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Abstract— Inductive power transfer (IPT) has found applica-
tion prospect in dynamic wireless electric vehicle (EV) charging
as it can avoid the constraints of physical connection. With
the commonly used LCC compensation, the ground-assembled
transmitter coil is always excited by a fixed standby current
even if there is no receiver coil coverage. As for dynamic
wireless PT (DWPT) systems, even without EV charging, the
underground transmitter coils typically remain activated at full
power output to wait for the receivers in most cases, resulting
in huge standby current and magnetic exposure safety concerns.
In this article, we proposed a method for automatic containment
of field exposure caused by standby current in the transmitter coil
of wireless chargers, which applies LCC compensation networks
requiring only primary-side control with the elimination of wire-
less feedback communication and extra detection. The wireless
chargers can be automatically deactivated once EVs depart,
as well as automatically activated once detecting the presence
of EVs. Also, its excellent interoperability for different loads and
types of compensation topology has been well analyzed and then
verified. Moreover, experiments demonstrate that the magnetic
field exposure is merely 11.66% of the ICNIRP 2010 standard
exposure limit with the proposed modulation, which is suppressed
by 94.64% than before.

Index Terms— Automatic activation, automatic deactivation,
dynamic wireless power transfer (DWPT), field exposure, inter-
operability.

I. INTRODUCTION
ITH the increasing pressure on global fossil fuel con-
sumption and environmental pollution in recent years,
electric vehicles (EVs) are more attractive than ever as they
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Magnetic exposure caused by the standby current in the DWPT

are powered by a cleaner source of energy, electricity [1].
However, due to the exposed plugs and damaged cables,
conventional plug-in charging methods can easily cause safety
accidents [2]. Aiming to eliminate the drawbacks of physical
contact, the inductive power transfer (IPT) technique has been
adopted for EV charging that transfers power via magnetic
coupling between the transmitter side and the receiver side [3],
[4], [5], [6]. More importantly, it provides a prospective
solution of dynamic wireless PT (DWPT) system, which can
charge the moving EVs on the road [7], [8], [9].

As for a typical DWPT system, its transmitter coils as
chargers are fully deployed underground to deliver power
for the moving EVs through magnetic coupling [10], [11].
Yet, each underground charger generally maintains full power
output even in the standby state (no EV is being charged).
However, the lack of the operations of deactivation and acti-
vation for chargers would result in a high standby current in
the transmitter coils, which causes a waste of power and even
the undesired magnetic exposure to the surrounding area as
shown in Fig. 1.

To reduce the undesired magnetic exposure, it is an intu-
itive idea to apply active electromagnetic exposure shielding
solutions using the opposite magnetic fields produced by the
conductor current loop, as demonstrated in [12] and [13].
Alternatively, some passive shielding solutions can be adopted,
such as [14] using ferromagnetic materials and coils to channel
the leakage flux, [15] designing a reactive resonant current
loop to cancel the magnetic field, and [16] using an auxiliary
coil between the transmitter and receiver coils to reduce
the electromagnetic interference at the specific nth harmonic
frequency. Likewise, [17] and [18] use a double-shield coil
with a four-capacitor phase shifter which generates a canceling
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magnetic field to reduce the leakage magnetic field. The
additional cost of exposure cancellation is inevitable, and also,
it is not practical for the DWPT system because the shield-
ing solutions merely suppressed undesired magnetic exposure
rather than reduced its generation essentially. Although these
passive designs can reduce the magnetic field exposure of
the transmitter coils to some extent, they cannot dynamically
reduce the standby current according to whether the transmitter
is covered by a receiver or not. To be more specific, if there
is no receiver, the transmitter with shielding still emits a large
magnetic field.

The active EVs’ detection techniques are available to assist
in the containment of the field exposure for the DWPT system,
in which essentially the DWPT system achieves deactivation
and activation of the chargers by control of power delivery
after judging the position of EVs. In some studies, [19]
and [20], multiple auxiliary coils are used to detect the
positions of EVs. Similarly, a solution proposed in [21]
uses additional filters to detect the location of the EV pad.
Alternatively, extra tunneling magnetoresistance (TMR) sensor
can be adapted to sense the magnetic field generated by the
detection coil wrapped around the outside of the receiver coil
underneath EV [22], but the detection coil may cause cross-
coupling interference. The above solutions require adding extra
coils or sensors resulting in high expenses. However, with
the elimination of extra components, a dual-loop controller
is proposed in [23] to activate the segmented primary coils.
Nevertheless, it increases the complexity of system design.

On the other hand, it is a straightforward way to use wireless
communication for activation and deactivation with the opera-
tion of the transmitter relying on the wireless feedback signal
transmitted from the EV. However, the wireless feedback
signal may be affected by the strong electromagnetic field, and
the transmission error may be harmful to the reliability of the
control, which makes the DWPT system less rugged. There-
fore, some studies have been carried out to eliminate wireless
feedback, such as [24], [25], and [26]. Hence, in practice,
it is challenging to obtain a simple and effective EV detection
approach for the deactivation and activation of the chargers
without auxiliary circuits.

In addition, interoperability is also significant for EVs’
detection approach in practice, but unfortunately, in previous
works, it has not been fully considered. The above-mentioned
position-sensorless algorithm in [27] is only applicable for the
specific parallel compensation receiver circuit accompanying
a boost converter, which is not interoperable for EV detection.
It is reported in [28] that a multiple transmitter DWPT system
makes use of the reflected reactance from the receiver to
automatically adjust the field strength of the coupling section.
Although not limited to applying for a specific receiver circuit,
it requires the turns ratio of the magnetic coupler within a
certain range to reduce the reactive component, which limits
the design of system parameters resulting in low interoper-
ability. To further improve the interoperability, a detection
scheme uses free resonant currents of the transmitter coil to
detect small coupling variations between neighboring coils
while EVs move over them [29], [30], which is suitable for
all the magnetic pad topologies. However, it requires a short
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Fig. 2. Equivalent circuit of the WPT system with primary LCC
compensation.

distance between the underground chargers to continuously
detect the arrival of EVs, which increases the consumption
of coils laid under the road. Comparisons with the state-of-
the-art works have been added, as given by Table I. It can be
observed that almost all these studies require extra shielding or
sensors. And none of these studies considered suppression of
current or magnetic field and the interoperability at the same
time.

To address the drawbacks of the aforementioned EVs detec-
tion, this article proposes a method of automatic containment
of magnetic field exposure using a novel EV detection method
for DWPT systems, which satisfies the following features.

1) Automatic deactivation of the PT to reduce the standby
current and the magnetic exposure once the EV departs
(from the charging state to the standby state).

2) Automatic activation of full PT once the EV arrives and
covers the charger for regular charging (from the standby
state to the charging state).

3) Excellent interoperability for various types of
receiver-side circuits including different compensation
(i.e., s-type, p-type, and LCC-type) and loads.

4) Simple control design instead of clumsy and costly
shielding design, extra detection devices, and complex
algorithms.

5) No need for wireless feedback communication.

This article is organized as follows. Section II presents the
circuit structure used in the proposed DWPT charger and the
fundamental theories of the proposed control modulations.
In section III, the hybrid control strategy for automatically
activating and deactivating system PT is proposed. Section IV
analyzes the advantages of interoperability with the proposed
strategy. Experimental verifications are given in Section V.
Finally, Section VI concludes this article.

II. ANALYSIS OF STANDBY CURRENT SUPPRESSION
A. LCC Compensated Transmitter

As shown in Fig. 2, the transmitter circuit of a roadway
WPT system typically includes a voltage source, an LCC
compensation circuit, and a transmitter coil, while the receiv-
ing circuit includes a receiver coil with optional compen-
sation topologies. The LCC compensation network on the
transmitter side consists of three components, including an
inductor Ly, two capacitors Cr, and Cp. The transmitter coil
and receiver coil forms a loosely coupled transformer with
Lp, Lg, and M being the primary self-inductance, secondary
self-inductance, and mutual inductance respectively. Unless
specified, subscripts P and S indicate parameters on the
transmitter and receiver sides, respectively. The equivalent
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TABLE I
COMPARISONS WITH STATE-OF-THE-ART WORKS
Method and no extra no wireless simple excellent component cost current field
Reference shielding/sensor feedback control interoperability P reduction containment
Reactive resonant . .
current loop [15] X v v not considered 12 switches X < 47.6%
nth harmonic .
shielding coil [16] X v X v n HFS coil X < 46.2%
Double-reactive . 2 coils & 4
shield [18] X V4 Vv not considered capacitors X < 80%
TMR sensor ; LOr'S
detection [22] X Vv X not considered 2 TMR sensors 100% 100%
Dual-loop controller .
method [23] X v X X 4 coils 100% 100%
Load & mutual voltage &
inductance 4 X v X g < 83.3% not considered
. . current sensors
estimation [24]
Parameter estimation .
method [26] X X V4 v current sensors 100% not considered
Algorithm based on o .
DC power input [27] X X X 4 4 coils 100% not considered
Proposed scheme N N current sensors > 90% > 94.6%
Imm I A
T o,
t P S
1 -
+ L
Vin @ = P
- G S
Zr - >
. . . L S
Fig. 3. Primary equivalent circuit. 3 >
circuit of the WPT system is shown in Fig. 3. The input s
voltage is pure sine waveform, and fundamental harmonics ¢ -
approximation is used in this article. Different receivers can W [T P v Py
be unified as a reflected impedance Z; on the transmitter v in s N
side. According to Figs. 2 and 3, Req is the equivalent load ! t
. . . — — N~
resistance of the passive rectifier and load Ry. The reflected — — —
-0 =

resistance Z, which is equivalent to the transmitter side is
given by
(M)’
=7,
where Zg is the impedance of the receiver-side circuit.

From Fig. 3, the current of the transmitter coil /p can be
obtained from

Z

)]

Vi

Ip = <
(1- %) (20 = jXc, +2) + jXe,

2

where Zp is the impedance of the branch of the transmitter
coil, which is given as Zp = X, — X¢,. In addition, Xy, =
(,()Lf, XLp = a)Lp, ch = (1/0)Cf), and XCP = (1/0)Cp)
are the inductive reactance of Ly and Lp and the capacitive
reactance of Cy and Cp, respectively.

During the standby state, the EV has left already and there
is no mutual inductance between the coils. Then, the reflected
impedance from the secondary circuit to the primary circuit is
equal to zero as well according to (1). Therefore, the standby
current can be obtained from (2) as

Vi
IP,standby = X, ; - .
( _X_)(ZP_JXCf)+JXCf

f
Cr

3)

Fig. 4. Typical phase-shifted waveform.

To lower the standby current of the transmitter coil /p standby
when the receiver is absent, two operations as followed are
readily observed in (2).

1) Reduce the input voltage v;, through phase-shifted

pulse-width modulation (PWM).

2) Modify the circuit impedance by hopping the operating

angular frequency w.

B. Phase-Shifted PWM Control

Phase-shifted PWM has been widely studied and used in
the full-bridge inverter to generate a three-level output voltage
with variable width. Suppose the full-bridge inverter consists
of four switches S;—S4, the typical operating waveforms with
phase-shifted PWM control are shown in Fig. 4, where Vix
is the dc input voltage of the full-bridge inverter and 6 is the
phase angle. By changing 6, the output voltage of the inverter
can be adjusted accordingly, which is given as

232

vin.rms = ﬁ VIN

0
cos —

2

where k is the harmonic order and 6 € [0°, 180°).
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Fig. 5. Standby current /p standvy Versus phase-shifted angle 6.

According to (3) and (4), the curve of standby cur-
rent Ip gandoy versus phase-shifted angle 6 is shown in
Fig. 5. It shows that the amplitude of Ip gangny decreases
monotonously with 6 if only the fundamental component
is under consideration. Thus, Ip gy can be reduced by
applying the phase-shifted angle to the full-bridge inverter.

C. Frequency Hopping

Another way is to hop the operating frequency to an
appropriate value. Hence, the derivative of /p sandby 1 used to
investigate the variation in standby current versus frequency.
Therefore, it gives

- (3Le,2 - 1
dIP,slandby _ Vm (3 wg ®?>Cp 2LP) (5)
- 2
de I:—L_';a)3+2Lp0)— 1 ]
@y

u)Cp

where wy is the resonant frequency.
Let (dIp standvy/dw) = 0O, the extreme point w, is obtained
as

w(o 3Lf
e=— |14+ [4—(=—L). 6
we = = + (LP) (6)

Obviously, w. < wp can be easily obtained, which means that
the extreme point is to the left of the resonance point.

In addition, according to (5), there are operating points
where Ip ganaby is mnot differentiable from the frequency.
By making the denominator of (5) equal to zero, the points
can be derived as

iy 7)

So, there are two undifferentiable points distributed on
the left and right sides of the resonance point, respectively,
according to (7). And the operating frequency angular has to
avoid approaching w,. Then, Fig. 6 can be obtained from (6)
and (7), which shows the relationship between Ip sinaby and
. Then, according to Fig. 6, while the operating frequency w
is higher than the minimum limit threshold point {, Ip standby
will reduce. Thus, as long as the target operating frequency
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Fig. 7. Objective transmitter coil current variation pattern with EV.

is hopped at wy that is far from the threshold wj, the standby
current can be lowered to the target level.

III. HYBRID MODULATION STRATEGY

Fig. 7 shows the desired state switching process of the
DWPT system including the standby state specified with
limited power output and the charging state normally with
full power output, in which a hybrid modulation strategy
with phase-shifted PWM and frequency hopping is designed
only for the inverter to extremely limit the output power
in the standby state. Moreover, automatic detection is indis-
pensable for the desired state switching process, which can
automatically deactivate the chargers while the EV departs
and activate them to resume normal charging while EV arrives.
In the proposed detection method, with the elimination of extra
auxiliary components and wireless feedback communication,
only the current factor of the transmitter circuit needed to be
adopted.

From Fig. 3, the input current of the LCC compensated
network I;, can be calculated as

1
I.=——(Zp—iX Z)Ip. 8
i _jXCf( P J Cf+ r)P 3
Then, a current factor o of the transmitter is defined as
I.
) o
|1p]
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Fig. 8. System state transform diagram.

For automatic EV detection, two major operations for
the chargers include deactivation from the charging state to
the standby state and activation from the standby state to the
charging state as shown in Fig. 8, of which detective conditions
are represented as the power-off condition « and power-on
condition «o,, respectively. The transition of the dynamic
process is divided into loaded condition (EV is departing) and
unloaded condition (EV leaves completely).

The system operates at resonance frequency wg during the
charging state, and thus (8) can be simplified as

finwy = (10)

When EV is departing, the reflected impedance Z; is rele-
vantly changed. Then, as the LCC compensation supplying a
constant current /p ., upon the circuit is resonant, fi, ., will be
sensitively varied according to (10), resulting in the variation
in «. After EV leaves the charger completely, it can be realized
that « is also equal to zero. Therefore, the variation in o can
be used as a detected condition for the system to automatically
switch to the standby state, which is summarized as the power-
off condition

a)on Zr,
0, unloaded condition.

loaded condition

Ooff = (11)

Similarly, since the frequency hopping of the hybrid mod-
ulation strategy is applied in the standby state, the system
operates at wp. However, the power-on condition ¢, should
be derived by (8) and (9). Thus, whether the EV arrives to
couple with the transmitter from standby mode can be detected
by the power-on condition

1
—JjXc,

—j;(cf (Zp — jXc,),

(Zp —JjX¢, + Zr), loaded condition
(12)
unloaded condition.

Qon =

To more clearly describe the operating process of automatic
activation and deactivation, the curves of Ip, [, and o during
the dynamic process are plotted in Fig. 9. In the charging
state, the charger normally performs full power output, when
the transmitter coil current Ip is constant due to the LCC
compensation network. When EV departs, the current [y, then
drops to zero, which also makes the current ratio o drop below
the deactivation threshold «y. Once the controller judges that
« is less than «y, as shown in Fig. 9 at 1y, it will switch to
the standby mode and limit the power to reduce the standby
current. Then, the ratio o will change to a constant value.
During the standby state, although the currents /i, and Ip are
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Fig. 9. System state transform diagram.
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Fig. 10. Flowchart of the proposed control method.

quite small, their amplitudes are still affected by the reflected
impedance. Therefore, the current ratio « can still sense the
arrival of EV and become below the activation threshold oy,
as shown in Fig. 9 at #,. Then, the charger will output the full
power and switch to the charging mode.

The flowchart of the whole automatic containment strat-
egy is described in Fig. 10. The controller will calculate «
with [, and Ip sampled sequentially and compare it with
the corresponding threshold ¢ or «y to determine the next
operating state. After that, the controller can relatively regulate
the PWM phase angle and hop the operating frequency at the
same time. According to the above steps, two operating states
can be automatically switched for the system. In addition, o
and «y, are the detection thresholds selected from (11) and (12)
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3(2)/Q

Fig. 11.  Variation in current ratio factor a with respect to the reflected
impedance Z;. The simulation parameters of the LCC DWPT converter are:
Lp =109 uH, Cp =135.7 nF, Ly =33.6 uH, Cy =306 nF, Rp =0.3 Q,
and Rs = 0.3 Q. Unless specified otherwise, they will be used in the rest of
the article.

for the system to switch operation state, which will be further
analyzed in Section IV.

IV. INTEROPERABILITY OF PROPOSED METHOD

Typically, the receivers of DWPT systems from different
manufacturers are difficult to be unified due to various spec-
ifications of batteries, types of compensation topology, and
even coupling coefficient k. However, it makes a challenge
for the selection of the detection threshold values, o« and
oyp. Therefore, interoperability to cope with different receiver
compensation networks and load ranges is the key to the
feasibility of this method.

A. Interoperability Considerations

Supposed that this method can be implemented to three
types of common secondary compensation topologies in prac-
tical, s-type, p-type, and LCC-type, within a certain equivalent
load range around the optimal value Reqope Of each com-
pensation, then the interoperability of the method proposed
is achieved. However, the desired equivalent load range is
selected in the range of [0.5Rcq opt, 3Req,opt], Which is wide
enough to match different loads. Besides, the optimal equiva-
lent loads of different compensation topologies are given as

2
Rsy/1+ G-,

s-type
(Ls)*Rp
Requop = § LV Girg pype (13
(woL,)? Rr LCC-type
0Lt ’ -
Rs[RpRs + (@oM)’]

where L, and C, are the secondary LCC compensation
elements, respectively. Meanwhile, the coupling coefficient
k= (M/(LpLs)'?) is selected in the range of [0.15, 0.3] to
simulate the coupling situation of the system in real operation.
Therefore, if EVs that meet the above conditions can be
detected, the interoperability of this system is considered to
be well excellent.

B. Interoperability Analysis Based on Reflected Impedance

The variation in compensation topology, coupling coeffi-
cient k, and equivalent load can all be concentrated in the
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reflected impedance Z; on the primary, which can be expressed
as

Z. =R+ jX (14)

where R and X are the real and imaginary parts of Z,
respectively.

Hence, based on the distribution range of Z;, the conditions
required to make the proposed method interoperable can be
determined.

From (8) and (14), the equivalent expression for o can be
obtained as

1
a=|-—(-X., +Xc, +Xc, — X+ jR)|.

Xc,
After transformation, it can be observed that R and X are
satisfied with

R® + [X - (_XLP + Xc, + ch)]2 = (C”(Cf)2

where R > 0.

The variation in current ratio factor o versus the reflected
impedance Z; is plotted in 3-D space as shown in Fig. 11.
From Fig. 11, a specific « corresponds to a semicircle with a
certain radius of aX¢ 4 which can reliably be used to detect
the presence of EV and optionally active or deactivate the
circuit.

1) Deactivation Process (Charging State to Standby State):
Since the system operates at resonant frequency during the
charging state, then Fig. 11 can be simplified as (17) and the
corresponding curves of various « (o = 0.04, 1.06, and 3.26)
graphed in Fig. 12

15)

(16)

R*+ X? = (aXc,) (17)

Meanwhile, Z, under default conditions including under
different compensations, loads, and coupling coefficients at
the charging state are also distributed in Fig. 12. As discussed
in Section III, the departure of EV results in the convergence
of Z, until EV leaves completely where Z; converges to the
origin. Thus, a threshold ¢ can be taken between the origin
and the region of Z, to detect the departure of EV, which is
shown as the bound corresponding to « = 0.04 by simulation
in Fig. 12. Finally, assuming that the detection accuracy is
high enough, there is always a value « that can be found as
the deactivation threshold. That is, the deactivation process is
interoperable and matches the aforementioned interoperability
considerations.

2) Activation Process (Standby State to Charging State):
As the system operates at wp during standby mode, the
center of @ becomes somewhere on the imaginary axis of the
impedance diagram according to (16). Meantime, Z, under
default conditions including under different compensations,
loads, and coupling coefficients with operating frequency wy
are distributed in Fig. 13.

At the standby state, EV is absent, and then the ratio o at
this moment is a constant, which is shown as the curve oy
in Fig. 13. Moreover, it can be observed that Z; is distributed
inside the curve of oy, which indicates the presence of EV.

Hence, a threshold «y, can be taken between the curve o,y
and the region of Z; to detect the arrival of EV. Furthermore,
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Fig. 13. Distribution of Z, under different compensations, loads, and coupling
coefficients during the activation process.

we define an another factor, A, that describes the difference
between o« with respect to the different Z, and oy at standby
state, and its expression is given as

_ Cpu — o

A= x 100%. (18)

Unull

From Fig. 13 and (18), it can be observed that with lower
A, the relevant « is closer to o, when EV arrives but still
at standby state. Furthermore, it is feasible to identify Z.
within the target conditions that is closest to oy, with the
corresponding current ratio of «y,. Therefore, the threshold
oy, can be taken between «y, and oy, such as the simulated
bound of «;_»9 in Fig. 13.

With sufficient detection accuracy, a valid activation thresh-
old oy, can always be selected to detect the arrival of EV and
activate the system, which indicates that the activation process
satisfies the interoperability requirements as well.

C. Selection of the Threshold Current Ratio

With combinations of the deactivation and activation pro-
cesses, the proposed method is well interoperable as long as
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Fig. 15. Schematics of the experiment DWPT converter.

the reflected impedance Z, of EV load is distributed within
the shaded region formed by o and «y, as shown in Fig. 14,
regardless of the secondary compensation and load.

It should be noted that the selection of ¢y and «, depends on
the practical circuit parameters, detection sensitivity, require-
ment of standby current reduction, and so on. oy = 0.04 and
on = =29 are just a set of example values in Fig. 14 for
illustration. Nevertheless, the selection of the values of «( and
op will not affect the efficacy of the proposed method.

Meanwhile, to cover as wide a load range as possible, the
interoperability analysis considers the range of 0.5-3 times the
optimal load corresponding to different compensation circuits,
respectively, which covers the width of six times around the
optimal load that we think is sufficient to emulate the practical
scenarios. However, if the EV load is out of this range, the
reflected impedance will change accordingly. «g and «y, should
be redesigned to ensure the activation and deactivation of
the LCC compensated transmitter throughout the whole load
range.

To sum up, by selecting the appropriate deactivation thresh-
olds o and activation threshold «y,, the system is always able
to detect the departure and arrival of EVs effectively. Thus,
the proposed method is considered to be well interoperable.

V. EXPERIMENTAL VERIFICATION
A. Specifications and Prototype

The schematics of the proposed LCC IPT converter is shown
in Fig. 15. To evaluate the proposed method, an experimental
prototype is built, as shown in Fig. 16. The wireless charger
system includes the primary dc power supply, full-bridge
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EV Model

Fig. 16. Prototype of the experiment DWPT converter.
TABLE II
CONVERTER PARAMETERS

Parameters Symbols Values
Input voltage Vbe 50V
MOSFETs Q1-Q4 IPP60R 165
Diodes Di-Dy MBR20200
Self inductance Lp, Lg 109 pH, 108.5 pH
Coil resistance Rp, Rg 0.21 ©,0.16
Output Fliter Co, Lo 330 uF, 2 mH
Resonant frequency fo 50kHz
Hopping frequency n 85kHz
Primary Ly 33.6 uH
compensation Ct, Cp 306 nF, 135.7 nF
Secondary Css, Csp 93.7 nF, 93.38 nF
compensation Cg, Ct 124.02 nF, 378.06 nF

Ly 26.8 uH

inverter, LCC compensation network, and transmitter coil. The
EV model includes the receiver coil, secondary compensation
network, rectifier, and electronic load. The system parameters
are given in Table II. An electronic load is used to emulate
the EV battery.

B. Measured Standby Current and Magnetic Exposure

To evaluate the ability of the proposed strategy to suppress
the standby current and magnetic exposure surrounding the
transmitter coil when the EV is absent, an experiment with no
modulation applied was performed for comparison.

According to Fig. 17, the original standby current without
any modulation is about 6 A as the waveform shown in
Fig. 17(a). Compared with the modulated standby current,
which is 600 mA as shown in Fig. 17(b), Ip sanavy is reduced
by about 90%.

Moreover, Fig. 18 shows the magnetic field measured by
an exposure level tester above the transmitter in the standby
state before and after the proposed modulation. According to
the display of the tester shown in Fig. 18(a), the exposure
level of the transmitter without modulation is 217.4% of
the field strength limit value with reference to the ICNIRP
2010 standard, which means that the exposure greatly exceeds
the standard safety limit. Consequently, it may cause injuries
to humans and the environment if such systems were imple-
mented at scale. While at the same position, the exposure
level with the proposed modulation is merely 11.66% of the
standard exposure limit, which is 94.64% less than the original
value.

Therefore, the proposed method can significantly suppress
the magnetic exposure level generated by the current of the
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Fig. 17. Measured standby current (a) without modulation and (b) with
modulation.

Fig. 18. Measured exposure level during standby state (a) without modulation
and (b) with modulation.

transmitter coil during the standby state, which will enhance
the safety and reliability of the system considerably.

C. Measured Operating Process

Fig. 19 shows the operating waveforms when the secondary
circuit is compensated with the s-type topology and carries
different levels of simulated EV loads. As shown in the
enlarged waveform of the charging mode in Fig. 19(a), the
system operates initially at the charging mode and the inverter
outputs a rectangular wave voltage Vi, with an amplitude of
50 V from the dc supply. Meantime, the output current I, of
9.2 A represents that the EV is being charged.

Following the proposed operation approach in Section III,
once the EV load departs from the transmitter, which can be
observed from the waveform of I,, the system is deactivated
to the standby state immediately, where the input voltage Vi,
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Fig. 19. Measured operating waveforms of the input voltage, the input
current, the transmitter coil current, and the output current for the s-type
compensated secondary with loads of (a) Ry, = 5.5 Q and (b) R, =35 Q.

is modulated with a phase-shifted PWM while the operating
frequency is hopped to 85 kHz. Moreover, the transmitter coil
current Ip is substantially attenuated, which can be observed
from the enlarged waveform of the standby mode in Fig. 19(a).
Considering the conflict between the hopping frequency f
and the delay time of MOSFETSs, a secure phase-shift angle
0 = 144° is selected, leading to a Vi, of a three-level wave
with duty cycle D = (1/10).

In addition, when the EV arrives to couple with the charger
during standby state, the system can be successfully activated
for full power output in time, which is shown in Fig. 19(a).
Afterward, the system will carry on in the charging mode.

D. Interoperability Verification

To verify the interoperability of the system, the three
most common types of compensation on the secondary side,
s-type, p-type, and LCC-type, are combined with various
levels of load for interoperability experiments. According to
Section IV-C as long as we select a set of thresholds that can
meet the interoperability requirements, we can verify that the
strategy is interoperable to different compensations and loads.
Therefore, we used the same thresholds in the experiments.

All the loads used in the following experiments are calcu-
lated through (13). Fig. 19(a) shows the operating waveforms
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Fig. 20.  Measured operating waveforms of the input voltage, the input
current, the transmitter coil current, and the output current for the p-type
compensated secondary with loads of (a) Ry, = 80 € and (b) R, = 500 .

of the secondary circuit compensated by the s-type network
carrying a light load of R; = 35 Q. Combined with the wave-
form under the heavy load Ry = 5.5 Q shown in Fig. 19(a),
it can be seen that the system can reliably switch between
both the charging mode and standby mode within a wide
enough load range. Since the experimental loads indicate that
the applicable load range has covered at least 0.5-3 times the
optimal load of LCC-S IPT charger, which can be calculated
through (13) with k& = 0.3, it can be confirmed that the
proposed strategy is interoperable for the s-type compensated
loads.

Similarly, Fig. 20 shows the operating processes of the
system with the p-type compensated secondary under loads
of R, = 80 Q and Ry = 500 €, respectively, which also
covers 0.5-3 times the optimal load of the LCC-P IPT system.
Besides, LCC-type compensated load is also applicable to
the proposed charger as shown in Fig. 21. The experiments
verified the operating process under both the loads of Ry =
3 Q and Ry = 22 , respectively, which covers 0.5-3 times
the optimal load for double-sided LCC DWPT systems and
fulfills the interoperable requirement as well.

Based on these experiments, it is clear that the proposed
strategy has excellent interoperability over a wide enough load
range for these typical secondary compensations.
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Fig. 21. Measured operate waveforms of the input voltage, the input
current, the transmitter coil current, and the output current for the LCC-type
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Charging mode |

VI. CONCLUSION

This article proposed a method for automatic containment
of magnetic field exposure caused by the standby current in the
roadway DWPT system using a novel EV detection method,
in which an LCC compensated transmitter with primary-
side-only control is applied. The proposed method achieves
automatic deactivation and activation without extra detection
components and wireless feedback communication. When EV
departs, the charger enters the standby state and the standby
current of the transmitter coil can be significantly reduced
through a hybrid modulation of phase shift PWM control
and frequency hopping, which ensures that the surrounding
magnetic exposure stays at a safer level. Also, the charger can
automatically detect the arrival of EVs and then be activated
to charge EVs with full power. Moreover, this method is well
interoperable to accommodate various specifications of EV
receivers including different types of compensation topologies
and a wide range of loads.
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