusted by the controller.
This dc voltage is determined by the microprocessor of the
controller according to the hill-climbing algorithm so that the
amplitude of the repeater coil current is maximized.

As seen above, the previous tuning system is highly
dependent on the real-time wireless communication of the
inverter’s gating signal or transmitter coil current. However,
this wireless communication is highly complicated and
difficult for high-frequency applications, where the timing of
the rising and falling edges of the signal should be accurately
transferred without significant delay. In the preceding work,
the infrared signal is utilized for this wireless communication
because of little legal restriction. However, the infrared signal
restricts the installation location of the repeater resonator due
to the limit of the reachable area of the infrared signal. To
overcome this difficulty, the improved tuning system is
proposed in the subsequent section.

III. PROPOSED RESONANT FREQUENCY TUNING SYSTEM

A. System Configuration

Based on the aforementioned previous tuning system, the
proposed resonant frequency tuning system eliminates the
wireless communication from the transmitter and generates
the received signal internally from the repeater coil current.
Figure 5 illustrates the circuit schematic and the control
diagram of the proposed tuning system. (Similarly to the
previous section, the receiver is omitted to simplify the
discussion.)

In the RIC-WPT system with the proposed resonant
frequency tuning system, the transmitter and the repeater are
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Fig. 5. Proposed resonant frequency tuning system for repeater resonator of resonant inductive coupling wireless power transfer system.



made of the series-connected repeater coil, resonant capacitor,
and ATAC, similar to the previous tuning system. A DC-DC
converter is attached to the decoupling capacitor of the ATAC
for the power supply to the controller, which is also the same
as the previous tuning system. However, the difference lies in
the controller of the ATAC, which is surrounded by the dashed
blue line.

In the previous tuning system, an operating waveform of
the transmitter is adopted as the reference signal, which is
phase-shifted by the ATAC controller of the repeater to
generate the gating signal of the switching power devices of
the ATAC. This is the reason why wireless communication is
needed to provide the reference signal to the ATAC controller,
which is installed in the repeater. However, in the proposed
system, the reference signal itself is generated from the
repeater coil current.

The proposed system generates the reference signal from
the repeater coil current. According to the operating principle
discussed in the previous section, the reference signal for the
tuning system with the ATAC must satisfy the following two
requirements: One is that the signal must have the same
frequency as the voltage induction of the repeater resonator;
the other is that the signal must have the stable phase

difference with the voltage induction. The repeater coil current
has the same frequency as the voltage induction. However, the
phase angle of the repeater coil current lacks stability because
the phase angle can be easily affected by the operation of the
ATAQ, i.e. the change in the phase shift angle 0 and the dc
voltage V7. Therefore, the proposed system generates the
reference signal such that the signal has the same frequency as
the repeater coil current but its phase angle is not directly
affected by the operation of the ATAC.

For generating the reference signal, the proposed system
firstly converts the frequency of the repeater current into the
dc voltage Vperios1 using the Time-Voltage Converter(TVC).
At the same time, the frequency of the output of the Voltage-
Controlled Oscillator (VCO) is also converted into the dc
voltage Vpreio2. Then, these two dc voltages are compared at
the compensator; the compensator adjusts the frequency of the
VCO so that Vo2 takes the same value as Vyerioa1. Finally,
the output signal of the VCO is extracted and utilized as the
reference signal.

As discussed above, the reference signal of the proposed
tuning system has the same frequency as the repeater coil
current. Furthermore, the reference signal is not directly
affected by the operation of the ATAC and therefore the phase
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Fig. 7. Operating waveforms of the proposed automatic resonant
frequency tuning system. (a) Inverter output voltage Vjyy and transmitter
coil current /7y. (b) Repeater coil current /zzp and AC voltage generated
by ATAC V,z4c. (c) Sawtooth waveform Vi, 1y in @ TVC. (d) Sawtooth
waveform Vi, ycor in another TVC. (e) Square wave V,,;, ., with constant
phase. (f) Sawtooth waveform V., ps with the twice as high frequency as
the repeater current and the dc voltage Vs (g) Square wave V, with
twice as high frequency as the repeater current comparing between Vi, ps
and V. (h) Signal V, for gating signals.

angle of the reference signal is more stable than the repeater
coil current. Consequently, the reference signal can satisfy the
aforementioned two requirements.

The gating signal of the ATAC is generated by applying
the phase shift to the reference signal. The value of the phase
shift is adjusted by the controller using the hill-climbing
algorithm so that the amplitude of the repeater coil current is
maximized, which is the same as the controller of the previous
tuning system.

B. Circuit Design of Proposed Tuning System

Based on the system concept shown in the previous
subsection, the practical circuit was designed according to the
control diagram shown in Fig. 5. Figure 6 shows the practical
circuit diagram of each control block in the proposed resonant
frequency tuning system. Figure 7 shows the operating
waveforms of the proposed resonant tuning system according
to the circuit design of Fig. 6.

Figure 6(a) presents the DC-DC converter. Because the dc
voltage Vyr stored in the decoupling capacitor of the ATAC
varies greatly depending on the amplitude of the voltage
induction and the resonance frequency deviation of the
repeater resonator from the operating frequency of the inverter,
the DC-DC converter that generates the dc power source for
the ATAC controller must accept the wide range of the input
voltage. For this purpose, the DC-DC converter is designed to
be comprised of the parallel connection of plural switching
regulators with a different range of input voltage. The active
regulator is chosen by the microprocessor according to the dc
voltage Vr.

Figure 6(b) presents the ac current sensor and the
amplitude detector. The ac current of the repeater coil is
detected by differentiating the voltage of the resonance
capacitor using an operational amplifier. Then, the output of
the ac current sensor is applied with the rectifier of a diode D,
and a decoupling capacitor C, to extract the peak value of the

ac current, which is utilized as the amplitude. The resistor R,
inhibits an in-rush current of C, and R, adjusts the time
constant in discharge from C,.

Figure 6(c) presents the reference signal generator. The
reference signal generator is a circuit classified as the
Frequency Locked Loop Oscillator (FLL-OSC), made of two
Time-Voltage Converters (TVCs), a VCO and a compensator.

At the start-up of the proposed tuning system, the ATAC
controller starts generating the reference signal before the
activation of the ATAC. The reference signal is generated by
tuning the frequency of the VCO to that of the induced current
in the repeater coil. For this purpose, the controller detects the
ac current of the repeater coil and converts its frequency into
the dc voltage Vperioa1 using the TVC. At the same time, the
frequency of the output of the VCO is also converted into the
dc voltage Vperiosz. These two dc voltages, i.e. Vyerios1 and
Vyerioa2, are compared by the compensator to adjust the output
signal frequency of the VCO so that Verioa» takes the same
value as Vjerioqi. Finally, the output signal is utilized as the
reference signal Vi rer.

The TVC is made of a 1-shot trigger, a sawtooth wave
generator, and a peak-holding circuit. The 1-shot trigger is
utilized to generate a short pulse signal that synchronizes the
rising zero-cross timing of the repeater coil current. This pulse
is fed to the sawtooth wave generator to generate the sawtooth
wave that synchronizes the pulse. The sawtooth wave
generator is made of a capacitor, a capacitor discharging
circuit, which entirely discharges the capacitor at the pulse of
the 1-shot trigger, and a charging circuit, which constantly
charges the capacitor with the constant current. The sawtooth
generator output the capacitor voltage, which forms the
sawtooth wave as a result of charging and discharging. The
voltage slope of the sawtooth wave is constant because of the
constant current charging. Therefore, the maximum value of
the sawtooth wave corresponds to the period of the input
signal to the TVC. Finally, the maximum value of the
sawtooth wave is detected by the peak-holding circuit and
outputted as the output of the TVC. These two TVCs are
designed to have the same Time-to-Voltage conversion ratio
by accurately adjusting the constant current source of these
two TVCs.

The compensator is made as a simple PI compensator with
an operational amplifier. The function of this compensator is
to compare the output voltages Vyerioa1 and Vperioaz 0f the two
TVCs and outputs the voltage Vi veo, according to the
difference between Verioa1 and Vyerioaz. The time constant of
the PI compensator is designed to be far greater than the
resonant frequency so that the PI output is hardly affected by
the slight phase disturbances of the repeater coil current
caused by the transient fluctuation of the ATAC operation.

The VCO is made as a typical sawtooth generator, made
of a capacitor, a capacitor discharging circuit, and a charging
circuit, which constantly charges the capacitor with the
constant current. The output voltage of the compensator is
supplied to the input of the discharging circuit. The
discharging circuit compares the capacitor voltage and the
input voltage Vi v, and discharges the capacitor if the
capacitor voltage is greater than Vi y.,. Therefore, the lower
input voltage results in the higher frequency of the sawtooth
wave of the capacitor voltage. The capacitor voltage is
supplied to the comparator that compares the capacitor voltage



TABLE I. SIMULATION SET-UP
Parameter Symbol Value

Self-inductance of the transmitter/repeater coil LL ™ 50 uH
REP

Parasitic resistance of the transmitter/repeater coil 15 = 0.5Q
REP

Resonant capacitance of the transmitter/repeater Crx 557 nF

resonator with +10% tolerance Crep )

Decaupling capacitance of ATAC Cp 33 uF

Coupling coefficiency between TX/REP coil k1> 0.02

Mutual inductance M, 1.0 pH

Operating frequency of the RIC-WPT system fo 100 kHz

Resonant frequency of the transmitter/repeater forx 95.4 kHz

resonators JfrreP

Control frequency of the hill-climbing algorithm et 3.0 kHz

Input dc voltage of the half bridge inverter Vin 10V

Amount of change of V; in one control cycle OVnip 0.028
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Fig. 8. Simulation waveforms of RIC-WPT system including repeater
resonator with proposed resonant frequency tuning system. (a) Time
transient waveforms from starting hill-climbing algorithm to steady
state. (b) Immediately after control starts. (c) At steady state.

with the half of Vi, ,c, thus transforming the sawtooth wave
into the square wave with the 50% duty cycle.

Figure 6(d) presents the phase shifter. The reference signal
Von_ref; generated by Fig. 6(c), is supplied to the phase shifter.
As discussed in the previous subsection, the phase shift value
can be changed, while maintaining the 50% duty ratio, by
adjusting the dc voltage Vs, which is determined and given
by the microprocessor. The output signal of the phase shifter
is supplied to the gate drivers of the ATAC.

The phase shifter is made of a double frequency sawtooth
generator, a comparator, and a half-frequency divider,
similarly to the previous tuning system. The double frequency
sawtooth generator is made of a capacitor, a constant-current
charging circuit, a discharging circuit, and a 1-shot trigger that
outputs a pulse at both the rising and falling edge of the input
square voltage signal. This pulse is supplied to the discharging

circuit of the sawtooth generator, resulting in the sawtooth
wave of the capacitor voltage with twice as large frequency as
the input square wave voltage. The square wave voltage is
supplied to the comparator that compares this voltage with the
dc voltage Vs, which is determined and supplied by the
microprocessor. The output of the comparator is supplied to
the JK flip-flop, which works as the half-frequency divider,
thus outputting the phase-shifted square voltage waveform.

Finally, Fig. 6(e) presents the gate driving circuit of the
ATAC. The phase-shifted square voltage waveform is input to
the dead-time generator, which generates the gating signals of
the ATAC. These gating signals are supplied to the gate driver,
which drives the two switching power devices of the ATAC.

IV. SIMULATION

The simulation was conducted to confirm the operation of
the proposed resonant frequency tuning system. Based on Figs.
5 and 6, the circuit simulation model of the RIC-WPT system
with the proposed tuning system was constructed in the model
space of the circuit simulator PSIM ver.11.1.2 (Powersim
Inc.). This simulation also omitted the receiver resonator
according to the same reason as in sections II and III.

The parameters of the constructed simulation model are
shown in Table 1. In this simulation, the repeater resonator is
designed to have a slight deviation of approximately 5% from
the operating frequency, i.e. 100 kHz, of the inverter that
supplies the ac power to the transmitting resonator. This
deviation is reasonable in the practical RIC-WPT systems
considering that commercial inductors and capacitors for high
power applications commonly has the manufacturing
tolerance of 10%.

After the start of the simulation, the tuning system starts
operating the reference signal generator to synthesize the
reference signal with the same frequency as the operating
frequency. However, the proposed tuning system does not
activate the ATAC for 44 ms after the start of the simulation.
Therefore, this period can be regarded as the operation without
the proposed tuning system. After 44 ms, the ATAC is
activated, which corresponds to the operation with the
proposed tuning system.

Figure 8(a) shows the overall operation of the simulated
RIC-WPT system. As can be seen in the figure, Vierioa2 1S
controlled to be coincide with Vyerio1 Within 20 ms from the
start of the simulation, which indicates that the reference
signal generator is generating the square wave signal with the
same frequency as the operating frequency. After the 44 ms,
where the ATAC starts its operation, the microprocessor
outputs and adjusts the dc voltage Vi to maximize the
amplitude of the repeater coil current. As a result, the repeater
coil current is increased to 2.62 Apeak approximately from 0.5
Apeak, which was observed before 44 ms. This amplitude of
the repeater coil current is consistent with that of the RIC-
WPT system whose resonance frequency of the repeater
resonator is accurately identical to the operating frequency of
the inverter, which is calculated as 2.69 Apeak.

Figures 8(b) and 8(c) are the operating waveforms of the
RIC-WPT systems with the proposed tuning system at 44 ms,
which is immediately after the start of the control, and at 80
ms, which corresponds to the steady operation, respectively.
The output voltage of the ATAC increases gradually
immediately after the start of control and almost in phase to
the repeater coil current, which indicates that the decoupling



capacitor of the ATAC is gradually charged by the repeater
coil current as expected by the operating principle of the
ATAC. In the steady state, the phase of the repeater coil
current was adjusted to be perpendicular to that of the ATAC
output, which is consistent with the operation principle of the
ATAC at the steady state because the ATAC is inserting the
reactive voltage without receiving any active power. As a
result of the appropriate phase adjustment of the ATAC output
voltage, the repeater coil current is adjusted to have the phase
in parallel to the transmitter coil current, which is also
consistent with the operation when the resonance frequency of
the repeater resonator was assumed to be accurately adjusted
to the operating frequency of the inverter. Consequently, the
proposed tuning system showed equivalent adjustment of the
resonant frequency to the operating frequency successfully.

V. CONCLUSIONS

The RIC-WPT system with the repeater is a promising
power supply method to small IoT devices distributed in a
wide area. However, the resonant frequency of the repeater
resonator is expected to deviate from the operating frequency
of the transmitter due to the manufacturing tolerance and the
aging effect in practical application, significantly deteriorating
the power transfer capability. The previous study proposed a
circuit system adjusting the resonant frequency of the repeater
to the operating frequency, although this previously proposed
system needs a wireless communication system, which will
restrict the freedom of the installation location of the repeater.

To overcome this problem, this paper proposed a novel
autonomous resonant frequency tuning system of the repeater
without the need for wireless communication. The basic
operation is tested by the simulation. The results supported the
autonomous adjustment of the resonant frequency to the
operating frequency without the wireless communication,
implying the feasibility of the proposed resonant frequency
tuning system for practical RIC-WPT systems.
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