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Abstract—Semi-dynamic wireless charging system provides
electric power to electric vehicles (EVs) on the point of stop-
ping. This paper proposes a scheme of positioning system in
semi-dynamic wireless charging system via magnetic resonance
coupling in order to perform sensorless automatic stop control
in EVs by using parameters from wireless power transfer system
(WPT). Furthermore, this proposed method also selects the stop
position where occupies high transmission efficiency and short
vehicular gap which leads to energy conservation and traffic
jam problem reduction. The experiments demonstrated that
the proposed method is able to stop the vehicle at the high
transmission efficiency position without any visual sensor.

Index Terms—Sensorless automatic stop, Wireless power trans-
fer, Semi-dynamic wireless charging, Electric vehicle

I. INTRODUCTION

Electric Vehicle (EV) is well known as the new choice for
vehicles in the future as it reduces CO5 emission. However,
the common power source in EV, Li-ion battery is not able to
provide energy as much as gasoline does. Thus, EVs normally
occupy short range driving comparing to gasoline cars.

Some of advanced studies [1] apply WPT system to electric
vehicle. Static wireless charging system was implemented as
the first stage of WPT system in EVs. Still, static wireless
charging system could not solve the EV’s short driving range
problem.

Semi-dynamic wireless charging system is one of the ap-
plications of WPT system. As shown in Fig. 1, performing
power transmission while EV decelerates and stop its motion
is called Semi-dynamic wireless charging [2]. For instance, if
transmission equipment is installed beneath the road where is
adjacent to the intersection with a traffic light, EVs are able
to acquire electric power while they are waiting at the traffic
light. This system is capable of providing sufficient electric
power to extend the driving range of EVs [3].

Former researches [4], [5] proposed an sensorless automatic
stop control at low speed (e.g. ~ 10 mm/s) by PI control. Still,
this control method is not applicable to practical velocity (e.g.
10km/h) and only able to stop the vehicle at the center of
the coil. Effectiveness of the transmission (e.g. transmission
efficiency) was not considered in these former researches.

This paper proposes the real-time sensorless automatic stop
control in semi-dynamic wireless charging as well as stop
position estimation algorithm. This proposed method is not
only applicable to linear motion of EVs at practical velocity
(e.g. 10km/h), but also applicable to the linear motion of
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Fig. 1. Semi-dynamic wireless charging system in EVs

EVs at inconstant velocity in order to perform the realistic
automatic stop control. High transmission efficiency and short
vehicular gap position is chosen to be the stop position aiming
for energy conservation and traffic jam reduction.

In this paper, sensorless automatic stop control algorithm is
proposed. Then, the validity and the effectiveness of proposed
method are presented by simulations and experiments on
automatic stop control.

II. SENSORLESS AUTOMATIC STOP CONTROL
A. Algorithm

This section explains the algorithm used in proposed method
of automatic stop control in semi-dynamic wireless charging
system without any visual sensor as shown in Fig. 2.

(a) Vehicle approaches a transmitter coil at velocity V.
(b) Vehicle is detected by WPT circuit parameters.

(c) Vehicle decelerates itself to intermediate velocity Uy.
(d) Vehicle estimates the stop position.

(e) Vehicle stops at high transmission efficiency position.

B. Stop Position Selection

In automatic stop control, vehicle will decelerate to stop at
particular position. Each stop position provides different trans-
mission power and transmission efficiency due to the change
of mutual inductance between coils [6]. In this research, high
transmission efficiency and short vehicular gap conditions are
selected as the conditions of stop position.

In order to make proposed method simple to understand,
consider a pair of coils with 10 cm gap length in Fig. 4 and
WPT circuit parameters in Table III as simulation conditions.

Here, x is defined as the horizontal misalignment between
the center of receiver coil and the center of transmitter
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coil. On the half-left side of the transmitter coil, horizontal
misalignment x is taken as x < 0. On the other hand, the
half-right side of the transmitter coil, horizontal misalignment
x is considered as x > 0 as shown in Fig.3.

Fig. 5 shows the equivalent circuit of WPT circuit used in
this proposed method. Circuit parameters Ry, L1, C1, Ro, Lo
and (' are resistance, inductance, capacitance in primary and
secondary side respectively.

Constant voltage source Vo . is used as a load on secondary
side in order to model battery charging in EVs. M is the mu-
tual inductance between these two coils. In order to maximize
the transmission efficiency, both coils ought to have the same
resonance frequency wq [7]. Resonance frequency condition is
given in (1) [8].
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VL0, L0,

According to the circuit equation from WPT circuit in Fig.
5, root mean square value of alternating current (AC) on the
primary side (transmitter coil) I; and secondary side (receiver
coil) I, can be solved as shown in the following equation (2).
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From the current values in equation (2), transmitted power
P, received power P, and transmission efficiency n are able
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Fig. 5. Wireless Power Transfer (WPT) Equivalent Circuit
to be expressed in the following equation (3) - (4) [9].
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Voltage source is given as Vi = Vo = 110V (nominal

voltage in the USA). Mutual inductance M between a pair of
coils at each position is able to be calculated by Neumann for-
mula [10]. Finally, transmission efficiency 7 at each position
of transmitter coil can be calculated from (2) - (4).

The simulation result (Fig. 6) indicates that if received
current decreases, the transmission efficiency increases. There-
fore, in this case, transmission efficiency reaches maximum
value at horizontal misalignment x = 400 mm as shown in
Fig. 6. Notice that the value of WPT parameters in Fig. 6 also
depends on coil shape and gap length. Hence, transmission
efficiency curve trend in Fig. 6 changes in case of different
coil shape or gap length conditions.



TABLE I
WPT CIRCUIT PARAMETERS

Parameter Transmitter coil | Receiver coil
Resistance [m£2] Ry = 3425 Ro = 383.3
Inductance [pH] L1 =429 Lo =377.7
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Fig. 6. Circuit parameters distribution simulation

C. Automatic Stop Control

1) Deceleration Phase (Position 0):

As shown in Fig. 7, proposed automatic stop control starts
when the vehicle has approached the position 0 where is
safe to perform power transmission. Current at the transmitter
coil I; increases when the received coil position is far away
from the transmitter coil. Hence, unless the current at the
transmitter coil /; is low enough, power transmission should
not be performed in order to prevent the excess current [9].
This vehicle detection method is implemented by using search
pulse of the inverter output voltage (V) on primary side [9].

After the vehicle has been detected , vehicle decreases
its velocity with constant deceleration a by velocity control
system as shown in Fig 8.

2) Stop Position Estimation (Position 1-2):

As mentioned above, stop position has been determined at
high transmission efficiency and short vehicular gap position.
Stop position estimation algorithm is proposed since EVs need
to define its stop position prior to automatic stop control.

Received current (DC) I54. is chosen as the vehicle detec-
tion parameter for automatic stop control since this parameter
can be directly measured by current meter at secondary side
of WPT circuit. In addition, received current (DC) has less
fluctuation than alternating received current Is.

Using received current (DC) gradient with horizontal mis-
alignment dls4./dx as a vehicle detection parameter is pro-
posed in this research since gradient value becomes zero when
received current value reaches local minimum or local maxi-
mum value. According to (2) - (4) and simulation result in Fig.
6, maximum transmission efficiency position and minimum
received current position is the same position.
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Fig. 7. Received current I54. gradient simulation
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In other words, maximum transmission efficiency position
is able to be specified by using received current gradient
dIQdC / dzx.

However, received current gradient dlo4./dx is not com-
pletely reliable parameter. During the measurement, either
environment noise or equipment error affects the measured
current value and consequently causes variation in gradient
value. As a result, low received current gradient is not signif-
icant due to the disturbance.

Therefore, confidence interval is introduced as criterion of
received current gradient reliability as shown in simulation
result (Fig. 7). Confidence interval border Al,,;,/Ax (pink
dotted line in Fig. 7) can be determined by equation (5).

iAImin o :l:AImi'n Agx _ Almin
T AT T AT AT

Ar -V (5)

Here, Al,,;, , AT and V are given as the current meter
maximum resolution, gradient calculation sampling time and
vehicle velocity respectively. In order to judge the reliability
of measured received current gradient dl54./dz, the following
conditions (6) - (7) are proposed.
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TABLE II
CONTROL PARAMETERS IN BLOCK DIAGRAM
Symbol Variable

[ Feedback controller

Cy Velocity controller

Tr Constant time for low-pass filter
Tp Constant time for velocity controller

s Laplace operator

dl. 2dc Al min
dx Az

Measured received current gradient dl54./dx (black dotted
line in Fig. 7) becomes reliable when (6) is satisfied because
it is greater than the confidence interval border. On the other
hand, d1s4./dx becomes unreliable when (7) is satisfied since
the measured value dls4./dx is less than the confidence
interval border and that might be considered as the effect from
the disturbance.

In Fig. 7, vehicle will be detected at position 1 when
received current gradient dloq./dx exceeds the confidence
interval border for the first time. Meanwhile, the timer starts
right after vehicle has passed position 1. This timer will be
finished as soon as received current gradient dlsg./dx falls
below the confidence interval at position 2. Since we know
the vehicle’s intermediate velocity Up at position 1 from Fig.
8 and time during position 1 and 2 (At) from Fig. 7, distance
x* between position 1 and 2 can be simply calculated from
the following equation (8).

z* = Uy At — %a(At)2 (8)

According to the coil characteristics symmetry, after vehicle
has passed the position 2, the parameter on right-half side
(x > 0) is considered to be the same as the one on left-half
side of the transmitter coil. On the right-half side, automatic
control system starts when vehicle enters confidence interval
at position 3 (when dlsg./dx < —Ipin/Ax).

3) Final stop phase (Position 3-4):

As shown in Fig. 7 - 8, final stop position control starts from
position 3. Estimated brake distance z* is used as an input
of control system. Two-degree of freedom control method

was adapted in automatic stop control system as shown in
Fig. 9. This block diagram consists of position and velocity
control. Each parameter in Fig. 9 is described above in Table
II. Feedforward controller gives control system the capability
to follow the command input z* (control system input) and
feedback controller reduces overshoot in set-point response x
and suppresses the disturbance [11].

By using z* as a command input of control system. Vehicle
will be eventually controlled to stop at position 4 where is
close by the local minimum received current position as shown
in Fig. 6 (local maximum transmission efficiency position).
Besides, this algorithm leads the vehicle to stop at position 4
rather than position 1 even it occupies the same transmission
efficiency value as position 4 is more desirous since this
position gives shorter vehicular gap.

Therefore, the confidence interval border plays an important
role in the stop position estimation and automatic stop control.
If confidence interval does not contain the local minimum and
maximum of dls4./dz, this stop position estimation method
is unable to be used.

Moreover, confidence interval border changes in case of
inconstant velocity motion due to (5). Gradient calculation
sampling time AT needs to be adjusted in order to prevent
confidence interval border variation during deceleration. If
confidence interval border value is not appropriately deter-
mined, this system is not able to implement the accurate
automatic stop control.

III. EXPERIMENT ON AUTOMATIC STOP CONTROL
A. Experiment setup

Aforementioned in Section I, the proposed method aims
for high efficiency and short vehicular gap positioning in EV
without any sensor equipment. Semi-dynamic wireless charg-
ing system’s experiment setups in this research are explained
below.

In this paper, experiment on bench model was implemented
which represents the one-dimensional motion of electric vehi-
cle (Fig. 10(a)). From now on, let’s define that receiver coil
on bench represents the EV.

The transmitter coil, receiver coil and WPT equivalent
circuit are shown in Fig. 4 - 5 respectively. Resistance and
inductance of primary and secondary side circuit are shown
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in Table III. Resonance frequency of both coils is given
as fo = 85kHz. Voltage sources in primary side V; and
secondary side V5 are matched equally since the transmission
efficiency increases by setting Vi = V5 [12].

The experiment’s condition is shown Fig. 3. The vehicle
approaches from the left side of transmitter coil (z < 0)
at speed Vp(4.7km/h,7.1km/h and 9.4km/h) and move
toward the traffic light located on the right side of the trans-
mitter coil (z > 0). Vertical misalignment is not concerned
in this experiment. The WPT system is subject to the below
conditions.

« WPT is conducted by magnetic resonance coupling.

« Self-inductance of two coils remain constant.

o Coils characteristics are symmetry.

« Smooth capacitance is set to 4700 uF.

o Transmission occurs between a pair of coils with transmission
gap 100 mm in steady state.

The experiment is validated by bench test drive equipment
which receiver coil represents the EV as shown in Fig. 11. The
receiver coil was driving to stop at specific position (z ~ 400
mm). Meanwhile, wireless power transmission was performed
to measure received current (DC) Is,.. Measured received
current and its gradient are compared with simulation result in
Fig. 6, 7. This experiment was conducted ten times for each
velocity in order to investigate the certainty of this proposed
method.

TABLE IIT
STOP POSITION ERROR ANALYSIS
Velocity 4.7 km/h 7.1 km/h 9.4 km/h
Parameter
Mean (mm) 41279 43037 48352
S.D. (mm) 5.38 8.91 2.25
RMSE (mm) 13.87 31.65 86.43

B. Experiment result

The received current waveform from bench test drive experi-
ment results is shown in Fig. 12. Fig. 13 shows that the receiver
coil gradient with receiver coil displacement has the similar
trend to simulation result in Fig. 7. This means the simulation
result is validated by the experiment and deceleration distance
x* was estimated. As long as confidence interval is defined
properly and contains local maximum and minimum value of
received current gradient, automatic stop control mentioned in
the previous section is considered to be feasible.

Fig. 12-13 are one of the experiment results for each
velocity. From Fig. 12 and Fig. 13, final estimated stop
position is considered to be desired position comparing to
the center of the coil because the received current at the stop
position is lower than the value at the center of the coil, which
means transmission efficiency at stop position is greater than
the transmission efficiency at the center of the coil.

The stop position error analysis result is shown in Table
III. The greater velocity the receiver coil moves, the more
stop position error it becomes. On the average, the receiver
coil stops before reaching the ideal stop position shown in
simulation result (Fig. 6). However, the receiver coil was able
to pass through the center of the coil and stop at the position
closed by x = 400 mm (maximum transmission efficiency
position).

As mentioned before, semi-dynamic wireless charging sys-
tem provides electric power from deceleration until stop of
EV (e.g. during braking and waiting traffic light). Therefore,
if we assume that EVs stop at the power transmission area for
a moment, this proposed method is able to reduce the total
consumption energy during the wireless power transmission
comparing to the other stop positions.
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IV. CONCLUSION AND FUTURE WORK

This paper presented an sensorless automatic stop control
in semi-dynamic wireless charging in EV using the received
current gradient. High transmission efficiency and short ve-
hicular gap position is able to be detected when received
current gradient decreases to zero. Stop position estimation
algorithm is also applicable to inconstant velocity motion. The
feasibility of the proposed method is validated by the bench
test experiment. The experiment result shown that the proposed
method is able to perform the position control to move the
receiver coil to the high transmission efficiency position.

Future work consists of automatic stop control by more ef-
fective algorithm since the received current gradient parameter
is not able to provide enough performance certainty for the
application in real life. Moreover, complicated stop scene can
also be considered. For examples, two-dimensional motion
control ought to be considered in order to implement the
practical automatic stop in electric vehicle as well. Therefore,
lateral misalignment, gap length and the coil shape effect on
automatic stop control performance needs to be examined in
the next step of this research.
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