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Load current control of one pulse width modulation
for dynamic wireless power transfer system using
vehicular ac current estimation

Toshiyuki Fujita, Member, IEEE, and Hiroshi Fujimoto, Member, IEEE,

Abstract—A wireless power transfer (WPT) system has been
considered applicable to various charging applications. Dynamic
WPT technology for EVs limits communication speed and ca-
pacity due to the separation of assemblies between the ground
and vehicle sides. It is challenging to communicate signals
synchronized with the transmission frequency at the same timing.
Hence, the system that controls the power only by the vehicle
itself is necessary for the sake of safety. This paper proposes a
dynamic WPT system in which only the vehicle-side assembly
acquires a synchronized signal and controls the load current
to the battery. The theoretical analysis concludes that an input
voltage derives an output ac current as a constant, and the one-
pulse-width modulation for a converter changes a load current.
A feed-forward control method of its current estimation is
proposed. The bench system is designed, constructed, and tested
to verify the effectiveness of the proposed method compared with
the proportional-integral control in a static state. Furthermore,
the system is also verified when in motion. The load current
was limited to the maximum value of the system in areas where
the coupling coefficient is high, while the current value was well
controlled in the other areas.

Index Terms—Inductive power transfer, synchronous rectifica-
tion, pulse width modulation, current estimation, feed forward
control

I. INTRODUCTION

Electric Vehicles (EVs) have attracted attention for its
excellent environmental performances. What is more, Wireless
Power Transfer (WPT) technology has been developed [1], [2]
and manufactured as an integral component of apparatus in
home appliances, consumer products, drone [3], autonomous
underwater vehicle [4] and industrial application [5] where
there is a high demand for an ease of driver’s usability and
safety when charging. WPT technology based on magnetic
resonance introduced [6] is highly efficient and tolerant to
positional coupling even at distances of several ten centimeters
to several meters, so it is anticipated that WPT technology will
be developed not only for the sake of EV use in the stationary
(static) WPT system, but also in motion (dynamic) system.

WPT technology is a solution without trade-off for a short
mileage and a long charging time which is indispensable
of EVs. Nevertheless, Dynamic WPT (DWPT) system has
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been examined by diverse research groups [7]-[12]. When
making a DWPT system practical, there are various issues to
be solved. As the coupling coefficient changes dramatically
during driving state, this approach suggest both the coil
arrangement and the circuit topology to make the output power
constant [10]. The transmitter coils need to be embedded in
the ground for the EVs to drive, and the impact of burial and
packaging with concrete is being examined [11]. In addition,
a new inverter topology is proposed to reduce the installation
number of inverters [12].

Since the power receiving coil is moving in DWPT system,
the time spent on a single transmitter coil is limited. Therefore,
signal communication between the transmitter and receiver
coils is small in volume. Consequently, it is desirable to
acquire synchronization signals and estimable information
without transmission as much as possible, for they lead to
the problem of latency. The latency of communication is in
the order of milliseconds [13], which is several orders of
magnitude greater than the operating frequency of a WPT
system. Hence, some studies are developed in estimation
method. The coupling coefficient and mutual inductance are
estimated by changing the transmitter dc voltage and mea-
suring the current transient response [14]. The system adopts
an additional vehicle coil and uses the voltage of the coil as a
synchronous signal [15]. Our research group has also presented
on a synchronous rectification and propose a system to obtain
a synchronization signal from the voltage of the vehicle-side
resonant capacitor [16].

Various research have been conducted to control the state
of a WPT system by using an active rectifier on the vehicle
side. An article reports on the improvement of efficiency in
the case of misalignment by using a semibridgeless active
rectifier as a pulse width modulation (PWM) based control
to adjust the impedance of the power receiving side [17]. A
system also controls the resonance condition on the receiver
(vehicle) side by adding some phases of the receiver ac
current and voltage to maximize efficiency [15]. A Model
predictive control (MPC) allows the dc/dc converter to run
at a higher speed than the proportional-integral-differential
(PID) control, and its converter is installed at the output of
the WPT diode rectifier [18]. The PID control uses the input
voltage of the converter as a control parameter. Furthermore,
the control parameters of MPC are the input/output voltage
and inductor current of the converter. All of these parameters
can be obtained independently by the vehicle. The operation of
the systems is based on the exchange of information between



2 IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN INDUSTRIAL ELECTRONICS, VOL. XX, NO. X, XXXXXX 202X

Fig. 1: Concept of the proposed wireless power transfer
system.

the transmitter and receiver, and wireless communication is
essential for these systems. Much information exchange leads
to bandwidth compression, so the system should be simple
and based on safety.

This paper proposes the load current control method for a
DWPT system only using vehicle-side assemblies when the
suppression of the current is needed due to vehicle condition.
The DWPT system presented here is designed to have a
distributed arrangement of ground-side coils, which are long in
the direction of vehicle travel. In addition, a full-bridge SiC
converter is used for the vehicle-side rectifier (converter) to
control the current on the vehicle side. One PWM control is
used for current control which carrier frequency is the same
as the load current to be regulated. Moreover, the synchronous
signal is sensed by the resonant capacitor voltage on the
vehicle side [16]. The current control consists of estimating
the vehicle-side coil ac current and using a feed forward
(FF) control from the estimated ac value. In section 2, the
characteristics of the WPT circuit and the proposed PWM
control with a delay of a phase for a circuit component and a
change of pulse width due to a dead time are analyzed with the
description of the proposed current estimation method. Section
3 compares the effectiveness of the proposed method with PI
control in a stationary state. Furthermore, the experimental
results are presented for a running state where the coupling
coefficient changes while moving, and it is confirmed that the
current is controlled to be stable by the proposed method.

II. THEORETICAL ANALYSIS AND CONTROL METHOD
A. Main Circuit Configuration

Fig. 1 shows the circuit configuration of a WPT system
in this experiment, which is based on the so-called “series-
series” WPT system [19]. A voltage-controlled power-factor-
correction (PFC) circuit or ac/dc converter is connected to 200
V, 50 Hz ac mains. This part is not shown in Fig. 1. A full-
bridge inverter operating at a high frequency of 85 kHz is
used for the proposed WPT system. The switching devices
used in the inverter are SiC MOSFETs. The primary coil and
the secondary coil are connected in series with the primary
resonant capacitor Cp and the secondary resonant capacitor
Cs, respectively. A single-phase full-bridge converter (active
rectifier) is used to achieve ac-to-dc power conversion at the
receiving end. The devices are also used for SiC MOSFETs.
A constant voltage load is used instead of a battery as the
load. Furthermore, as shown in Fig. 1, the positive directions
of each voltage and current are defined, respectively.

Fig. 2: Equivalent circuit to the SS topology WPT system.

B. WPT Circuit Analysis

Fig. 2 shows an equivalent circuit of the WPT system at
a fundamental frequency of 85 kHz in Fig. 1. The input
voltage and angular frequency are represented as Vi and w,
assuming a sinusoidal voltage. The self inductances of the
primary coil and the secondary coil are defined as Lp and
Lg, respectively. The mutual inductance between the primary
and secondary coils is defined as M. The winding resistances
rp, rg take account of skin effect and proximity effect and
the equivalent ferrite-core-loss resistance. After the analysis,
these resistances are eliminated from the following analysis.
The coupling coefficient k of the WPT coils is defined using
Lp, Ls, M 5

M
VLpLs
The current and voltage directions are defined as shown in
Fig. 2. The back electromotive forces Vp and Vg are given by
a function of the primary and secondary coil currents Iy and
I as follows;

(D

VW = jwLpln +jwMlIo. 2
Vs = jwMIin+ jwLslo. 3)
The primary and secondary circuits give
I
Vin = Vot 2, @)
JwCp
1
Vo = ——+7Vs 5)
JwCs

To achieve effective power transfer, the power factors at
input and output voltage and current approximates unity in
Egs. (4) and (5). Two resonant capacitors are determined from
Eq. (6) [19].

1 1
w = = .
VCpLp  /CsLs

Substituting (6) into (4) and (5), the input and output voltage
are calculated as

(6)

Vin = jwMIo. (7
Vo = jwM hix. (8)

Eq. (7) indicates that the output current I is proportional to
input voltage Vin. The input inpedance Zy is also calculated
using Eqgs. (7) and (8) as

w?M?

Z = .
IN Ro &)
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Fig. 3: Schematic state at a specific time of the proposed
PWM control method. The uppermost graph is the relationship
between the output current and voltage, and the middle four
graphs are the gate signals of each converter device, which
gates shown in Fig. 1. The lower graph is the triangular
waveforms of PWM control used to generate the gate signals.

Further study is also conducted on efficiency and circuit
characteristics, including parasitic resistance of the WPT coils
[20].

Input voltage Vin in Fig. 1 is designed to be a square wave
or three-level wave input throughout this paper. Vin comprises
not only the fundamental wave, 85 kHz, but also harmonic
components. When a frequency of a harmonic input voltage
is nw and other parameters are the same as fundamental wave
condition, the input impedance, when calculated as in the
derivation of Eq. (9), can be written as follows:

n2w?M?

ZINnw R 10
a RS+ {(n2 — 1)/n}2w?L2 " © (10)
n?— n2w2k2
+7 wlp<1— B e 1: . (n2_1)2
T e W

If n=3, the absolute value of Eq. (10) is 43.87 times larger
than the fundamental impedance Zpy at static condition of this
experimental setup. Based on this calculation, the harmonic
output current of Eq. (6) is negligible because the input
impedance is large. Thus, output current /o can be obtained
a sinusoidal wave in the case of Fig. 1.

C. One pulse width modulation control

Fig. 3 illustrates the switching pattern based on the trian-
gular wave comparison method proposed and implemented in
this paper. This is because the gate waveform can easily be

(d)

Fig. 4: Current paths through the device during one cycle
based on the triangular wave comparison with the period
of the switch timing shown in Fig. 3 implemented in this
experiments. (a) Current path during the periods of TO and
T4. (b) Path of T1 and T3. (c) Path of T2. (d) Path of T5 and
T9. (e) Path of T6 and T8. (f) Path of T7.

generated from the duty command value as shown in Fig. 3.
The proposed method uses the vehicle-side resonant capacitor
voltage Vg as the synchronization signal. Vg is used because
the voltage detection method has fewer errors and delays than
the current sensor for a circuit board, the voltage sensor can be
implemented in a small circuit area, and the FPGA program
for synchronizing the triangular wave carrier is easy to be
programmed [16]. Vg can be described using o as follows.

Io

Vog = ———.
oS jwCs

(1)
As shown in Eq. (11), the triangular wave carrier shown in
Fig. 3 can be synchronized with the current by setting the
carrier to zero at the rising edge of the zero-crossing Vcg when
the capacitor voltage goes from positive to negative. Further
discussion is displayed in [16]. By inputting gate signals to the
upper and lower arms, a desirable waveform with controlled
various width can be obtained, but the presence of a dead
time provides a voltage with a wider width than the duty
input signal at this situation. The bottom figure of Fig. 3
also shows the waveforms of the triangular wave comparison
method implemented in this paper. The zero-crossing signal
of the vehicle-side resonant capacitor voltage is used as the
synchronization signal. When the capacitor voltage rises zero-
crossing point from minus value, the triangle carrier resets
to zero, and count up as shown in Fig. 3. The frequency
is calculated by the digital phase lock loop of the FPGA
implementation, which generates a triangle wave of height
2 with the same frequency and phase as the vehicle-side
capacitor signal. The comparison between the triangular wave
and a dashed line of height one displayed in Fig. 3 generates a
square wave, which is equivalent to synchronous rectification.
The duty is defined as d (0 < d < 1) for pulse width control.
The comparison is the same as that of synchronous way with
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Fig. 5: Current and voltage waveforms of Ip and Vo with
PWM in phase.

the difference of the line height being 1+ d. This comparison
generates the gate signal for X-side arm. The Y-side compares
with 1 — d to generate gate signals forgyy, gy p illustrated in
Fig. 3.

Fig. 4 describes the current pass of the converter which
corresponds the switching state TN (N € R) shown in Fig. 3.
The red arrows in Fig. 4 indicate the direction of the flowing
current. Note that Fig. 1 does not show the polarity of the
currents, but rather the actual positive current flow. Fig. 4a
shows the circuit state of TO shown in Fig. 3 which passes
through the MOSFET of upper X side (hereafter XU MOS)
and then through YD MOS back to the vehicle-side coil.
Therefore, the output voltage Vo is zero. Fig. 4b shows the
state of T1 in Fig. 3. When X-side arm is in a dead time,
the current pass of the device depends on the direction of the
current, and the state T'1 passes through the XU body diode as
shown in Fig. 4b. Thus, the voltageV is the sum of the load
voltage and the diode voltage. Fig. 4c shows the state of T2
in Fig. 3. By T2, V5 is the load voltage, passing through the
XU and YD MOSs. T3 behaves same as T1. T4 is identical
to that of TO. Fig. 4d shows the current pass of T5 in Fig. 3.
At T5, the current direction is reversed, so the circumstance
of devices is in the same state as at TO and T5. Since Vo
remains zero. Fig. 4e shows the state of T6 in Fig. 3. At T6,
the Y-side arm has a dead time and goes through the YU body
diode. Just as in T'1 and T3, V{ is a negative sum of the diode
voltage and the load voltage. Fig. 4f shows the current pass of
T6 in Fig. 3. T7 is the same as T2, but the only difference is
a negative value of the load voltage. T8 has the same result
as T6. In addition, T9 follows the same path as T5.

Fig. 5 shows the ideal current and voltage waveforms of the
converter with a phase shift. The actual synchronous signal of
the converter has a phase shift § owing to the delay of the
sensor, delay of the IC, a way of a generating dead time, and
so on. The load current I7, at @ = 0 can be described by using
d and T which is the period of I, as follows:

’ fconv(107 d)dt

12)

™

vl

Note that the function f..,, is a function of the load current
Io and Duty d. As shown in Fig. 3, d is used as arguments
and switches between On and Off.

Described in section II-B, I is a sinusoidal wave and has
no phase delay. Thus, Eq. (12) can be rewritten as follows,
using the current path described in Fig. 4, and Io current

Phase 6 [deg.]
Standardized output dc current [A]

Duty

Fig. 6: Simulation results of how the dc current value changes
when the ac current is 1 Arms, and the duty cycle and 6 are
changed shown in Fig. 5.

lac est. LPF

Iy

Iy,
Plant >

d
Duty Cal. >

Iref

Fig. 7: Proposed estimation feed forward control method.

waveform of time in Fig. 5 which is a periodic function of 7"

Td T Td
21, S -zt
I, = L coswtdt — coswt | .
2m % 5T
Td Td
]ac T T
= \[ ( coswtdt+/ coswt) .
_Td _Td
f[ Td 4 4
= © / cos wtdt.
TT
2v/ 21
— Q sin L. (13)
s 2

The dc load current is expressed by Eq. (13) using the rms
value of the ac coil current.

Fig. 6 shows the current value of Iy, for varying 6 and d
expressed in Eq(13) when Ip = 1 A. As stated above, the
phase difference 6 is caused by the delay of the sensor and
the ICs. the duty d is also assumed to vary from the generated
the duty value because the gate signal is reduced due to the
dead time. The current difference between 6 = 0 and #=10deg.
is about 1.5%, and for 20deg. the difference is about 9.4%.
Note that 10deg. at 85 kHz is 327 ns, and for 20deg. is 654
ns. If the delay time of the sensor or IC can be kept within
this time range, the current error is valid.

The delay time is also possible to compensate by calculating
it in advance from the specification sheet of the IC and other
components [16]. In the case of synchronous rectification
operation near the duty d = 1, achieving perfect zero-cross
switching of the voltage results in a larger power loss due
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Fig. 9: Experimental setups. (a)Experimental bench system of
dynamic WPT coils. (b)The inverter, converter, and controller.
(c)schematic diagram of Experimental setup.

to the longer commutation time [21]. Therefore, this paper
intentionally does not compensate the dead time.

D. Proposed estimation method and current control

Fig. 7 shows the proposed current control method. The coil
current /o is estimated using the load current I, obtained
by the dc current sensor and the duty d which is previous
output from the controller, note that the sample value of one
previous sample of the sensor output is used. The duty is
calculated using both the estimated ac coil current o and
the load current command value Itf, the load current and
the duty are the sensed current and command value of one
previous sample is used. These values are denoted I, [z7Y
and d[z~1], respectively. Io is converted to the feed forward
current control and is calculated in the following equation.

T Ip[z7Y
o /5  —Jl.—11"
2v2 sin Wd[; )

Io = (14)

Note that 6 illustrated in Fig. 5 is assuming zero. Also, the
duty command is calculated bys;

2 Iref
d* = Zsin! (F/I.L> .

™ 2V2 I
Fig. 8 shows the PI block diagram for the comparison. A
plant model is shown in Eq. (13). A small signal response of
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Fig. 10: The coupling coefficient of misalignment to the x-
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Fig. 11: Static response experimetal results (a) Current re-
sponse of the static condition (b) Duty response of the static
condition

the plant from the duty to I, is described by the following
equation, which value is the steady state values of /o, and D.

ﬂ = 21 cos Q

Ad 2 (16)

G =
Eq. (16) is not liner as the duty. The transfer function of this
plant was used to determine the gain of the PI control, and
the PI gain in this experiment was experimentally determined.
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TABLE I: WPT Coil Parameters

Lp 2442 uH Tp 340.8 m{2
Lg 100.6 pH rg 82.87 m{2
Cp 14.23 nF Tmax 98.73
Cs 33.96 nF Romax 7.63 Q
LPF Cut-off frequency 1 kHz
Designed dead time 800 ns

III. EXPERIMENTAL RESULTS
A. Experimental parameters of the experimental system

Fig. 9 illustrates the experimental setup of this paper. The
experimental system tested in this paper is shown in Fig. 9a.
The bench system has one ground-side coil and is moving
the vehicle coil at a constant speed in the driving direction.
Owning to the servo motor’s encoder counts, it enables precise
position acquisition. For this experiment, the vehicle coil travel
speed is set to 5.89 km/h. Fig. 9b shows the configuration of
the power supply and its controller. SiC half-bridge modules
are used for the inverter on the ground side and the converter
on the vehicle side. The two converters are shown in the upper
row of Fig. 9b. The controller is shown in the center and
uses PE-Expert4. On the ground-side, MWPE4-PEV is used
for over current control, which is implemented to stop power
transmission when the ground side coil current exceeds 20 A.
On the vehicle side, MWPE4-FPGAG is used for the power
receiving control. The synchronous signal sequence uses the
algorithm shown in [16]. The calculation of the duty is also
programmed in the FPGA displayed in Fig. 7. The AC/DC
converters on the input and output sides use pCUBE and are
shown in the lower left corner of Fig. 9b. Fig. 9c shows the
schematic diagram of the experimental setup explained above.

In this experiment, the dc voltage on the ground side Vpc
was kept constant. In addition, the vehicle-side voltage Vi, was
kept constant instead of a battery which ACDC converter was
used to provide a constant voltage.

Table I shows the circuit parameters and control parameters
for the experimental system. Fig. 10 described the coupling
coefficient against the distance. The coupling coefficient re-
mains k£ = 0.12 until x = 200 mm. The coupling coefficient
increases as x = 360 mm, reaching a maximum value of
k = 0.142. The coupling coefficient becomes negative at about
z = 500 mm.

B. Experimental verification of static condition

The static experiments were conducted to verify the pro-
posed control method in section II-D. The proposed method
compares with a simple PI control shown in Fig. 8. The
parameters of the experiment were shown in Table I. The
input voltage Vpc and output voltage Vi, were both set to
40 V respectively. The gain Kp is set to a range from 0.5 to
1.0. The time constant of the I gain was set to 1 ms which is
the same as the time constant of the low pass filter shown in
Fig. 8.

Fig. 11 describes the experimental results in the stationary
state. The measured output current [;, of the PI control and
the proposed method when the command value was changed

80 T T T T T 6

60

40

20

Voltage [V]
(=]

Current [A]

20 ¢

-2
ol ,. L] -
) H-4
-60 F 7j1,\l
1IN
L L L L n

-80

5 %100 s/div

Time [s]

()

Voltage [V]

Current [A]

-6 .
Time [s] 5 107 s/div

(b)

Fig. 12: Static experimental results of the WPT system at I1, =
1 A shown in Fig. 1 at Vpc = Vi, = 40 V. (a) Waveforms of
inverter output voltage vyn and current iry. (b) Waveforms of
converter input voltage vo and current ¢o.

from 1.0 A to 2.5 A and then to 1.0 A again. The response
performance of the rising and falling edges of the PI control
is very different. The duty of the PI control at Kp = 0.8 is
fluctuating for not stable control. Also, the Duty at Kp = 0.5
is oscillated at falling state. PI control is difficult to judge that
the current has converged completely.

This is owning to the nonlinearity of the plant, and the
relationship between the duty and the load current which is
defined by Eq. (13) as in the sinusoidal function. The Plant
G is not a linear function with respect to the duty, as shown
in Eq. (16). Since the load current value is controlled by a
wide range in the proposed method, the duty varies widely
between 0 < d < 1. Therefore, GG is not a constant value
even when the sine function is linearized around the operating
point. Consequently, the value of the transfer function differs
between the rising and falling edges. For example, if the output
current value I7, is small, D is a small value and G becomes
a large value for cosine function. In contrast, if I is large, G
is a small value. Even if the PI gain setting converges on the
rising edge, it is not guaranteed to converge on the falling edge,
because the Plant is not the same response as rising and falling
state. Therefore, it is difficult to construct a feedback control
using classical PI control in this method. The current values
of the proposed method appear to overshoot at rising state,
yet fast convergence of current values can be observed in the
proposed method at the rising and falling states in Fig. 11. The
proposed method and the PI control with Kp = 0.5 converged
3.1 ms and 5.2 ms on the rising state, respectively. Similarly,
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Fig. 13: Static experimental results of the WPT system at 1, =
2.5 A shown in Fig. 1 at Vpc = V4, = 40 V. (a) Waveforms
of inverter output voltage vrn and current ¢1y. (b) Waveforms
of converter input voltage vo and current ¢¢.

the convergence of the falling state was 1.8 ms and 5.5 ms.
The proposed method was verified that Duty converges in a
few ms.

Figs. 12, 13 shows the experimental waveforms of vin, 1N,
vo, and 7p, in Fig. 1 at I1, =1.0 and 2.5 A, respectively. Other
experimental parameters and setup are the same as the previous
experiment shown in Fig. 11. The operating frequency of the
inverter is 85.5 kHz. Each waveform also shows a delay of
the phase between v and 7o about 500 ns due to the delays
of the sensor and ICs. The load current follows the command
value very well even though the proposed feed forward control
estimates the ac coil current. As discussed in Fig. 6, a phase
difference of § = 20deg. shows a small deviation from the
current at the difference of § = 0. The voltage increase during
the dead time for the diode voltage is clearly observed in
Fig. 13b. 6 is 395.6 ns and 470.1 ns at Iy, = 1.0, 2.5 A.
The phases between vy and ipn are 31.7deg. and19.4deg. at
I, = 1.0, 2.5 A, respectively. These phase errors are due to
the difference of the vehicle-side resonant condition caused
by the phase mismatch between Vg and I, which is affected
by the dead time and delays of the circuit components. The
currents iy and io are 1.84 Arms and 3.46 Arms in Iy, =1.0
A, 3.75 Arms and 3.68 Arms in I, = 2.5 A, respectively. The
Duty commands are 0.128 and 0.535, respectively.

C. Experimental verifications of dynamic condition

1) Experimental result: Fig. 14 shows the results of the
DWPT system using the bench system illustrated in Fig. 9a.
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Fig. 14: Dynamic experimental results of the proposed WPT
system using the bench system shown in Fig. 9a (a) Output
current of the proposed method in synchronous rectification
and I1, = 2.5 A. (b) Output results of the culculated duty d in
the proposed method. (c) The estimated coupling coefficient
from calculated by Fig. 10 and the encoder information of the
experimental setup. (d) The distance from the center of the
ground-side coil to the center of the vehicle-side coil obtained
by the motor encoder count.

In the DWPT system, the output current fluctuates due to the
variation of coupling coefficient. The proposed method under
the fluctuating condition is verified for the response instead of
the current step command. Fig. 14c is the calculated results
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of measured data of Fig. 10 and the results obtained from
the encoder count. The input and output DC voltages Vpc,
V1L are 40 V each. The power supply started at £k = 0.08,
which was obtained by the encoder count of the motor for
bench move. The waveforms are compared by synchronous
rectification which the duty is costant as d = 1. In other words,
this condition under which the proposed method is not used.
The synchronous waveforms are seen that the current value
fluctuates as the coupling coefficient increases and decreases.
The transmission start position could be implemented by using
the ground-side inverter to estimate the coupling coefficient
using a pulse voltage [22]. A significant current overshoot was
observed immediately after the start of power transmission,
but this is due to low coupling and a step response of the
input voltage at the inverter. This current overshoot can be
suppressed by methods such as predicting the ground-side
voltage based on the equivalent fundamental WPT model and
switching the converter on the vehicle side at the appropriate
timing [14]. The decrease in the current of the proposed
method around 0.45sec is due to the high coupling coefficient.
Because the maximum duty is limited to one for not to exceed
the switching period, shown in Fig. 14b. It is verified that
the proposed estimation method is working well even to the
coupling coefficient changing.

2) Vehicle speed affect: The faster the vehicle speed, the
more it is affected by the proposed method. There is no
additional effect of current with increasing speed. From the
discussion of the vehicle speed in [8], the velocity effect is
necessary at high speeds of 500 km/h, and does not need
to be considered at speeds of 100 km/h for EV applications.
Therefore, the variation of the current is determined solely by
the coupling coefficient from Eq. (7). The coupling coefficient
k varies the position of the vehicle coil shown in Fig. 10. The
minimum distance of the variation £ is 90 mm of which the
power transfer range is from 0.08 to 0.142. The interval time
of the variation k is 3.24 ms when the vehicle speed is at
100 km/h. Since Ip in this interval does not vary stepwise
but almost linear, it might not be impossible to track Io
even with a settling time of 3.1 ms in the rising state in the
proposed method. If the LPF frequency can be doubled to 2
kHz by using a high-performance current sensor or changing
the sampling period in the FPGA, the converged time of the
proposed method can be approximately halved, and the method
can be adapted to a 100 km/h vehicle with sufficient margin.

IV. CONCLUSION

This paper has proposed a load current control method for
a DWPT system only using vehicle-side assemblies to control
the charging current for the vehicle condition. The system has
been implemented the SiC MOSFET converter instead of the
diode rectifier for the control. First of all, theoretical analysis
of a series-series WPT system concludes that output ac current
of the system was proportional to input ac voltage. Next,
analysis of one PWM control derives that the small deviations
of the pulse duty and the phase angle between the output ac
voltage and current was not sensitive to the load current. The

deviations consist from the dead time of the converter and
the delays of a sensor and a IC, respectively. The ac current
estimation method has been proposed for feed forward control
to the load current. The stationary WPT system has been
tested to compare the proposed method and PI control. The
proposed method has been confirmed to converge 1.1 ms and
3.7 ms faster than the PI control at rising and falling states,
respectively. From the analysis, it has been demonstrated that
the response of the PI control is different between the rising
and falling edges because the output current model contains
sinusoidal function of the duty command. It has been verified
that the DWPT system is enable to follow the command value
except when the coupling coefficient is high.
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