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Abstract—In this paper, an autotuning control system (ACS),
which utilizes the variation of self-inductance of a transmitter (Tx)
coil caused by a ferrite core of a receiver (Rx), is newly proposed for
the dynamic wireless electric vehicle (EV) charging. A Tx module
consists of only passive elements that include a Tx coil, a partially
compensated capacitor in series with the Tx coil, and a parallel
compensation capacitor. All Tx modules share an ac bus line that
passes the output filter of an inverter in parallel without any active
switches. The current of the coupled Tx coil increases automatically
without any manipulations such as controlling the power switches,
sensing, or communication when the Rx module is approaching.
Not only the system efficiency is increased by the reduction of the
conduction losses from the uncoupled Tx modules, but control also
becomes simpler because sensors are not required for detecting
EVs, and the constant output voltage characteristics can be ob-
tained. Through experiments, it was found that the proposed ACS
is suitable for applications such as a tram that runs along an orbit
with a small air gap, such as a train. The results showed that the
current of a coupled Tx coil increased 11.6 times larger than that of
an uncoupled Tx coil, at which time the dc—dc efficiency achieved
was 88.4% for an output power of 766 W (10 2 of load resistance)
at the laboratory scale.

Index Terms—Autotuning control system (ACS), dynamic wire-
less electric vehicle (EV) charging, inductive power transfer system
(IPTS), roadway powered electric vehicle (RPEV).

1. INTRODUCTION

N RECENT years, as concerns about environmental pollu-
I tion have spread worldwide, the interest in and demand for
electric vehicles (EVs) are also increasing and driving an in-
crease in the size of the EV market. However, EVs have the
drawback that their charging time is relatively longer and their
energy density is low as compared with gasoline vehicles. This
results in low mileage per charge when driving. To complement
the slow development of batteries and to promote the diffusion
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of EVs, dynamic wireless EV-charging techniques called the
roadway powered EVs (RPEVs), which are supplied with elec-
tricity from roads in real time, have been extensively studied
[1]-[42]. The advantages of RPEVs are that they are ideally
released from the constraints of charging time and space, and
gain-extended mileage by a reduction in the battery capacity.

There are two types of dynamic wireless EV charging.
The first includes an inductive power transfer system (IPTS)
[1]-[38], which transfers power through a magnetic coupling
between the transmitter (Tx) coil and receiver (Rx) coil. The
second type includes a capacitive power transfer system (CPTS)
[39]-[41], which transfers the power through a capacitive cou-
pling between a Tx plate and an Rx plate. In general, IPTSs
have many advantages—a high coupling coefficient, low volt-
age stress on the compensation components, and better material
properties over the CPTSs. For these reasons, a great deal of re-
search has already been done on IPTSs and some have already
been commercialized.

There are also two types of dynamic wireless EV charging de-
pending on the length of the Tx coil and power supply scheme.
The first one is the centralized track type, which is used with
on-line EVs. These utilize several Tx coils selectively connected
to bidirectional switches with a single inverter, an approach led
by the Korea Advanced Institute of Science and Technology
(KAIST) team in South Korea [1]-[13]. The centralized track
type uses a long Tx coil to transfer the power to EVs, which
results in simple control, cheaper solutions, and easy deploy-
ment. However, in cases when the Tx coil is much longer than
the EV body, a leaked electromagnetic field (EMF) from the Tx
coil can harm pedestrians and can be radiated to the periphery.
There has been some research studies on the effect of metallic
objects or living objects on wireless EV charging [42]-[45] and
the effect of the electromagnetic wave or EMF on living objects
[46]-[48], which means that the generated EMF may have un-
desired effects on humans and metallic objects and significantly
harm the IPTS itself. The second type of dynamic wireless EV
charging utilizes a segmented track with multiple inverters to
each of which only one Tx coil is connected [28]-[30]. This
segmented track type, each segment of which is controlled by
an inverter with a relatively shorter Tx coil, can be freed from
the EMF problem because only the Tx coil directly below the
Rx coil can be turned ON to transfer power. However, the system
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Fig. 1. Overall concept of the proposed ACS.

is more complicated, and requires many sensors and complex
control algorithms because many Tx coils are needed to cover a
large area.

To reduce the number of inverters, a hybrid type (including
multiple inductor-capacitor-capacitor (LCC) compensation for
the primary side) of IPTS has also been studied [31]—[34]. These
methods may optionally involve active bidirectional switches
connected to the output of the inverter to increase the efficiency
and reduce the EMF by turning OFF the switches of uncoupled
Tx coils. However, it is necessary to sense the presence of the
Rx coil, which results in additional sensing circuits for each Tx
coil. A research team of San Diego State University proposed
the use of an LCC reactive power compensation network to
control the Tx current [34]. Instead of connecting bidirectional
switches to the output of the inverter to control the Tx current,
a reactive power compensation with the LCC compensation
circuits is inserted. It still requires an additional sensing circuit
for each Tx module because the presence of the Rx is detected
by sensing the current of a capacitor inside the reactive power
compensation circuit.

Since 2014, research teams, including one at the North Car-
olina State University, Raleigh, USA, have proposed a reflexive-
field containment concept without any active switches or sensors
[35]-[38]. The current of the Tx coil is automatically controlled
by the reflected capacitive impedance to the primary side by the
LCC compensation of the Rx coil. However, the inductance of
the Tx coil is generally increased by the presence of the Rx coil
regardless of the pad shape, such as circular, DDP, S-type, or
even an asymmetric structure of Tx and Rx pads because ferrite
cores are used to increase the efficiency and shielding effect on
the Rx side. Because of their complementary nature, diminish-
ing current performance could be reduced, if variation in the
self-inductance were large, as it would be with small air-gap
applications.

In this paper, an autotuning control system (ACS) is proposed
that has the advantages of both the centralized and segmented
track types. The current of the coupled Tx coil increases au-
tomatically without manipulations such as control using the
power switches, sensing, and communication when the Rx is
approaching. Not only the system efficiency is increased by the
reduction of the conduction losses from the uncoupled Tx mod-
ules, but control also becomes simpler because sensors are not
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Fig. 2. Magnetic flux distribution for the air gap. (a) Infinity. (b) 110 mm.

required for detecting EVs and the constant output voltage (CV)
characteristics can be obtained.

II. PROPOSED ACS FOR DYNAMIC WIRELESS EV CHARGING

The overall concept of the proposed ACS is shown in Fig. 1.
The proposed ACS consists of a high-frequency inverter, band-
pass filter, and multiple Tx modules. These Tx modules are
implemented only as passive elements consisting of a Tx coil, a
partially compensated capacitor in series with the Tx coil, and
a parallel compensation capacitor. All the Tx modules share a
filter output, called an ac bus line, in parallel without any active
switches. To reduce harmonics in the output current of the high-
frequency inverter, a bandpass filter is added. The Rx module
includes an Rx coil, a compensation circuit, a rectifier, and a
regulator for the battery.

A. Key Idea of the Proposed ACS

The key idea of the proposed ACS is to apply the variation
of the self-inductance caused by the ferrite cores to the reso-
nant circuit. Fig. 2 (detailed model descriptions are described
in the next chapter) shows the magnetic flux distribution with
respect to the air-gap variation, where the Tx and Rx coils have a
symmetrical-loop coil structure with ferrite cores. The magnetic
flux density increases when the Rx module approaches the Tx
module because the ferrite core of the Rx module serves as a
small reluctance. The magnetic flux density can be increased as
much as two times by using a ferrite core [17].
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Fig. 3. Self-inductance of the Tx coil with respect to variation in (a) air gap
and (b) misalignment along with the moving direction; the condition is based
on considering the scale of the simulation model of Fig. 7.

As the magnetic flux density increases, the self-inductance of
the Tx coil also increases. Under the simulation conditions of
Fig. 2, the self-inductance of the Tx coil is shown with respect
to the air-gap variation in Fig. 3(a). It is obvious that the self-
inductance of the Tx coil increases as the Rx module (including
the ferrite cores) approaches. The self-inductance of the Tx
coil and mutual inductance between the Tx and Rx coils are
shown with respect to the misalignment along with the moving
direction in Fig. 3(b). The self-inductance of the Tx coil also
increases as the Rx coil approaches, resulting in a change in the
resonance condition of the Tx coil. By way of an example, the
movement of the tram is limited; however, the proposed ACS
has no particular restriction on the movement of the Rx module.

To explain the basic principle in more detail, the voltage
source and series compensation capacitors on both sides are
applied as shown in Fig. 4. In this section, all parasitic resis-
tances are neglected to provide a simpler explanation. Fig. 4(a)
shows the conventional series—series compensation expressed
by a coupled-inductor model. Here, L,, Ly, Ly, and AL refer
to the self-inductance of the Tx coil, leakage inductance of the
Tx coil, magnetizing inductance of the Tx coil, and inductance
variation of the Tx coil caused by the presence of the Rx coil,
respectively. Ly and Ly are self-inductance of the Rx coil and
leakage inductance of the Rx coil, respectively. Fig. 4(c) shows
the transformer model when the Rx coil is coupled with the
Tx coil with load. L;, and Ly, are compensated to get the CV
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Fig. 4. Typical circuit configuration of IPTS. (a) Coupled inductor model.
(b) Equivalent circuit when the Rx module is absent. (c) Transformer model
when the Rx module is approaching.

characteristic. The resonant condition is as follows:
1 1

- \/Llpcp - \/Llscs

where C), and C; are the series resonant capacitors for the com-
pensation of Ly, and L, respectively. The switching angular
frequency w, should be same as the result with (1). In this case,
the current of the coupled Tx coil is as follows:

Iin coupled — ‘/in = Vin

’ e Zcoupled jws me | ‘Rac /TL2
where Vj, is the input voltage source, the turn ratio n is defined
as ny /ny, and R, is the effective load of the Rx module. The
relation between R,. and the load resistance R;, for a voltage
source rectifier is found to be

ey

Wr

@

R — %RL. 3)

Fig. 4(b) shows the simplified circuit when the Rx module
is absent. The current of the uncoupled Tx coil is defined as
follows:

‘/EII
Iin,un(:oupled = A
]WS(Lp —AL) + 1/(]‘”50;0)
_ ‘/ill
 jws(Limpy — ALY

By dividing (2) by (4), the current ratio of coupled and un-

coupled Tx coils « is defined as follows:

“)

_ |Iin,c0uplcd| _ |Zuncmlplcd| _ |jws (me - AL)|
‘[in,uncoupled| ‘Zcoupled| |jwsme||Rac/n2‘ '

It is important for the design that « is larger than 1. If o
is large enough, the EMF problem is resolved automatically
without a complex and additional control system. The proposed
ACS can be implemented if the impedance of the Tx module
(Zuncoupled 1n the condition that the Rx module is uncoupled) is
sufficiently large, or if R, is sufficiently small, compared to
the impedance of L. Specifically, the current of the coupled

)
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Fig. 5. Equivalent circuit of the proposed ACS.

Tx coils is automatically controlled by the variation of the self-
inductance of the Tx coils caused by the influence of the ferrite
cores of the Rx module.

B. Static Circuit Analysis of the Proposed ACS

To implement the proposed ACS, multiple Tx modules adding
additional capacitors in parallel are considered as shown in
Fig. 5. All parasitic resistances are neglected and all Tx coils are
assumed to be decoupled for a simpler analysis. If the Tx mod-
ule consists solely of the Tx coil and C),, a large reactive current
can flow from the inverter output, resulting in malfunction of
the inverter. Therefore, an additional compensation capacitor C..
was inserted into the Tx module. There, C. is placed in parallel
to each Tx module to reduce the conduction loss and instability
of the ac bus line. The total price of the proposed ACS could
decrease in proportion to the number of Tx modules, which
is connected to the output of the inverter in parallel, under the
same power delivery conditions. When the Rx module is absent,
the capacitance C, for parallel resonance in each module is as
follows:

1

JwsCe

= _Zuncoupled = _jws (me - AL) . (6)

The inverter does not ideally provide any current in steady
state when the Rx module is absent. As a result, high efficiency
can be achieved under a light-load or no-load condition. Mean-
while, the magnetizing current from the inverter only begins to
flow when the Rx module is approaching the Tx module.

As the load gradually increases, a large amount of current
flows through the coupled Tx coil. The bandpass filter formed
by L and C/ in series simply serves to reduce the output current
harmonics of the high-frequency inverter. Using the bandpass
filter under the above-mentioned assumptions, the circuit of
Fig. 5 can be simplified further by an approximation of the
fundamental component as shown in Fig. 6. Finally, the real
power P, and the reactive power (), of the inverter are driven
by (2) and (3), respectively, as follows:

2‘/2
P, = —HR (7a)
ac
1 1
Qo = Vi ( . —~ ) (7b)
’ |]Wme| |Zuncoup1ed|
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Fig. 6.  Simplified circuit of the proposed ACS.
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Fig. 7. Overall circuit simulation condition. (a) Bird’s eye view of the pro-
posed ACS. (b) Front view. (c¢) Side view.

Thanks to the topologies of the leakage compensation for
both sides, and the power-factor compensation of C, in each Tx
module, CV characteristics, and high efficiency can be achieved
at the same time. The system efficiency, the considering parasitic
resistance, is found to be

P,
lde=de = Pinv + Z PTx,coil + PRx,coil + Prec + Po
~ . (8a)
o +WCC{(NTJ: —1+6¥2) Ty +7‘R;t/n2}
wC; (NT.’L‘ — 1) + rRz/HQTTx
Unicsemax = \/ oC (8b)

where Nty is the number of Tx coil, and rt, and rr, are the
parasitic resistances of the Tx and Rx coils, respectively. Note
that the system efficiency is dominant in loss of the Tx coil
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Fig. 8.

Multidomain simulator linked with the FEM 3-D of Fig. 7.

for light-load condition, whereas it is dominant in losses of the
Rx module for heavy-load condition. The losses could be min-
imized by increasing Zyncoupled, the operating frequency, or the
number of turns of the Tx and Rx coils. The operating frequency
should be selected carefully because it affects the system effi-
ciency and stability of the proposed ACS. As the operating fre-
quency increases, the magnetizing current decreases, resulting
in minimizing losses because the proposed ACS compensates
the leakage inductance in both sides. There is theoretically no
restriction in case that all the terminals of the Tx module are
connected to the inverter output as common nodes; however,
the connection points could be distributed from each other in
long track and no longer common nodes, resulting in increased
impedance difference by line inductance at every connection
point. As a result, the impedance difference of each connection
point makes the system unstable with a deviation of the reso-
nance condition in case that the operating frequency is too high.

Moreover, the speed of the Rx module could be limited to the
dynamics of the resonant circuit because the proposed ACS uses
changing the resonant condition by the ferrite core. Thankfully,
it is not comparable to the dynamic response of the resonant
circuit that reaches the steady state within a few cycles, since a
running speed of a tram operating in the city center is usually
less than 60 km/h (even at 600 km/h, the impact on the proposed
ACS is negligible because the distance traveled by the tram is
less than 2 cm during the 10 cycles of operating frequency of
85 kHz).

III. SIMULATION VERIFICATIONS

To identify the operation of the proposed ACS, the three-
dimensional (3-D) finite-element analysis Maxwell simulation
tool and multidomain simulator Simplorer were used as shown
in Figs. 7 and 8, respectively. The mechanical parameters (e.g.,
size of the ferrite core or coil diameters) were selected in sizes
easy to be fabricated at the laboratory scale.

The electrical parameters for the simulation set are described
in Table I, where the Tx and Rx coils were all set to the same
value. All the magnetic couplings between the Tx and Rx coils
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TABLE I
SIMULATION KEY PARAMETERS
Para. Value Para. Value Para. Value
483 26.4 400
L, & L C, & C, R, & R
" [nH] " [nF] ’ [mQ]
Kimain
Lip&Ljs [l 3;_‘;’] C. 1&?? (between Rx and 0.72
K Coupled Tx)
350 87.65 Koo
Loy [uH] G [nF] (between Tx coils) 0.04
Komax
AL [l ﬁ] N & N, [T1311(r)ns] (between Rx and -0.04
K uncoupled Tx coil)
L 40 Operating 85 . }
/ [nH] frequency [kHz]

were considered and simulated for more accurate results. As
shown in Table I, the coupling coefficient k., between the
coupled Tx and Rx coils is 0.72 when the Rx coil is perfectly
aligned with a singular Tx coil. In this case, the Rx coil is coupled
with the Tx coil 1. In the case of a tram-charging application
unlike the EV charging applications, the coupling coefficient
could easily exceed 0.5 due to the relatively small air gap and
large installation area. The rest of the coupling coefficients were
smaller than 0.04. Even when the Rx coil is in the middle of
two Tx coils, the coupling coefficient between the Tx coils
with respect to the position of the Rx coil kept at low values
(always less than 0.04) in various positions compared to the
main coupling. Thus, the assumption in previous sections about
the decoupling of each Tx coil was reasonable.

Using the parameters in Fig. 7 and Table I, the current of the
Tx coils with respect to the load condition was simulated and is
shown in Fig. 9. As expected, the current gain for the coupled
Tx coil was only boosted under different load conditions. Under
the condition that R, is 10 €2, the current of the coupled Tx
coil was boosted about 11 times. The current of the coupled Tx
coil was also observed to shift from the lagging to the resistive,
as the load became heavy in condition. Meanwhile, the current
of the uncoupled Tx coils was always constant, regardless of
the load variation. Moreover, despite the parasitic resistance of
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Simulation results of voltage gain Voy/Vin with respect to the load

400 mS2 in each Tx and Rx coils, the CV characteristic was
also achieved (within 5% variation) over a wide range of load
conditions (5-200 2) as shown in Fig. 10.

To verify the soft-switching condition and reduced input cur-
rent of the inverter during travel, the frequency response of the
input impedance with respect to misalignment of the moving
direction is shown in Fig. 11. The Rx coil has moved from the
center of a fully coupled Tx coil to the middle of two Tx coils,
keeping the load resistance of 5 2. When the Rx coil is fully
coupled with the Tx coil, the phase of input impedance is 1.42°
while maintaining soft switching condition margins. As the Rx
coil moves to the middle of the two Tx coils, the phase of input
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Fig. 11.  Simulation results of the frequency response of the input impedance.

impedance converges to 90°, where the gain of input impedance
increases to 24 dB, corresponding to 15.8 times. Soft switching
is possible over the entire traveling, and the input impedance
increases when the power is not transferred to the Rx mod-
ule, thereby reducing the loss, namely, it is controlled without
changing the operating frequency for different positions of the
Rx module.

The proposed ACS can also operate with multiple Rx modules
because it is possible to achieve the CV characteristic of each
Rx module without changing the resonant condition in case that
each Tx module is coupled with a singular Rx module. The
number of coupled Tx modules (red color) in the circuit as
shown in Fig. 6 is increased as multiple in parallel.

IV. EXPERIMENTAL RESULTS

A prototype operating at 85 kHz was fabricated, as shown in
Fig. 12, to verify its feasibility. Seven pairs of Tx coils and an
Rx coil were fabricated with the same size as in the simulation
conditions in the previous section. The end point of each Tx
module was connected to the output of the filter in parallel
through the ac bus line made of an aluminum bar to eliminate
any problem of instability. 100 V. was applied to the input of
the full-bridge inverter because the input of the oscilloscope
has only four channels, and all results are shown for only four
channels.

The measured current of the coupled Tx coil was 11.6 times
larger than the current of the uncoupled Tx coils under the
conditions that the Rx module was aligned to the Tx module 3,
and that Ry was 10 €2, as shown in Fig. 13(a), where the output
power and efficiency are 766 W and 88.4%, respectively. In the
case in which R; was 6 2, the current ratio of the coupled—
uncoupled Tx coils o was 18.1, where the output power and
efficiency were 1232 W and 81.8%, respectively. The measured
maximum efficiency was 96.7% for R, of 100 €.

The power loss analysis of the proposed ACS for a different
load condition is shown in Fig. 14 while the load power is
maintained at 1 kW. To apply to a real tram model, the input
dc voltage should be changed to 750 V, which is often applied
to trams in the industry, resulting in an increased power to 56
times. The dominant losses are found to be the resistance of
the coupled Tx and Rx coils, which includes a hysteresis loss
of the ferrite core, since most of the currents are concentrated
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DSP Controller:
TMS320F28335

Fig. 12. Experimental conditions. (a) Inverter and bandpass filter. (b) ACS
including the Rx module. (¢) Tx modules without the Rx module.

at the coupled Tx coil for a higher v condition, as expected.
It means that the system efficiency is inversely proportional to
the number of Tx coils; however, it is relatively negligible for a
higher o condition. Although the conduction losses of the diode
consisting of four full-bridge configurations seem to account for
more than a quarter of total losses, the system efficiency can be
increased by replacing the synchronous rectifier. Depending on
the current ratio and efficiency, the number of turns in the Tx and
Rx coils can be adjusted to move the maximum efficiency point
by decreasing the turn ratio n. Therefore, an optimization of coil
size should be developed to increase the system efficiency for
further works.

According to the International Commission on Non-Ionizing
Radiation Protection (ICNIRP) guideline, the leakage magnetic-
field density is limited to less than 27 uT at 85 kHz. To check
the EMF level, the EMF around the Tx coil of the proposed
ACS was measured using ELT-400 made by Narda as shown in
Fig. 15. The electric field is not measured since the magnetic
field is dominant in the near-field range. The measured point is
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Fig. 13.  Experimental results. (a) RMS value of the Tx coil current. (b) Output
power and efficiency.
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Fig. 14.  Example of the power loss analysis of the proposed ACS when (a)
Ry = 10Q,and (b) R, = 40Q.

350 mm from the center of the Tx coil while maintaining the
medium of the air gap, where the measured point was calculated
by the actual width of the tram of 2.5 m and the separation
distance for measurement of 200 mm, according to the ICNIRP
guideline.

Fig. 16 shows the EMF level generated from the proposed
ACS. The experiments were performed at a load power of 1 kW;
however, the magnetic field, which is proportional to the input
voltage, was multiplied by 7.5 times considering the load power
of 40 kW. It was as low as 9.84 and 8.25 uT at a distance of
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Fig. 15. EMF measurement method. (a) Front view. (b) Top view. (c) Exper-
imental setup.
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Fig. 16. EMTF level for a pedestrian side; measurement (point of 350 mm);
simulations (continuous line).

Fig. 17.  Voltage and current waveforms of the inverter for a perfectly aligned
condition. Ch. 1: inverter output voltage (50 V/div) and Ch. 2: inverter output
current (5 A/div), when (a) R, = 109, (b) Ry, = 509, and (¢c) R, = oc.

350 mm for the coupled and uncoupled Tx coils, respectively.
This is merely a kind of an error caused by a relatively large
magnetic probe and still meets the ICNIRP guideline.

Fig. 17 shows the output voltage and current waveforms of
the inverter when the Rx module is aligned to the Tx module
3. The waveforms show that the inverter current decreases to
almost zero under no-load condition. Zero voltage switching
can also be achieved using harmonics of the inverter current.

Figs. 18 and 19 show the transient mode for the current of
each Tx coil. The current of the coupled Tx coil (see Ch. 3 of
the oscilloscope in Fig. 13) increases depending on the load
conditions without affecting the uncoupled Tx coils. Even if the
load condition changed rapidly, the current of the uncoupled Tx
coils was not affected. The current of each Tx coil is shown
in Fig. 19 as the Rx module moves past them along the track.
The current of each Tx coil increases only when the Rx module
approaches and keeps constant when the Rx module is absent.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 6, JUNE 2019

Fig. 18. Tx coil current waveforms: Ch. 1, Ch. 2, and Ch. 4 (uncoupled Tx
coils), and Ch. 3 (coupled Tx coil) when the Rx module is aligned.

Yellow: Current of Tx coil 1
: Current of Tx coil 2
Current of Tx coil 3

nt of Tx coil 4

Fig. 19.  Tx coil waveforms when the Rx moves past them along the track.
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Fig. 20. Measured load power and system efficiency of the proposed ACS

with respect to the position of Rx module.

To verify the autotuning capability of the proposed ACS over
the moving direction, the load power and system efficiency (dc—
dc) was measured by moving the Rx module with respect to the
Tx module as shown in Fig. 20. The system is designed to be
1 kW of load power when the Rx module is well aligned with
the Tx module. As expected from Fig. 3, the maximum power
can be transferred when the Tx and Rx coils are fully coupled
similar to the conventional dynamic charging. The load power
rapidly drops as the Rx module moves to the middle of the two
Tx modules due to the deviation of the resonance condition by
the reduction of the magnetizing inductance. The efficiency of
the proposed system is relatively kept high by the reduction of
the current in the Tx coil. The proposed idea is verified for a
small air-gap application, such as a tram, which can run along
the fixed track.
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V. CONCLUSION

A new IPTS topology, the ACS, was proposed that utilizes the
variation of self-inductance of Tx coils caused by ferrite cores
in the Rx module. The proposed ACS has the advantages of re-
ducing the EMF, being cost effective, and having high efficiency
because no additional sensors and controllers are required for
detecting the EVs. Through experiments, it was found that the
proposed ACS is suitable for applications such as a tram that
runs along an orbit with a small air gap. The results showed that
the current of a coupled Tx coil increased 11.6 times larger than
that of an uncoupled Tx coil, at which time the dc—dc efficiency
achieved was 88.4% for an output power of 766 W (10 Q of
load resistance) at the laboratory scale.
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