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ABSTRACT In resonant inductive coupling wireless power transfer systems, a repeater resonator is crucial
in expanding the charging area, enabling efficient power supply to receivers, such as small Internet of Things
(IoT) devices sparsely distributed in a wide area. However, the repeater current is highly susceptible to devi-
ations in resonance frequency due to manufacturing tolerance and aging, as well as to the magnetic coupling
between the transmitter and repeater coils, potentially leading to insufficient amplitude. Consequently, the
magnetic field generated by the repeater decreases and the receiver may be difficult to obtain sufficient power
from the transmitter via the repeater. To address this problem, this paper proposes a wireless power transfer
system with active reactance compensators incorporated in the repeater and the transmitter. The proposed
system can equivalently adjust the resonant frequencies of the transmitter and repeater to stably maximize
the repeater coil current regardless of the variations in the resonant frequency and the magnetic coupling
intensity. Experiments successfully verify that the proposed system can provide a more stable and larger
repeater current and output power than the conventional system against the variations in the magnetic field
intensity and the resonant frequency of the repeater, validating the feasibility of the proposed system for
practical utilization of the repeater in expanding the charging area.

INDEX TERMS Resonant inductive coupling, wireless power transfer, repeater, intermediate resonator,
frequency splitting phenomenon.

I. INTRODUCTION

Recently, wireless power transfer (WPT) techniques have
been gaining increasing attention as a key technology for
Internet of Things (IoT) proliferation [1], [2], [3], [4].

The associate editor coordinating the review of this manuscript and

approving it for publication was Khaled Ahmed

WPT techniques can supply electric power without physical
cable connections, thus realizing convenient, reliable, and
safe power supplies. This is advantageous as a power supply
method to multiple IoT devices (e.g., active radio frequency
identification tags, electronic shelf labels, and smart sensors)
dispersed in a wide area. Traditional power methods, like
internal batteries, have limitations in operation time and space
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requirements [2], [3], [4], [5]. The WPT technique can offer
a solution to these problems.

A resonant inductive coupling WPT (RIC-WPT) technique
is promising in efficiently powering multiple IoT devices
over wide areas [2], [6]. Generally, RIC-WPT systems for
powering multiple IoT devices comprise a transmitter and
receivers (Fig. 1). The transmitter with an inverter excites a
resonance in the receiver via magnetic coupling. Usually, the
resonators of the receivers are designed to have the same res-
onant frequency as the operating frequency of the transmitter
to ensure effective resonance in the receiver [4], [5].
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FIGURE 1. Typical RIC-WPT system without repeater for powering
small-sized loT devices.

However, the RIC-WPT system still suffers from insuffi-
cient power transfer capability to charge the IoT devices in
a wide area. The transmitter’s magnetic flux density dimin-
ishes with distance, and receiver coils are often small due to
space constraints, leading to reduced power transfer [1], [7].
Introducing a repeater (Fig. 2), comprising a coil and resonant
capacitor, can address this problem. The resonance current in
the repeater generates a magnetic field around the repeater
coil, expanding the charging area for the receivers [1], [7], [8],
[9],[10], [11],[12], [13], [14]. Since the repeater is physically
separated from the transmitter, it can be placed in the desired
location. Therefore, inserting a repeater may be reasonable
because the repeater can expand the charging area based on
the location of small-sized receivers dispersed in a wide area.

Precise frequency tuning is crucial for repeater efficacy.
Deviations in the repeater’s resonant frequency from the oper-
ating frequency due to manufacturing tolerance or aging can
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FIGURE 2. Typical RIC-WPT system with repeater for powering small-sized
loT devices.

reduce effectiveness. Because the repeater has no power load,
the quality factor of the repeater resonator is so large. There-
fore, a slight detuning can significantly reduce the resonant
current of the repeater, leading to a significant reduction in the
receiver’s output power. Frequency splitting, a phenomenon
where optimal frequencies can split into multiple sub-peak
frequencies under strong magnetic coupling, also poses chal-
lenges [8], [9], [10], [11], [12], [13], [14]. These frequencies
slightly deviate from the resonant frequency of the repeater
depending on the magnetic coupling intensity.

Similar problems also occur in the receiver of the RIC-
WPT systems, but the impact on power transfer is less
due to the receiver’s lower quality factor. Nonetheless, the
frequency adjustment of the RIC-WPT system has been
conventionally targeted at the receiver based on a basic
two-coil RIC-WPT system, comprising a transmitter and a
receiver [15], [16], [17], [18], [19], [20], [21]. For example,
[15], [16], [17] adopted a passive approach, optimizing the
coupling coefficient between coils to maximize receiver cur-
rent and avoid frequency splitting. However, this limited
the repeater’s positioning flexibility and made it difficult
to cope with the manufacturing tolerance and the aging
effect. Meanwhile, [18], [19], [20] dynamically controlled
the operating frequency of the transmitter in search of the
maximum current induction in the receiver. However, this
required a high voltage power supply to the inverter to have
a sufficient controllable operating frequency range with a
sufficient amplitude of the transmitter coil current because of
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the high-quality factor of the transmitter resonator. To over-
come this difficulty, some studies have proposed actively
adjusting resonant frequencies through mechanical [21] or
electrical [12], [13], [14], [22], [23], [24], [25], [26], [27],
[28], [29] variation of resonant capacitance. These studies
successfully adjusted the resonant frequency. However, these
achievements are still faced with the difficulty in constructing
practical WPT systems that can stably and autonomously
adjust the resonant frequency owing to the lack of a practical
implementation method for these techniques, including their
autonomous control method.

The purpose of this paper is to propose a WPT system that
can stably maximize the repeater resonator current against
the manufacturing tolerance, aging effect, and variation in
magnetic coupling. The proposed system utilizes the active
reactance compensator, referred to as the automatic tuning
assist circuit (ATAC) [12], [13], [14], [28], [29]. The ATAC
was first proposed in a previous study [28] as a dynamic
variable capacitor to adjust the resonant frequency of the
transmitter. The proposed system includes the ATACs on
the both the transmitter and repeater to equivalently adjust
the resonant frequency of the transmitter and repeater res-
onators. This paper further discusses the implementation and
control strategy of this technique for a stable and autonomous
adjustment of the resonant frequency to maximize the
repeater current. Note that this paper focuses on low-power
applications, such as those shown in Figure 1, where the
output power of the receivers is low, and the magnetic field
generated by the receivers is significantly smaller than that
generated by the transmitter or repeater. Therefore, this paper
can contribute to achieving a WPT system with a wide charg-
ing area for low-power applications such as [oT devices.

However, it should also be noted that this paper remains
the elucidation of the feasibility of this novel proposed WPT
system because two essential but not fundamental parts of the
system are still under development for finally constructing
the proposed WPT system: One is the wireless real-time
communication circuit transferring the information on the
phase angle of the transmitter coil current, and the other
is the digital implementation of the autonomous resonant
frequency control in the microprocessor. The performance of
the proposed WPT system was tested through experiments
by manually adjusting the phase angle to control the ATAC
according to the predetermined control flow based on the
information of the phase angle of the transmitter coil current
transferred through the physically connected wire.

This paper is a continuation of the conference paper [12]
and [13]. Based on [12] and [13], a detailed explanation of
the overall system configuration and control flowchart of the
proposed WPT system is provided in this study. Furthermore,
an experiment showing the effective expansion of the charg-
ing area using the proposed WPT system was conducted.

The paper is structured as follows: Section II outlines
the proposed WPT system and its operating principles.
Section III details the control strategy. Sections IV report on
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experiments focusing on stabilizing the repeater coil current
and expanding the charging area. Finally, section V provides
a summary of this paper.

Il. PROPOSED WIRELESS POWER TRANSFER SYSTEM

A. POWER CIRCUIT OVERVIEW

Fig. 3 shows the schematics of the power circuit of the pro-
posed WPT system with a repeater, where W and W are the
transmitter and repeater coils, respectively, v;, is the inverter
output in the transmitter; S;—S4 are the switching devices;
va1 and v4, are the output voltages of the ATACs; i1 and i are
the transmitter and repeater currents. The power circuit of the
proposed WPT system is constructed by adding the ATACs
to the transmitter and repeater resonators of the WPT system
shown in Fig. 2.
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FIGURE 3. Power circuit of proposed WPT system.

The ATAC works as an equivalent variable capacitor to
equivalently adjust the resonant frequency of the transmitter
and repeater resonators. Among the various techniques to
vary the resonant frequency, the ATAC was adopted owing to
its simple control. Specifically, the ATAC in the transmitter
depicted in Fig. 3 does not require any feedback control
to maximize the repeater current stably and autonomously,
as discussed in the subsequent two subsections. If another
technique for varying the resonant frequency is employed on
the transmitter side, it may require feedback on the phase
difference between the inverter output voltage and transmitter
current.

When there are multiple receivers, as shown in Fig. 3,
the output power may decrease not only due to the devi-
ation of the resonant frequency of the receivers but also
because of cross-coupling among the receivers. Therefore,
strictly speaking, to obtain a large output power, the resonant
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frequency of the receiver should also be adjusted appro-
priately. However, adjusting the resonant frequency of the
receiver is out of the scope of this paper. Usually, in the RIC-
WPT for small-sized receivers with low-power applications,
such as IoT devices, the resonant frequency detuning of the
receiver will not pose a serious problem compared to that
of the transmitter and repeater. The receiver is connected
to a load, which lowers the quality factor of the resonator
and has relatively little effect on the deviation of the reso-
nant frequency. Furthermore, the effect of the cross-coupling
among the receivers should be minimal in a low-power RIC-
WPT system because the magnetic fields generated by the
transmitter and repeater are typically much stronger than
those generated by the small-sized receivers.

B. AUTOMATIC TUNING ASSIST CIRCUIT (ATAC)

The basic circuit diagram of the ATAC comprises only a
half-bridge circuit and a smoothing capacitor, as shown in
Fig. 3. The smoothing capacitor’s capacitance significantly
exceeds that of the resonant capacitors in the transmitter
and repeater, maintaining nearly constant DC voltage despite
the inflow of high-frequency resonant current into the
ATAC.

The switching devices of the half-bridge circuit are oper-
ated alternately at the fixed duty ratio of 0.5 and at the same
frequency as the ac current flowing into the ATAC. Thus,
the only remaining freedom of operation lies in the phase
angle of the gating signal of the half-bridge circuit. The
operation of the ATAC is controlled by adjusting the phase
angle difference between the gating signal and the ac voltage
that drives the resonators of the transmitter or repeater, i.e.,
the inverter output voltage for the ATAC of the transmitter and
the induced voltage in the repeater coil for the ATAC of the
repeater. Consequently, the ATAC generates the square wave
voltage of the operating frequency at the intermediate point
of the half-bridge circuit, i.e., v41 and v4; defined in Fig. 3,
with a phase difference to the ac voltage.

Next, the basic operation of the ATAC is discussed based
on a simple LC resonator circuit shown in Fig. 4, representing
the transmitter and repeater. The ac voltage (v, in Fig. 4)
corresponds to the fundamental wave of the inverter output
voltage in the transmitter and the fundamental wave of the
induced voltage in the repeater. In this subsection, i, denotes
the resonant current; v4 denotes the output voltage of the
ATAC; Sa; and Sp» denote the switching devices of the
ATAC.

. .L.C Revsonator SATAC
(with parasitic resistance) : _l
—

> Lae
Vac

FIGURE 4. Simple series LC resonant circuit with ATAC.
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The ATAC is a lossless circuit with only two switching
devices and a smoothing capacitor. Therefore, the ATAC
appears as a reactance to the resonant current in the steady-
state operation. Meanwhile, the phase angle of the square
wave generated by the ATAC should be delayed from that of
the ac current flowing into the ATAC to achieve the zero volt-
age switching (ZVS) turn-on of the ATAC. Consequently, the
ATAC can be utilized in adding capacitance to the resonator.

Because the ATAC works as capacitance, the resonator
is designed to be slightly inductive at the frequency of the
ac voltage. This enables the adjustment of the equivalent
resonant frequency of the entire circuit around the frequency
of the ac voltage. We considered adjusting the phase angle
difference ¢ between the gating signal of Sp; and the ac
voltage. The phase angle difference ¢, between the gating
signal of SA1 and the AC voltage, is adjustable within the
range A — /2 < ¢ <0 (Fig. 5(a)), where A is the phase angle
of the LC resonator’s admittance Y5, excluding the ATAC.

Im A IIn A
Vu(' o }{‘e \2
0PN 0 1
Y va
Possible y)
range of ¢

(a) (b)

FIGURE 5. Phasor diagrams of Fig. 4. (a) Possible range of ¢.
(b) Smoothing capacitor voltage is smaller than that in steady state.
(c) Smoothing capacitor voltage is greater than that in steady state.

Before reaching the steady state, the ATAC can receive
or release the active power. The active power received and
released by the ATAC results in the increase and decrease
in the dc voltage of the smoothing capacitor, respectively.
If the dc voltage in the smoothing capacitor is smaller than
that in the steady-state operation, the ATAC receives the
active power to increase the dc voltage because the product
of v4 and i, is positive as shown in Fig. 5(b). Conversely,
if the voltage of the smoothing capacitor is greater than that
in the steady-state operation, the ATAC releases the active
power to decrease the dc voltage because the product of v
and i, is negative as shown in Fig. 5(c). Consequently, the
ATAC autonomously reaches the steady state, where i, is
perpendicular to v, to receive no active power.

In the steady state, i, has the phase angle difference of
7/2 to the gate signal of Sa1. The phase angle difference 6 of
iqc relative to v, can be controlled from A to /2 by adjust-
ing ¢. Because parasitic resistance in many LC resonators is
small, A is typically near n/2, allowing for 6 control within
the range of —m/2 to /2. Notably, 6 represents the phase
angle of the equivalent impedance of the total LC resonator
including the ATAC. Hence, controlling 6 is equivalent to
controlling the reactance of the equivalent impedance of the
LC resonator. Particularly, by realizing 6 = 0, the reactance of
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the LC resonator is nullified, which is equivalent to tuning the
resonant frequency to the frequency of the ac voltage source.

C. OPERATING PRINCIPLE

The proposed WPT system attaches the ATACs to the trans-
mitter and repeater resonators. These ATACs are operated
by adjusting the phase angle of their high-side switch to the
ac power source generated by the inverter of the transmitter.
This subsection theoretically discusses how the repeater coil
current can be maximized regardless of the variations in
the resonant frequency and magnetic coupling intensity by
adjusting these phase angles.

As previously discussed, the ATAC equivalently works as a
variable capacitor. Therefore, the proposed WPT system can
be expressed using the equivalent circuit shown in Fig. 6,
where L; and L, are the self-inductances of W; and Wp,
respectively; C1 and C, are the capacitances of the resonant
capacitors; r| and r, are the series parasitic resistances of the
transmitter and the repeater coils; M is the mutual inductance
between Wi and W»; viyg is the ac voltage induced in the
repeater coil. The ATACs of the transmitter and repeater are
expressed as the variable capacitors with reactance X4; and
Xa2, respectively.

Transmitter

Repeater
A

FIGURE 6. Simplified equivalent circuit of Fig. 3.

In this equivalent circuit, the receivers were omitted to
simplify the analysis of the transmitter and repeater cur-
rents. In our intended low-power applications, as shown in
Figure 1, the transmitter and repeater currents are typically
little affected by the small-sized receiver because the elec-
tromotive force induced by the receivers in the transmitter
and repeater is negligible due to the sufficiently small size
of the receiver coils compared to those of the transmitter
and repeater. Thus, this approximation is reasonable. Strictly
speaking, the operation of the small receivers has a slight
effect on the transmitter and repeater currents. This effect can
be modeled as the reflected impedances [12], [13], [17] in
the transmitter and repeater. Hence, the reflected impedances
added by the receivers are assumed to be included in the
parasitic resistance r; and rp, as well as the coil inductance
L and L,. In this sense, the coil parameters, i.e., ry, r2, Ly,
and L, slightly vary not only by the manufacturing tolerance
and the aging effect but also by the location of the receivers,
the output power, and the resonant frequency of the receivers.
Therefore, this discussion counts not only the manufacturing
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tolerance and the aging effect but also the reactance of the
reflected impedance of small-seized receivers for the varia-
tion of the resonant frequency.

Next, we analyzed the operation of the equivalent circuit.
To simplify the analysis, the following discussion adopts the
first harmonics approximation because the transmitter and
repeater do not have the electric load and therefore the quality
factors of their resonators are commonly far greater than 1.

The power consumed in the repeater resonator is propor-
tional to the square of the amplitude of the repeater coil
current ip. Thus, to maximize the repeater current amplitude,
the repeater power consumption must be maximized. The
repeater circuit in Fig. 6 is transformed into the reflected
impedance attached to the transmitter circuit, as shown in
Fig. 7 to calculate the power consumption of the repeater
resonator, where Z,, is the reflected impedance. The real and
imaginary parts of Z,,s are expressed as

Re (Zy) = — M2 M
X2 + Xa2)? + r22
2172
o M= (X2 + Xa2)
Im (Zyr) = )

X2+ Xp2)? + 13

where X = wl,—1/wC3. As shown in (1) and (2), Z.y is
dependent on X427, which can be controlled by the ATAC.

Reflected impedance of repeater

; T_W_| I—NL“—,, __________

G m(Z,,,)
ref
g ZRelzy)
I JZ [ R S
Alx,

FIGURE 7. Equivalent circuit of Fig. 6 with reflected impedance.

The maximum repeater coil current can be achieved when
Re(Zyr) consumes the maximum power. According to the
equivalent circuit shown in Fig. 7, the following conditions
are required on X4 and X4»:

1. The reactance X4; should be adjusted such that the
total reactance of Fig. 7 should be zero, i.e. X471 =
—wLi+1/wCi—Im(Zyf).

2. The reactance X4 should be adjusted such that the
resistance Re(Z,r) is equal if impossible, or at least
close to ri. Because (X, + XA2)2 > 0, Re(Zyf)
must be equal to or smaller than *M 2/r2. Therefore,
X42 should be adjusted such that Re(Z,r) = r if
w>M?/ry > ry, otherwise X4 should be adjusted to
satisfy X» + X2 = 0.

The relation w?*M?%/r, > r; can be rewritten as k >
1/(Q102)Y2, where k is the coupling coefficient defined
as k = M/(LiLy)"/?; Q) and Q, are the quality factors of
the transmitter and repeater, respectively, defined as Q1 =
wLi/r; and Qp = wlLy/rp. Therefore, the second condition
indicates that X4, should be adjusted such that Re(Z) =r1,
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if k > 1/(Q1Q2)1/2; otherwise X42 should be adjusted to
satisfy X» 4+ X4 = 0. In addition, the inequality k& >
1/(Q102)"/? is known as the condition in which the frequency
splitting phenomenon occurs in a two-coil RIC-WPT system
[18], [20]. Therefore, Re(Z,.r) = r1 can be achieved when the
frequency splitting phenomenon occurs between the transmit-
ter and the repeater.

In the proposed WPT systems, the ATACs are
autonomously controlled to satisfy the aforementioned two
conditions. As a result, the amplitude of the repeater coil
current is controlled at its maximum possible value against
the variation of resonant frequency and the magnetic coupling
intensity. The next subsection discusses the phase angle of
the gating signals to be set for these ATACs and the resultant
repeater and transmitter coil current in the steady-state.

As discussed in the previous subsection, the reactance
X41 and X4o should be negative because the ATACs should
be operated as variable capacitors for the ZVS turn-on of
the ATAC. Therefore, the proposed WPT system should be
designed such that the reactance of the transmitter resonator
excluding the ATAC1 but including the reflected reactance of
the repeater, i.e. wLi —1/wCi+Im(Z,,r), is always inductive,
and that the reactance of the repeater resonator excluding the
ATAC2, i.e. wLy—1/w(C>, is inductive as well.

D. OPERATION ANALYSIS

The analysis of the phase angle differences of the ATACs
is performed based on the phasor diagram shown in Fig. 8,
where Vi, Vina, Va1, Vaz, I1 and I, are the root-mean-square
values of the fundamental waves of vi,, Vind, VAl, VA2, i1
and i, respectively.

Im Vio
», (phase angle difference
~.~" of gating signal of S; to v;,)
> Re

>
Ly,

I
} ™\ ¢, (phase angle difference
of gating signal of S, to v;,)

0, (phase angle difference of i, to v;,,)

FIGURE 8. Phasor diagram related to ATACs in proposed WPT system.

According to the first condition discussed in previous
section, the ac current of the transmitter coil should accurately
be in phase with the ac voltage source. This requires that
the phase angle difference ¢; is set at —m/2 because the ac
current flowing into the ATAC must have the phase difference
of m/2 to the gate signal S; of ATACI1. Therefore, ATAC1
should be operated at the fixed phase angle difference,
ie., @1 = —m/2.

Meanwhile, the second condition discussed in previous
section requires active control of the phase angle difference
of ATAC2 depending on the coupling factor k. According
to this condition, Re(Z,.r) should be adjusted at ry, if k >
1/(Q1Q2)1/2; otherwise X, + X4o should maintained at O.
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Hence, Re(Z,.r) = r1 can be developed as

Xo+ X\’ | o?M?
- onn

—1=K0102—-1, (3
mn

the phase angle difference 6, between I, and Vj,; can be
determined when k > 1/(Q1 Q2)1/2 as

Xo + X,
0y = +tan! (M) — +tan~ ' Vk20,05 — 1. (4)

rn
(-m/2 < 6, < 7/2 because r is positive.) Meanwhile, in the
case of k < 1/(Q1Q2)1/ 2 the ATAC should entirely cancel
the reactance of the repeater resonator X,. Consequently,
6, is determined for k < 1/(Q102)"/? as

6, = 0. 5)

Because the ATAC1 ensures the transmitting coil current is
in phase with the ac voltage source, voltage induction in
the repeater coil has a phase difference of sgn(M)n/2 with
respect to the ac voltage source, where sgn(M) equals 1,
if the mutual inductance M is positive. Otherwise, sgn(M)
equals —1. Consequently, the phase angle difference of ¢;
can be determined as

g02=sgn(M)n'/2+92—71/2. (6)

The resultant /1 and /> can be obtained by calculating the
phase angle differences ¢ and ¢,. Because [ is in phase with
Vin, It = Vinl{r1+Re(Zyr)}. Therefore,

Vin it k0100 > 1.
— 27’1
3 Yo /oo <1
n (1 + k2010, VRS

Notably, when Vj,y = |wM]|I;, the following relation is
obtained.

Vina = loM| 11 = kl1/Q102:/T112. (8)

Consequently, I can be obtained as

V4
= if kv Q102 = 1.

12 _ 2A/r1r2’ (9)
B kvO102 Vi .
fky 1.
144200, A2 V10 <

As shown in (9), the repeater coil current is independent
of the reactance of the resonators, i.e., wLy—1/wC>. There-
fore, the proposed WPT system can stabilize the repeater
coil current against the variation in the resonant frequency
of the transmitter and repeater resonators. Certainly, /> is
dependent on the quality factor of the transmitter and repeater
resonators. However, these factors are far less sensitive to
the variation in the resonant frequency compared with the
reactance of the resonators. Additionally, the repeater coil
current is independent of the magnetic coupling coefficient &
when k is sufficiently large to cause the frequency split-
ting phenomenon. Therefore, the proposed WPT system can
also stabilize the repeater coil current against the frequency
splitting phenomenon at a large magnetic coupling intensity,
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which affects the repeater coil current owing to the variation
in the magnetic coupling intensity.

According to (4) and (6), two optimal values exist for ¢,
to maximize the amplitude of the repeater current in the case
of k > 1/(Q102)"/2. These two values of ¢, result in opposite
signs of the phase angle difference 6,. Nonetheless both of ¢;
does not affect the amplitudes of I; and I;. When £ is close
to the unity, the two optimal ¢, approaches to /2, which
indicates that the phase difference between i1 and i is 0 or 7.
Therefore, the two optimal ¢, corresponds to the even and
odd modes under the frequency splitting phenomenon.

As the dc voltage is stored in the smoothing capacitor of
the ATAC, this voltage should be estimated for the practical
design of the ATAC. Therefore, the amplitude of the ATAC
output voltage V41 and V4o are calculated. Because Vj
and V4, are identical to the voltage drop across the equiv-
alent reactance X4 and Xy, respectively, V41 = X411 and
Va2 = Xaol. The reactance X4, when k > 1/(Qq Qz)l/2 and
0, = +tan"'(k2Q10,—1)!/? can be calculated from (3)
and (4) as

Xa2 = —Xo £ nVk?0:10, — 1. (10)

Therefore, Im(Z,.r) can be calculated as

Im (Zef) = Frivkr0102 — 1, ifkyQ102 > 1,
e 0, if k010, < 1.

(11)
Consequently, V4 is obtained as
1 2 Vin
oLy = o F ri/k2010: — 1] .
it ko/O102 > 1,
Va1 = | v, (12)
‘a)Ll — wC r1(1+k%20102)°
ifk«/Qle < 1.
Similarly, V4, is obtained as
‘sz - w%z T rvk2010s — 1‘ 2)/;";—,2,
it k0102 > 1,
Var = 1 (13)

- ‘a)L 1 k0102 Vin
wCy ./r1r2(1+k2Q1Q2)’

if k0107 < 1.

Because V41 and V4, are the root-mean-square values of the
fundamental waves, the dc voltage Va1 4. and Va2 4. of the
smoothing capacitors of ATAC1 and ATAC2 are obtained as

T T
Val_de = EVAI» Vao_ae = EVAI (14)

As shown in (12)—(14), the necessary voltage tolerance of the
smoothing capacitor of the ATAC increases as the reactance
of the LC resonator increases and as the coupling coefficient
increases or decreases. Therefore, a high voltage tolerance is
required if the ATAC needs to compensate for a wide variation
in resonant frequency and magnetic coupling intensity.
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IIl. AUTONOMOUS CONTROL STRATEGY OF PROPOSED
WIRELESS POWER TRANSFER SYSTEM

As previously discussed, the ATACs of the proposed WPT
system should operate with an appropriate phase angle differ-
ence from the ac voltage source generated by the inverter of
the transmitter. This section discusses a basic concept of the
autonomous controller. The actual circuit for this controller
is beyond the scope of this paper and will be investigated in
a future study. However, the appropriateness of this concept
was tested through experiment by manually controlling the
proposed WPT system.

Fig. 9 illustrates the proposed WPT system with an
autonomous controller. The controller comprises three parts:
1. The transmitter controller, which controls the inverter and
ATACI; 2. The repeater controller, which generates the con-
trol signal for the ATAC2; 3. A wireless communicator, which
transmits the signal that synchronizes the inverter output
voltage to the ATAC controller of the repeater.

ATAC2¢ Small-sized
5 % %%} IoT devices
—
-»-I Repeater
Current
amplitude '
sensing % % %} Small-sized
Repeater IoT devices
— controller

i Inverter

Wireless .ot

communicator { 4%}

Transmitter 1

controller J

i3 Transmitter

FIGURE 9. Concept of proposed WPT system with autonomous controller.

The transmitter controller generates the control signals of
the inverter, determining the phase angle of the ac voltage
output of the inverter. Meanwhile, the transmitter controller
also generates the gating signals of the switching devices of
ATACI. As earlier mentioned, the ATAC1 should operate so
that the phase angle of v4; is delayed by 7/2 relative to vj,.
Thus, feedback control is not necessary for the transmitter
controller because the ATAC1 operates at a fixed phase angle.
Therefore, the gating signals for ATAC 1 can be simply gener-
ated by shifting the gating signals of the switching devices of
the inverter by using a fixed phase delay circuit for example.

The wireless communicator transmits the signals synchro-
nizing the inverter output voltage to the ATAC2 controller
via a wireless connection. Although the practical design of
the wireless communicator is out of scope of this paper, the
most convenient signals for this synchronizing signal may be

98181



IEEE Access

M. Ishihara et al.: Feasibility of Active Reactance Compensator

the gating signals for the inverter. Any media can be utilized
for the wireless connection. For example, infrared on-off
keying communication [14] may be a convenient method
for the WPT system with an operating frequency below
approximately 10MHz.

The repeater controller generates the gating signals for the
switching devices of ATAC2 based on the synchronization
signal received from the wireless communicator. These gating
signals are generated by shifting the received synchroniza-
tion signal by an appropriate phase angle. According to the
previous section, this phase angle can vary depend on the
magnetic coupling coefficient k, which is often unknown
particularly the position of the repeater is variable. In this
case, the controller should search for the phase angle.

A simple method for searching for the appropriate phase
angle is the perturbation and observation (P&O) method
[14], [30]. Fig. 10 shows an example algorithm, which itera-
tively searches for the phase angle difference  between the
high-side switch of ATAC2 and the synchronization signal
by repeating small updates of 1, based on the observation
of the amplitude of the repeater coil current. For simplicity,
the synchronizing signal is assumed to have no phase angle
difference from the inverter output voltage, although a similar
algorithm can be used when the signal has a phase angle
difference. In Fig. 10, n is the index of the newest observation
result; I, , 1S the observed repeater current amplitude; and
An is a predetermined small fixed phase angle value, which
is added or subtracted to slightly change the current phase
angle 1 to shift the synchronization signal. By repeating the
update process of 1, n converges into the appropriate value,
resulting in adaptive maximization of the repeater current.

| Start and Initialization |

|

Set range of %
(—m2<n<00r0<n<n/2,if sgn(M)=1)
(—n<p<—morn/2<n <, if sgn(M)=-1)

!

Observe repeater
current amplitude 7,

n2, n

! n=n+l |

FIGURE 10. Searching algorithm for appropriate phase angle difference
of ATAC2.

In the initial state of the algorithm, the adjustable range
of 1 is chosen depending on the sign of the mutual induc-
tance M, which should be provided to the control system
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by the designer of the WPT system. In particular, the range
of n should besetas 0 <n <w/2or —/2 <n <O0if
sgn(M) = 1,and —m <n <ml2orn/2 <n <mif
sgn(M) = —1. Two possible ranges for each sign of M cor-
respond to even and odd mode operations when the magnetic
coupling intensity is strong. The designer of the WPT system
can freely choose from these two modes by considering the
preferable mode.

IV. EXPERIMENT

Experiments to evaluate the operating principles of the pro-
posed WPT system were conducted. These experiments test
the stable maximization of the repeater current with varying
magnetic coupling and resonant frequency as well as the
resultant improvement of the charging area to the receiver.

A. EXPERIMENTAL PROTOTYPE

The schematic of the prototype of the proposed WPT system
used for this experiment is shown in Fig. 11. This prototype
comprised one transmitter, one repeater, and two receivers.
The transmitter and repeater incorporate the Litz wire coils
with the same diameter and number of turns. These coils were
separated by a vertical distance. W could be varied through
nine vertical positions to test the dependence on the magnetic
coupling intensity. Meanwhile, the receiver had a small coil
of thin copper wire with a diameter of 0.16 mm wound on the
cylindrical ferrite core (7H20 [31] manufactured by TDK Co.,
Ltd.). The diameter of the receiver coil was 10.0 mm, which
was far smaller than the diameters of the transmitter and
receiver coils. As shown in Fig. 11, the small-sized receiver
coils were fixed concentrically 150 mm above and below
the repeater coil to avoid overcomplicating the experiment.
The half-bridge inverter was adopted to excite the transmitter
resonator, where V;, 4. is the DC voltage of the inverter.

Ferrite core

’,
/

i \
: 10.04 i
: % B I, J— =DC |
| Winding” 87 w8 || Ti I load]
| (Wire diameter 030 mm, ||~ /——mmemtis ]
'\\ Number of turns 29 turns) ,/ \Recelver coil Rectifier J

_____________________ - o e -
-

Central axis i -

]
__—Small-sized receiver 1

A .

Position 9 =13 1150 mm Repeater coil (¢195 mm, 20 turns)
: 400 mm Inverter for
(50.0 mm transmitter

v[150 mm
~—Small-sized {
receiver 2 i

ereenenis feey

increments)

.' . v
Position 1 'y

110.0 mm /
v L

7
Transmitter coil
($195 mm, 20 turns)

VeV =NV, o f7)

FIGURE 11. Schematic of the experimental setup for proposed system.
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The photograph of the experimental setup of the proposed
system is shown in Fig. 12. The gate control signals of the
inverter and ATACs in this study were generated using a
function generator. In addition, the power supplies for the gate
drivers in the inverter and the ATACs were supplied using a
common external power source. The operating phase angle of
the ATAC in the repeater was adjusted to 6, using the func-
tion generator manually based on the flowchart in Fig. 10.
In the experiment, the transmitter and repeater currents were
measured using a current probe connected to an oscilloscope,
while the DC voltages of the ATACs were measured using a
digital multimeter.

Vin_ac and power supply
for gate drive circuits

i- - Small-sized
Lj_receiver 1and2

i \
.‘ Inverter for
transmltter ]
- ATAC on transmltter
”—,

FIGURE 12. Photograph of the experimental setup for proposed system.

The circuit parameters of the proposed system and the
system without the ATACs (i.e., the conventional system)
are listed in Table 1. The operating frequency was set to
400.0 kHz for simplicity of the experimental system construc-
tion and waveform measurements, although the proposed
system does not impose any requirement for the operating
frequency. Because C; and C, for each system differ, »; and
ry also differ from each system (7] includes the on-resistance
of the power devices in the inverter.). In the conventional
system, C; and C, were determined such that the resonant
frequencies of the transmitter and repeater were equal to the
operating frequency. However, C; and C, of the proposed
system were determined based on (12) and (13) such that the
phase difference angle between v4; and i| as well as between
va2 and i, satisfy the condition that each ATAC achieves ZVS
turn-on. Meanwhile, C,1 and C,, were designed so that the
resonant frequency of each receiver was close to the operating
frequency. In addition, R4.1 and Ry of the receivers were
designed with values in which each receiver can obtain the
most output power when the transmitter and repeater currents
are approximated to be uninfluenced by the receiver current.
In the case of the conventional system, the output terminals of
the ATACs were shorted when measuring the transmitter and
repeater current, thereby eliminating the effect of the ATACs.
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TABLE 1. Circuit parameters for experiments.

Symbols / Parameters Values
Common circuit parameters
L Self-inductance of W, 55.690 uH
L, Self-inductance of W, 55.463 uH
C, Capacitance of ATAC on transmitter 22 uF
C, Capacitance of ATAC on repeater 22 uF
L, Self-inductance of coil for receiver 1 23.360 pH
L, Self-inductance of coil for receiver 2 23.889 uH
C, Capacitance of receiver 1 6.777 nF
C, Capacitance of receiver 2 6.627 nF
) Parasitic resistance of receiver 1 1.991 Q
L~ Parasitic resistance of receiver 2 1.922Q
R, Output DC load resistance in receiver 1 9.813 Q
R,, Output DC load resistance in receiver 2 9.502 Q
/. Operating frequency 400.00 kHz
wa  Input DC voltage 6.0V
Conventional system
r, Parasitic resistance of transmitter 0.436 Q
r, Parasitic resistance of transmitter 0.392Q
C, Capacitance of transmitter 2.844 nF
C, Capacitance of repeater 2.858 nF
Proposed system (0 < 6 < n/2)
7 Parasitic resistance of transmitter 0.429 Q
r, Parasitic resistance of transmitter 0.387Q
C, Capacitance of transmitter 3.092 nF
C, Capacitance of repeater 3.086 nF
Proposed system (—1/2 < 6 < 0)
r Parasitic resistance of transmitter 0.416 Q
r, Parasitic resistance of transmitter 0.367 Q
C, Capacitance of transmitter 3.281 nF
C, Capacitance of repeater 3.258 nF

B. STABILITY AGAINST VARIATION IN MAGNETIC
COUPLING INTENSITY

Here, we validate that the repeater current of the pro-
posed system can be obtained stably with varying magnetic
coupling intensity. In particular, we compared the repeater
current between the conventional and proposed systems when
the position of W, changed. The coupling coefficient k&
between the transmitter and repeater coils in each position
of the repeater coil is shown in Fig. 13. The evaluation
was performed as a representative example only when the
coupling coefficient M was positive. In the experiment, the
small-seized receivers were excluded because this subsection
aims to evaluate the repeater current stability with varying
magnetic coupling intensity between W1 and W».

The experimental and analytical calculation results
of I, I, Va1 _dc, and Vap_g- when 0 < @2 < m/2 and —n/2 <
@2 < 0 are shown in Figs. 14 and 15, respectively. The results
of I1 and I, of the conventional system in Figs. 14 and 15 are
the same. Here, we excluded the detailed derivation processes

98183



IEEE Access

M. Ishihara et al.: Feasibility of Active Reactance Compensator

I

Coupling coefficient
between W, and W, k
(=)
=

=3
(=3
(=3
—_

1 2 3 4 5 6 7 8 9
Position of W,

FIGURE 13. Coupling coefficient between W; and W, at each position
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FIGURE 14. Characteristics against variation in magnetic coupling

intensity when 0 < ¢, < /2. (a) Resonator current. (b) DC voltage of
ATAC.

of the theoretical calculation results of /; and I in the
conventional system because the currents in the WPT system
consisting of two resonators have already been studied [6].
As shown in Figs. 14 and 15, I of the conventional system
is significantly changed when k > 1/(Q10Q,)!/? owing to the
frequency splitting phenomenon. In contrast, the proposed
system can obtain an approximately constant large current
when k > 1/(Q10>)'/? regardless of the coupling coefficient.
However, the I of both systems decreased as k decreased
when k < 1/(Q10>)'/%. When k < 1/(Q10>)'/?, the rate of
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FIGURE 15. Characteristics against variation in magnetic coupling
intensity when — = /2 < ¢, < 0. (a) Resonator current. (b) DC voltage
of ATAC.

decrease of I, owing to a decrease in k is almost the same
between the proposed and conventional systems. Therefore,
the proposed system can stabilize the repeater current with
varying magnetic coupling intensity.

However, as shown in Figs. 14 and 15, an error exists
between the experimental and analytical calculation results
of the proposed system. This error results from slight losses
in the ATACs. Although the ATACs can achieve ZVS turn-on,
they still have conduction, turn-off, printed circuit board, and
reverse conduction losses. These losses are slight; however,
they easily influence experimental results, owing to the large
quality factors of the transmitter and repeater resonators used
in this experiment. Although the ATAC causes losses, the pro-
posed system can significantly improve the repeater current
stability with varying magnetic coupling intensity with only
a slight increase in losses.

C. STABILITY AGAINST VARIATION IN RESONANT
FREQUENCY

Subsequently, we validated that the repeater current of the
proposed system can be obtained stably with variation in
the resonant frequency. We compared the repeater current
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FIGURE 16. Characteristics against variation in resonant frequency
when 0 < ¢, < /2. (a) Resonator current. (b) DC voltage of ATAC.

when C; changed by £5% from the designed value between
the proposed and conventional systems. The repeater was
fixed at position 7. Furthermore, similar to the previous
subsection, the small-seized receivers were removed in this
experiment.

The experimental and analytical calculation results of I,
11, Va1 de,and Vo ge when 0 < ¢p <m/2and —m/2 < ¢ <
0 are shown in Figs. 16 and 17, respectively. The results of
I, for the conventional system in Figs 16 and 17 are similar.
In the conventional system, the repeater current significantly
decreases when C; varies from the designed value. However,
the proposed system can achieve a constant repeater current
regardless of the variation in C; because the ATAC on the
repeater compensates for the effect of the variation in Cs.
Therefore, the proposed system can stabilize the repeater cur-
rent with variation in the resonant frequency of the repeater.
Although we excluded the experimental results, the proposed
system can also compensate for the variation in the resonant
frequency of the transmitter resonator because the ATAC
on the transmitter automatically cancels all reactance in the
transmitter, as discussed in Section II.
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FIGURE 17. Characteristics against variation in resonant frequency when
— /2 < ¢, < 0. (a) Resonator current. (b) DC voltage of ATAC.

D. EXPANSION OF CHARGING AREA

Finally, we validated the proposed system’s ability to improve
the charging area of small-sized receivers compared with the
conventional system. We compared the output power of the
small-sized receiver of the proposed and conventional sys-
tems when the position of Wy was set to positions 4, 5,
and 6. The coupling coefficients between the corresponding
coils are shown in Fig. 18, where Wy; (i = 1, 2) represent
receiver coils. Moreover, this section indicates the difference
in the output power depending on the range of ¢», i.e.,
0<¢@y<m2and —7/2 < @ <O0.

The experimental results of the output power in Receiver 1
are shown in Fig. 19 (a). Notably, the output power of
each receiver was measured separately for Receiver 1 and
Receiver 2 (the receiver coil on the side not being mea-
sured was opened). Furthermore, the operating waveforms
of the proposed system when the position of W, was set to
Position 6 and the output power of Receiver 1 was measured
are shown in Fig. 20. The output power of Receiver 1 in
the conventional system is almost equivalent to that of the
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FIGURE 19. Output power of each receiver. (a) Receiver 1. (b) Receiver 2.

proposed system when W5 was set to Position 6. However, the
output power decreased significantly as the distance between
W1 and W> decreased because the repeater current decreased
owing to the frequency splitting phenomenon. However, the
output power of the proposed system was almost constant
because the repeater current was almost constant regardless of
the position of the repeater coil. However, when the distance
between W and W, decreased, the output power of the
proposed system changed slightly owing to the magnetic
field generated by the transmitter. For 0 < ¢y < /2, as the
distance between W; and W, decreased, the phase angle
difference between the repeater current i and transmitter
current i1 approached 0. Therefore, the magnetic field result-
ing from the transmitter current and that resulting from the
repeater current strengthen each other. In contrast, when
—m/2 < ¢y < 0, the phase angle difference between the
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FIGURE 20. Operating waveforms of proposed system when W, was set
to position 6 and receiver 1 was measured. (a) 0 < ¢y < /2. (b) — /2 <
@y = 0.

repeater current ip and transmitter current i; approached m
as the distance between W; and W, decreased, as shown
in Fig. 20 (b). Hence, the magnetic field resulting from the
transmitter current weakens the magnetic field generated by
the repeater current. Thus, in the proposed system, the output
power of Receiver 1 when 0 < ¢» < m/2 is larger than
when —/2 < @p < 0 as the distance between W1 and W,
decreased.

Then, the experimental results of the output power in
Receiver 2 are shown in Fig. 19 (b). Similar to Fig. 19 (a),
the output power of Receiver 2 in the conventional system
decreased as the distance between W, and W, decreased
because the transmitter and repeater currents were signif-
icantly reduced by the frequency splitting phenomenon.
Hence, in the case of the proposed system when 0 < ¢y < 7/2,
the output power was larger than the others. This is because
the proposed system can stabilize the repeater current regard-
less of the variations in the magnetic coupling intensity and
also the phase angle difference between the repeater current ip
and the transmitter current i; approached zero. However,
in the case of the proposed system, when —m/2 < ¢y <0, the
output power of Receiver 2 placed between the transmitter
and repeater coils was significantly lower than that when
0 < ¢y < m/2. This is because the phase angle difference
between the repeater current i» and the transmitter current i
approached 7 and the transmitter and repeater currents weak-
ened the magnetic field of each other. Therefore, the proposed
system for 0 < ¢ < m/2 is the best in terms of the pro-
vision of a wide charging area. In the experiments of this
section, the distance between the repeater and each receiver is
fixed. Nevertheless, we believe that the proposed system for
0 < ¢ < 7m/2 tends to obtain more output power than
the conventional system at different distances between the
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repeater and the receiver. This is because the experiments in
Section IV-B have demonstrated that the proposed system can
achieve more stable repeater current amplitudes with respect
to the coupling coefficient than the conventional system.

V. CONCLUSION

This paper proposed a novel RIC-WPT system and its con-
trol strategy that can stabilize the repeater current regardless
of variations in the resonant frequency and magnetic cou-
pling intensity to expand the charging area for small-sized
receivers. The proposed WPT system had ATACs in the trans-
mitter and repeater to actively adjust the resonant frequency
of each resonator. The control for the ATAC of the transmitter
was simple because it is driven by the fixed phase angle. The
ATAC in the repeater dynamically adjusted the phase angle
of the output voltage of the ATAC to maximize the repeater
current based on the P&O method. From the experimental
results in Figs. 14-17, it was verified that the proposed WPT
system could stabilize the repeater current even when the
position of the repeater coil and the resonant frequency of
the repeater changed. Furthermore, it was verified that the
proposed WPT system effectively expanded the charging area
of small-sized receivers as demonstrated in Fig. 19. From
these results, we validated the feasibility and effectiveness of
the proposed reactance compensator. Therefore, the proposed
WPT system is promising as a practical method to provide a
wide charging area for small-sized receivers.
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