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Abstract— Dynamic wireless power transfer (DWPT) for
electric vehicles (EVs) is an innovative technique that enables the
EVs to enhance the driving range and reduce the capacity of the
battery. The receiving current control is important to prevent the
battery from overcharging. In this paper, the receiving current
control using an active rectifier is focused on. Pulse density
modulation (PDM) is effective in terms of the switching loss in the
rectifier compared with pulse width modulation. In the previous
papers regarding to the PDM, the operation is evaluated in
stationary WPT systems. In this paper, the transmission energy
efficiency of the receiving current control with the PDM is
evaluated using a high-speed rotational testbench for the DWPT.
In addition, centralized PDM (CPDM) and distributed PDM
(DPDM) are experimentally compared. As a result, it was
confirmed that the current control performances using the CPDM
and DPDM are the same in spite of the mutual inductance dynamic
change at 40 km/h. The energy efficiency of the DPDM was 3.3—
7.9% higher compared with one of the CPDM because it can
reduce the filter current and loss in the filter inductance.
Therefore, the DPDM is effective for the receiving current control
of the DWPT system.

Keywords— dynamic wireless power transfer, pulse density
modulation, current control, energy efficiency

I. INTRODUCTION

Penetration ratio of electric vehicles (EVs) are increasing all
over the world because they do not emit carbon dioxide while
driving [1]. However, they still have some problems such as a
short driving range, long battery charging time, and
expensiveness. One of the solutions is a dynamic wireless power
transfer (DWPT) technique [2]. The energy consumption while
driving is wirelessly charged; therefore, the driving range can be
massively enhanced. In addition, the battery capacity can be
reduced. Hence the vehicle weight, cost, and charging time can
be reduced [3].
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The power control of the WPT system is studied for the
purposes of achieving high-efficient power transmission and
protecting the battery from overcharging. It is well-known that
the WPT efficiency depends on the voltage and current of the
transmitter and receiver coils. By controlling them, the high-
efficient WPT can be achieved [4], [5]. In [4] and [5], the
receiving power is controlled with high efficiency by controlling
a DC-DC converter on the transmitter side or receiver side. In
[6], the receiver side is controlled as a constant power load by
using an active rectifier. In [7], three phase inverter for three
phase WPT system is controlled to maximize the efficiency.

For the second purpose, the receiver power is reduced for the
battery protection. The static WPT system is classified by
Society of Automotive Engineers International in J2954 [8]. The
WPT system is divided into three power classes: WPT-1 for 3.6
kW, WPT-2 for 7.7 kW, and WPT-3 for 11 kW. The received
power should be controlled by the size of the car and the state of
charge of the battery to prevent the battery from overcharging.
Especially, the quick receiving current control is needed for the
WPT to hybrid EVs because the battery capacity is small.

This paper focuses on the receiving current control in terms
of the second point. For the vehicle application, the receiver side
equipment should be simple and lightweight; therefore, an active
rectifier is used in the control. In addition, pulse density
modulation (PDM) is considered in the switching of the rectifier
since the switching loss can be zero [9]. The previous papers
regarding to the PDM discussed the performance in stationary
WPT systems. In this paper, the PDM is experimentally
evaluated using a high-speed rotational DWPT testbench. In
addition, two types of the PDM are compared from the
viewpoint of the transmission energy efficiency.
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Fig. 1. Circuit diagram of magnetic resonant WPT using double-sided
LCC.

This paper is organized as follows: Section II explains the
double-sided LCC WPT circuit [10], [11] used in the
experiments. Section III explains the two types of the PDM.
Section IV describes the receiving current controller. Section V
shows the experimental results of the current control using the
high-speed rotational DWPT testbench. Finally, Section VI
concludes this paper.

II. WIRELESS POWER TRANSFER CIRCUIT

This section describes the magnetic resonant WPT circuit
used in this paper. Fig. 1 shows the circuit diagram which
consists of a DC voltage source, full bridge inverter, double-
sided LCC WPT part [10], [11], active rectifier, and DC filter.
V,v,1,i,R, L,and C denote DC voltage, high-frequency voltage,
DC current, high-frequency current, internal resistance,
inductance, and capacitance, respectively. The subscripts ‘1°, ‘2°,
‘>, and ‘DC’ mean the transmitter side, receiver side, LC filter,
and DC filter, respectively. Il is the output current of the
rectifier which is used in the current feedback control.

The circuit parameters of the double-sided LCC WPT part
are decided so that the following equation is satisfied:
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where w denotes the resonant angular frequency.

III. PULSE DENSITY MODULATION

This section explains the PDM for the receiver-side
rectification. In the PDM operation, the active rectifier is
switched between a diode mode and short mode which are
shown in Fig. 2. The mode change is done when the filter current
ip becomes zero (zero current switching); therefore, the
switching loss does not occur. Fig. 3 shows the ideal /e
waveforms of two types of the PDM: centralized PDM (CPDM)
and distributed PDM (DPDM) when the duty ratio is 0.5. T and
T’ are the resonance period which is 27/ and the control period
which is defined as the product of integer N and 7, respectively.
The pulses of the CPDM are put on one side, therefore, the
implementation is very easy. However, the ripple of the receiver
current /> becomes large. In addition, the period of the short
mode becomes long, hence the filter current ip, becomes large.
As aresult, some problems occur such as the heat and noise due
to the magnetostriction in the filter inductor Ly, and the EMC
noise. On the other hand, the pulses of the DPDM are equally
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(b) Diode mode.

Fig. 2. Two modes of the active rectifier in PDM.
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Fig. 3. Ideal I, waveforms. (Duty = 0.5)

put during the control period. The ripple of the receiver current
and the amplitude of the filter current becomes smaller than ones
of the CPDM because of the short period of the short mode. The
energy efficiency evaluation of the CPDM and DPDM are
experimentally conducted in this paper.

IV. CURRENT CONTROLLER

This section describes the receiving current controller.
Fig. 4 shows the block diagram of the current controller. It
consists of two feedback loops to quickly control the receiver
current />. The superscript ‘ref” and ‘res’ denote the reference
value and response value, respectively. The plant block means
the DC filter plant model whose transfer function P(s) is
represented as
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Fig. 5. High-speed rotational DWPT testbench (produced by
TOYOTA MOTOR CORPORATION).

TABLEIL  CIRCUIT PARAMETERS

Parameters Symbols Values
DC Voltage V1, Va 220,220V
WPT inductance L, L, 194.8 uH, 279.4 uH
WPT resistance R, R, 385 mQ, 1101 mQ
WPT capacitance C, C 18.0 nF, 12.6 nF
Filter inductance Ln, Lp 25.5 uH, 51.0 uH
Filter resistance Ry, Rp 68 mQ, 50 mQ
Filter capacitance Cr, Cp 141 nF, 69.5 nF
DC filter inductance Lpc 10 uH
DC filter inductance Rpc 20 mQ
DC filter inductance Cbc 210 nF
Resonant frequency (= wl2r) 84.5 kHz
Number of pulses in 7” N 10
Control frequency /7T 8.45 kHz
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where s denotes Laplace operator. In the inner loop, the rectified
current /e is controlled using a PI feedback controller whose
gains are Gy and Cpi'. Ireet is a discontinuous waveform as shown
in Fig. 3; therefore, a low pass filter whose cut-off frequency is
g is utilized to smooth the waveform. In the outer loop, the
receiver current is controlled using a feedforward controller
whose gain is Crand PI feedback controller whose gains are Gy
and Cy'.

In the DWPT system, the receiver coil is not always on the
transmitter coil. In the experiments, the current reference L™ is
set at a constant. When the receiving current becomes zero, the
integration term in the PI controllers gradually increases and the

TABLEIl.  CONTROL PARAMETERS
Parameters Symbols Values

Feedforward controller gain Cr 1

. Gy 0.339
Inner feedback controller gains Co 2025

. Gy 1
Outer feedback controller gains ;

Chi 10

Cut-off frequency g 8500 rad/s
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Fig. 6. Experimental results when the rectifier works as in the diode mode
(40 km/h).

duty input saturates. In order to prevent the saturation, an anti-
windup control is utilized in the integration part.

V. EXPERIMENTS

This section describes the experimental results of the
receiving current control using two types of PDM and evaluates
the efficiency. Fig. 5 shows the high-speed rotational DWPT
testbench used in the experiments. At the tip of the top bar, the
receiver coil is installed. The transmitter coil is fixed on the
ground. The DWPT test situation can be reproduced by rotating
the center motor at high speed. The circuit parameters and
control parameters are listed in Tables I and II, respectively. The
control parameters are experimentally decided. The pulse
pattern of the DPDM is listed in a table in advance. In the
experiments, the DWPT situation with 40 km/h vehicle speed is
reproduced.

Firstly, the experimental results when the active rectifier
always works as in the diode mode is described. Fig. 6 shows
the experimental results. The blue and orange lines denote the
measured values of the transmitter and receiver sides,
respectively. From the top figure, the high-frequency voltage,
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Fig. 7. Experimental results of the receiving current control when L, = 1.5 A (40 km/h).

TABLEIII. CALCULATED ENERGY AND ENERGY EFFICIENCY
IN DWPT EXPERIMENTS
Diode mode
L [A] Ey [Ws] E, [Ws] 1 [%]
— 1159 86.8 74.9
CPDM
1.0 60.5 28.4 46.9
1.5 73.8 43.0 58.3
2.0 86.1 56.1 65.1
DPDM
1.0 45.6 25.0 54.8
1.5 67.2 43.2 64.2
2.0 83.6 57.2 68.4

DC current, filter current, and WPT current are displayed. From
the DC current waveform, it was confirmed that the receiving
current /> is changed due to the mutual inductance dynamic
change. The constant current characteristics by the double-sided
LCC topology can be confirmed from the WPT current response
i [11].

Next, Fig. 7 shows the experimental results of the current
control using the CPDM and DPDM when the receiving current
reference ! is set at 1.5 A. The meanings of the lines and
figures are the same in Fig. 6. From the response of the receiving
current I, it is confirmed that the current is controlled at the
reference value which is displayed as the black dot line. Both the
calculated mean values of the receiving current using the CPDM
and DPDM from 0.09 s to 0.19 s are 1.58 A which is 5.3% error
of the reference. The periodic oscillation is observed in the DC
current response. It may be a noise by the commercial power
supply because the frequency is 50 Hz.

Finally, the transmission energy efficiency is evaluated. The
transmission energy can be calculated by integrating the
products of the DC voltage and current. The transmission energy
efficiency # is derived as

Ey [Ws] /ttf Volodt
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where £, and fr are the WPT start time and end time, respectively.
The calculated energy and energy efficiency are listed in Table
111 when the current reference L™ is set at 1.0 A, 1.5 A, and
2.0 A. As a result, the energy efficiency of the DPDM is 3.3—
7.9% higher than one of the CPDM, especially in the case when
the current reference is small. The reason is that the loss in the
receiver-side filter is large because ip is large when the CPDM
is used as shown in Fig. 7(a).

VI. CONCLUSIONS

This paper evaluated the receiving current control using the
CPDM and DPDM from the viewpoint of the transmission
energy efficiency. The control performances were compared by
the experiments using the high-speed rotational DWPT
testbench. It was confirmed that the receiving current followed
to the reference value with 5.3% error using both the CPDM and
DPDM in spite of the mutual inductance dynamic change at 40
km/h speed. On the other hand, the energy efficiency of the
DPDM was 3.3—7.9% higher than one of the CPDM because the
DPDM could suppress the increase of the filter current in the
short mode. Therefore, the DPDM is effective for the receiving
current control of the DWPT system.
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