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Eliminating Dead Zone in Wireless Power Transfer
with Repeater Coil by Power Factor Control
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Abstract—Dynamic wireless power transfer (D-WPT) is at-
tracting attention as a way to compensate for the shortcomings
of electric vehicles. However, the cost of inverters for D-WPT is
high due to the cost of the semiconductor devices and controllers,
making it difficult to implement in society. Therefore, a method
that can energize multiple repeater coils with a power transmitter
coil is known as an effort to reduce costs. However, the repeater
coil creates a dead zone in which the power cannot be transferred
to the receiver coil. The main cause of the dead zone is the high
input impedance of the circuit. This paper proposes a method to
eliminate the dead zone by implementing power factor control on
the transmitter side. In the proposed method, the frequency of the
inverter is controlled to maintain the power factor to one when
the receiver coil moves over the transmitter and repeater coil.
The frequency of the inverter is determined by the hill climbing
algorithm.

Index Terms—Dynamic Wireless Power Transfer, Electric Ve-
hicle, Repeater Coil, Dead Zone, Power Factor Control

I. INTRODUCTION

Wireless power transfer (WPT) is a technology of trans-
mitting electric power to electronic devices such as home
appliances and electric vehicles (EVs) without the use of
wires [1]-[3]. Two main types of WPT i.e. magnetic field,
electric field and both have been studied [4]-[6]. These two
types are used differently depending on the application. In
particular, there are many studies on the magnetic field method
for EVs [7]-[9]. In addition to the research to bring out the
performance of EVs, research is actively conducted to detect
of metallic foreign objects during WPT in each case [10], [11].
Also being conducted to reduce the impact on the human body
by the leakage magnetic field [12]. The realization of D-WPT
is expected to reduce the weight of batteries installed in EVs
and extend their cruising distance [13].

However, the implementation cost of D-WPT is enormous,
especially since the semiconductor devices and controllers
used in the inverter are expensive [14].

Abdolkhani et al. proposed a system to significantly reduce
the number of components and cost by using a single switch
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Fig. 1. D-WPT system. (a) System with transmitter and receiver coils. (b)
System with transmitter, receiver and repeater coils.
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Fig. 2. Configuration of D-WPT circuit with repeater coil.

for both voltage rectification and voltage control [15]. A sys-
tem was proposed to lower the cost of segment configuration
without using many inverters by switching circuits based on
a flexible operating strategy [16]. The configuration using a
repeater coil has been studied as shown in Fig. 1 (b) [17],
[18]. Previous studies suggest that the number of inverters
can be reduced by repeater coils and that the constant current
characteristics of the LCL network can be used to stabilize
the received power [14]. Other studies have identified a phe-
nomenon called the dead zone, in which power transmission
becomes difficult in terms of efficiency and power when the
transmission and repeater coils are arranged horizontally [19].
This dead zone needs to be improved because it has a negative
impact on the ability to reduce the number of inverters.
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Fig. 3. Equivalent circuit of the D-WPT system with a repeater coil (M12 = 0).
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Fig. 4. Equivalent circuit of the D-WPT system with a repeater coil
(M2 = 0).
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This paper proposes transmitter side power factor control to
eliminate the dead zone. This method determines the frequency
depending on the location of the receiver coil and decreases
high input impedance which is the cause of the dead zone.
Experimental results show that the proposed method improves
the received power and efficiency at the dead zone compared
to the case where the frequency is constant.

II. OVERVIEW OF REPEATER COIL SYSTEM

Fig. 2 shows the equivalent circuit of a D-WPT circuit using
a repeater coil. Fig. 3 shows the equivalent circuit when the
receiver coil is located above the repeater coil. Fig. 4 shows the
equivalent circuit when the receiver coil is located above the
transmitter coil. Table I shows the definitions of the parameters
used in this paper. The subscripts ¢ and j in Table I are 1, 2,
and 3, where 1 indicates the transmitter side, 2 indicates the
receiver side, and 3 indicates the repeater side, respectively.
Also, (i, 7) is expressed as a combination of (1, 2), (1, 3), and
(2, 3), indicating the transmitter-receiver, transmitter-repeater,
and receiver-repeater sides respectively. Table I shows the
parameters used in the theoretical calculations.

Xi, M;; and Rpac can be expressed as

1
Xi:wLi_i

oC, i€{1,2,3}, (1)

Mi; = kijn/LiL; i€{1,2,3} j€{1,2,3}, (2

8
Rpac = 5 Rr. 3)

The circuit equation is formulated based on Fig. 2 as

Vinw Ry +j X1 JjwMi2 JwMis Iy
0 = | jwMi2 Ra + Rpac +jX2 JwMas I . (4)
0 jwMi3 jwMa3 Rz +jXs]| |13

From (4), P,,: can be defined as
Pout = RLACIQ2- (5)

M, =0
TABLE 1
NOMENCLATURE.
Parameter Symbol
Source voltage Vi
Output voltage of inverter Vinw
Coil current I;
Coupling coefficient kij
Mutual inductance M;;
Self inductance of coil L;
Resonance capacitor C;
Reactance of L; and C; X;
Coil winding resistance R;
Load resistance Ry,
AC equivalent load resistance Rrac

Operating Angular frequency w

Operating Angular frequency of the proposed method Wprop

Operating frequency f

Operating frequency of the proposed method Sforop

The resonance frequency of each side fi

Variation step of operating frequency Af

Input impedance of the entire circuit Zin

Input impedance of circuit then dead zone (M23 = 0) Zq

Input impedance of circuit then dead zone (M2 = 0) Znd

Angular declination of Vjj,, and Iy 0

AC-AC efficiency n

Power consumed at Ry a¢ Pout

TABLE II
THEORY AND SIMULATION PARAMETERS.
Parameter Symbol Value

Source voltage Vi 100V
Operating frequency f 85.0kHz
Resonance frequency of transmitter side f1 85.0kHz
Resonance frequency of receiver side f2 85.0kHz
Resonance frequency of repeater side f3 85.0kHz
Self inductance of transmitter side coil Ly 137uH
Self inductance of receiver side coil Lo 55 uH
Self inductance of repeater side coil L3 137uH
Transmitter side capacitor C1 25.591 nF
Receiver side capacitor C 63.744nF
Repeater side capacitor C3 25.591 nF
Transmitter side resistance Ry 75 mQ)
Receiver side resistance R 35m$
Repeater side resistance R3 75 m$2
Load resistance Ry, 22.3Q

III. POWER TRANSFER ISSUE WITH REPEATER COIL
A. Negative Impact on Power Consumed at Dead Zone

The dead zone indicates the location of the receiver coil
where little power is received. The effect of this is shown in
Fig. 5. The value of maximum P,,; in the dead zone is about
35.1 W when the receiver coil is above the transmitter coil.
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Fig. 5. Coupling coefficient and P, for receiver coil positions.

On the other hand, when the receiver coil is above the repeater
coil, P,,; increases to 2.2kW in theory.

B. Cause of Dead Zone

The dead zone is caused by a larger Z;,. In the following
analysis, it is assumed that the circuit is driven at its resonant
frequency as in the conventional method [20] as

1 1 1
VLG VLG VL3C
From (6), when the receiver coil is located in the dead zone,
Z, in Fig. 4 can be expressed as shown as

(wM12)2 (wM13)2
(Ro+ Rpac)+jXs  Rs+jXs

Assuming that the internal resistance is very small and substi-
tuting R; = Ry = R3 = 0 into (7), Z; diverges to infinity. On
the other hand, Z,; does not diverge to infinity when applying
the parameters in Table Il because R1, Ro, and R3 are not zero.
Fig. 6 shows P,,; and Z;, when f is varied from 79 kHz
to 90kHz at the dead zone (My5 = 0.158, M;3 = 0.022,
Mos3 = 0.0021). When f is 85 kHz, Z;,, reaches its maximum
value and P,,; reaches its minimum value. In other words, it
is considered that the minimum value of P,,; in the dead zone
is reached when Z;,, reaches its maximum value. As shown
in Fig. 7, there are three points of frequencies in which the
power factor on the transmitter side is one. Among them, P,
reaches its minimum value at 85kHz, and P,,; reaches its
maximum value at 84 kHz and 86 kHz. Similarly, when the
receiver coil is located in the non-dead zone, Z,4 in Fig. 3
can be expressed as

— o f. (6)

w

Zg=Ri+jX| + @)

(wM13)2

. (8)
: (@ M3)?
Ry +jXs + (R2+RL,422‘+.7X2)

Substituting R1=Rs=R3=0 into (8), Z,q does not diverge to
infinity.

IV. PROPOSED METHOD

The cause of the dead zone is that Z;, becomes high
when the switching frequency of the inverter matches the
circuit’s resonant frequency. Therefore, the proposed method
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Fig. 6. Z;y, and P,y when f is varied from 79 kHz to 90 kHz in the dead
zone (M12 = 0.158, M3 = 0.022, M23 = 0.0021).
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Fig. 7. 0 and Pyt when f is varied from 79kHz to 90kHz in the dead
zone (M12 = 0.158, M13 = 0.022, M23 = 0.0021).

is to minimize Z;,, and adjust the power factor to one by
controlling the switching frequency of the inverter. In order
to do so, it is necessary to find the frequency of the power
supply such that the imaginary part of the impedance is zero.
The calculations are performed under Ry = Ry = R and
X, = X3 = X. From Fig. 2, the transmitter side current [y
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Fig. 8. Comparison of frequencies in proposed method and conventional
method for receiver coil positions.
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Fig. 10. Flowchart for power factor control on transmitter side.

can be derived as

L(w) = % ©)
a={(R+jX)*+ (wM3)’}(Ry + Rpac + jX2), (10)
b= (WM, + W’ M33) (R + jX), (11)

c = 2jwMio M3 Mg, (12)
d=(R+jX)(Ry+ Rrac +jX2) + (wMss)®.  (13)

wprop denotes the frequency at which the transmitter side
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Fig. 11. Experimental results of transmitter power factor control of power
supply frequency when applying the proposed method in a dead zone and the
receiver coil position is 0.2 m.

TABLE III
EXPERIMANTAL PARAMETERS.
Parameter Symbol Value

Source voltage Vi 20V
Resonance frequency of transmitter side fi 85.1kHz
Resonance frequency of receiver side f2 85.2kHz
Resonance frequency of repeater side f3 85.1kHz
Variation step of operating frequency Af 100 Hz
Self inductance of transmitter side coil L1 138.3uH
Self inductance of receiver side coil Lo 54.7uH
Self inductance of repeater side coil L3 139.4uH
Transmitter side capacitor Cq 25.3nF
Receiver side capacitor Co 63.8nF
Repeater side capacitor C3 25.1nF
Transmitter side resistance R1 77.2m)
Receiver side resistance R 34.7mf)
Repeater side resistance R3 72.5mS)
Load resistance Ry, 22.30)

power factor is set to one. The purpose of this paper is to
eliminate the dead zone by minimizing Z;, and achieve the
maximum value of F,,; by using wy,.p. The equations for
setting the imaginary parts of Z;,, to zero are shown as

Im {va] =0.
I (wprop)

V. EXPERIMENT

(14)

A. Experimental Procedure

In the experiment, the proposed method is compared to the
conventional method in which the frequency of the inverter is
fixed to the resonant frequency. Fig. 8 shows the comparison
of frequencies in the proposed method and the conventional
method from equation (14). wp,op can be obtained for the
transmitter side power factor to be one [21], but the values
of k;; and Ry are required. Therefore, an experiment is
conducted using the hill climbing algorithm to detect the
phase of V;,, and I; to determine wy,,, SO that they are in
phase without using the values of k;; and R . Fig. 9 shows
the experiment setting. In the experiment, n and F,,; are
compared between the proposed method and the conventional
method. The parameters in Table I are used in the experiment.

B. Experimental and Simulation Results

1) Frequency control results: Fig. 10 shows the flowchart
for the power factor control on the transmitter side. 6 is
detected and the frequency is controlled so that # becomes
zero. When 6 is in phase lead, the frequency is increased by
Af, and when 0 is in phase delay, the frequency is decreased
by Af. Fig. 11 shows the trajectories of 6 and fp.,, When
the receiver coil position is 0.2 m. The iteration period of the
hill climbing algorithm is set to 0.4 ms. The frequency of the
inverter is initially set to 79kHz. As shown in Fig. 7, the
ideal power factor and the maximum output power can be
obtained when the switching frequency is 84 kHz. Therefore,
the initial frequency is set to a value lower than 84 kHz to
ensure the convergence of the frequency control. The results
in Fig. 11 show that it took 18.05 ms for 6 to reach zero. Also,
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Fig. 12. Experimental results of waveforms of V5, and I in the proposed
and conventional methods.
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the peak-to-peak value of 6 after convergence was 10 deg. Fig.
12 shows V;,, and I; without the power factor control. 6 is
not zero due to the effect of resonance mismatch, but in the
proposed method, it was confirmed that 6 is controlled to be
close to zero.

2) Measured Efficiency and Received Power: The results
of P, and 1 when applying the proposed and conventional
methods are shown in Figs. 13 and 14, respectively. The
experiment was conducted at low power. Fig. 14 shows that the
average power in the dead zone is 11.2 W for the conventional
method. However, it was confirmed that the proposed method
improves the average power to 108.9W. In addition, as
shown in Fig. 14, the average 1 of the dead zone improved
from 11.5% to 93.4% by applying the proposed method. The
simulation results show almost the same trend, although it is
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Fig. 14. Experimental results of comparison of n between proposed and
conventional method.

slightly different from the experimental results. There are two
possible reasons for the discrepancy. Firstly, the parameters
in Table Il may be different from the actual values due to
measurement errors. Secondly, # does not converge exactly to
zero degrees due to the step size of the hill climbing method.
However, These results suggest that the proposed transmitter
side power factor control is effective in eliminating the dead
zone.

VI. CONCLUSIONS

This paper proposes a method of eliminating the dead zone
that occurs in D-WPT with a repeater coil. The dead zone is
a section where received power is substantially reduced, and
it is shown that the cause of the dead zone is a high input
impedance. Therefore, a method was proposed to minimize
the input impedance above the dead zone by controlling the
operating frequency and maintaining the power factor to one
on the transmitter side. In the experiment, the received power
and the transmission efficiency were measured in compari-
son with the conventional method in which the switching
frequency is fixed to the circuit’s resonant frequency. As a
result, it was confirmed that the proposed method improved
the average of power consumed at the dead zone from 11.2 W
to 108.9 W, and increased the transmission efficiency from
11.5% to 93.4%.
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