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Abstract—The implementation of wireless charging for electric
vehicles (EVs) in dynamic charging applications such as on
highways typically requires extra hardware in both the vehicle
and on the ground to detect the oncoming EV and energise the
appropriate ground pads. A detection scheme is proposed in this
paper that utilises free resonant currents in the pad windings to
detect small changes in coupling between neighbouring ground
pads as the EV moves over them. The detection scheme can be
made to be interoperable with all magnetic pad topologies and
utilises components that already exist in most popular electronic
converters and tuning networks. Specific implementation details
with several different electronic topologies are discussed and
simulation results are presented showing the detection scheme
working with a vehicle driving at 100 km/h. Experimental results
demonstrating the vehicle detection with a dynamic charging
system operating at 3.3 kW are also presented.

Index Terms—Dynamic wireless charging, Roadway powering,
EV Detection.

I. INTRODUCTION

INDUCTIVE Power Transfer (IPT) is a technology which
allows power to be transferred wirelessly over a large air

gap [1]–[4]. This technology has been proposed to charge
electric vehicles (EVs) and is currently being standardised for
stationary charging applications such as in garages and car
parks [5]–[8].

It can also be designed to transfer power to a vehicle
moving over an electrified road or highway [3], [9] and this
is commonly referred to as dynamic charging or powering.
If realised correctly it can potentially enable an EV to travel
an unlimited distance on these electrified highways without
needing to stop for a charge [10]. Combined with recent
developments in self driving technology for both trucks and
cars, there is potential to revolutionise commercial and private
transportation options. However, most IPT research for EV
charging is currently focused on stationary charging and there
are still several important issues to solve for dynamic power
transfer to be practical.

Dynamic charging systems usually propose creating either
a continuous or pulsed wave of magnetic field for the EV over
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long sections of road. This is currently achieved by either using
long tracks (each being several times the length of a vehicle)
to power the vehicle as it drives over them, or by using smaller
individual pads (often much smaller than a vehicle) that are
sequentially pulsed on and off as a vehicle drives over them.
There are currently several track based solutions such as [11]–
[15] which generate a continuous magnetic field and may be
up to 240 m long [16] while other solutions have a track that
is only 40 mm wide [13]. The difficulty with this type of
solution is that the inverters required to drive these tracks have
a very high VA rating and considerable series compensation
must be added to manage the high voltages. Furthermore, most
proposed track solutions run at low frequencies of 20-40 kHz
[13], [14]. The SAE J2954 standards committee has agreed
on a stationary charging frequency of 85 kHz for stationary
EVs [5] and if the proposed dynamic charging systems are
to be compatible with these stationary EV charging systems
(which is the ideal scenario) then 85 kHz should also be used
for dynamic applications. Consequently, recent track based
solutions are investigating 85 kHz operation [15] but this then
further limits the maximum length of track to a few meters
due to voltage limitations and higher AC copper losses for
long sections of track at 85 kHz.

A track based system requires just one inverter per track
whereas implementing individually energised pads requires
significantly more inverters. However, the inverters for the
individual systems can be rated at a lower VA and have the
potential to be more efficient and less likely to couple power
into unwanted loads since unused sections of the road are
not energised. One method of implementing the individually
energised pads is to use a double coupled system as proposed
in [17], [18]. This method utilises a long distribution track
operated at a low frequency (10-20 kHz) to distribute power
to several intermediate coupling circuits (ICCs) which energise
the ground pads as shown in Fig. 1. The distribution track also
has the added benefits of adding galvanic isolation between the
utility grid and each ICC, as well as providing synchronisation
between ICCs and allows easy maintenance.

One of the challenges to overcome with having individually
energised pads is detecting when to turn on each ground
pad. In a highway scenario the vehicle may be moving at
very high speeds of up to 100 km/h (62 mph or 27.7 m/s).
Assuming that each ground pad is able to power a vehicle
over one meter, this means that each ground pad will only be
on for approximately 36 ms per vehicle at such speeds. To
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Fig. 1. Overview of a double coupled system for dynamic EV charging

achieve good synchronisation at this speed, the ground pad
has to be turned on and off within at least 5 ms of when
the vehicle is approaching and leaving respectively. Current
radio based systems have large latencies when establishing
reliable communications and are not suitable for the precise
synchronisation required with dynamic systems.

Existing solutions for detecting the location of the vehicle
pad often rely on extra hardware such as additional detection
coils [19], [20] and using additional filters [21]. These methods
require additional hardware which adds extra cost and com-
plexity to the system design. Ideally, these additional systems
should be minimised to ensure a cheap and robust in-ground
system.

In [22] a novel approach is presented where the power
drawn by the converter is correlated with a stored profile
of a vehicle pad moving over the ground pad to determine
the position of the vehicle. This approach has the benefit of
not requiring any additional hardware, however this method
only works when the magnetic topologies for the ground and
vehicle pad are known. In reality, EV manufacturers may
decide to use various magnetic and tuning topologies in the
vehicle based on the power levels and tolerances required.
An interoperable detection scheme needs to tolerate these
differences, making the method suggested in [22] impractical
when the full system is not known.

Another solution originally designed for kitchen appliances
[23] utilises energy injection into a series tuned LC primary
and observes the rate of the ring-down in the tank to determine
if a load is present. This solution also does not require
additional hardware, however it is not able to indicate an
upcoming vehicle pad - it only indicates that a load is present.
For slow moving applications such as in taxi charging bays this
method may be suitable, however for fast moving highway
applications it is favourable to energise the ground pad as
the car is approaching so that the vehicle pad experiences a
continuous magnetic field.

In this paper, a method of detecting a vehicle is proposed
without using any additional hardware or external sensors. It
utilises variations in the free resonant current developed in
neighbouring ground pads in response to small variations in
coupling between neighbouring pads as well as an increasing
coupling between the ground pad and the approaching vehicle
pad as the detection means. These variations in the free
resonant currents can be detected by current sensors which are
already present to monitor and control the ground pad current.

C2L2C1 L1

k12
IAC

I1 I2 IR

R

Fig. 2. A simple IPT system

By observing the magnitude of the free resonant currents, the
upcoming vehicle pad can be accurately detected regardless
of the magnetic topology used in either the ground or vehicle
pads. The proposed method is also able to detect the vehicle
pad if it is unenergised and can be used with a variety of
primary inverter topologies such as an H-bridge driving a
series LC or LCC [24], [25], H-bridge LCL or LCCL [26]–[28]
as well as the current sourced topologies such as the push-pull
converters [29]–[32]. The only condition that is required for
this detection technique to work is that the pads are spaced in
such a way that power transfer is possible when the vehicle
transitions from one pad to the next.

This paper is structured as follows. In Section II the
fundamentals of IPT are explained and essential equations are
derived in order to aid in understanding the rest of the paper.
In Section III the proposed detection scheme is explored to
explain the principal of detecting upcoming vehicles using
changes in the free resonant currents. After this the implemen-
tation details of this detection scheme with various electronic
topologies are discussed in Section IV followed by a simu-
lation of the full dynamic system in Section V, experimental
results in Section VI and conclusions in Section VII.

II. FUNDAMENTALS OF IPT

A simple IPT circuit is shown in Fig. 2 where the energised
ground pad having inductance L1 is tuned by a capacitor C1.
L1 is magnetically coupled, by the coupling factor k12, to the
vehicle pad with inductance L2, which is tuned by C2. L1 and
L2 are nominally tuned to the desired frequency of operation
(85 kHz for this application):

ω =
1√
L1C1

=
1√
L2C2

. (1)

The mutual inductance (M12) between L1 and L2 is given
by:

M12 = k12
√
L1L2. (2)

When L1 is excited by a sinusoidal current, the voltage
induced in L2 (also referred to as the open circuit voltage -
VOC) shown in Fig. 3(a) and its short circuit current (ISC)
shown in Fig. 3(b) is given by [1]:

VOC = jωM12I1 (3)

ISC =
VOC

jωL2
=

M12I1
L2

. (4)

The output power Pout is then [1]:

Pout = ωL1I
2
1k

2
12QLOAD (5)

where QLOAD is the loaded quality factor of the secondary
circuit and is given by R/ωL2 for a parallel tuned secondary.
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Fig. 3. Measurement of the (a) open circuit voltage VOC and (b) short circuit
current ISC.
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Fig. 4. Example of an IPT system with four coils.

The output power is often adjusted by varying I1 and QLOAD

to compensate for changes in k12 and L1. For dynamic
applications, output power regulation is usually achieved by
setting I1 to a desired nominally constant value and having the
secondary circuit adjust QLOAD to regulate the output power
as required, given there is little time available to adjust I1.

Multiple coil systems can be modelled by solving a system
of linear equations. For example, the four coil system shown
in Fig. 4 can be modelled under steady state conditions by
solving:

V1

V2

V3

V4

 =


jωL1 + Z1 jωM12 jωM13 jωM14

jωM12 jωL2 + Z2 jωM23 jωM24

jωM13 jωM23 jωL3 + Z3 jωM34

jωM14 jωM24 jωM34 jωL4 + Z4



I1
I2
I3
I4

 (6)

where the voltage sources V1-V4 represent power supplies
driving the coils and the impedances Z1-Z4 represent the
impedances of components such as tuning capacitors and ESR
losses. Since there have been no assumptions made about the
state of the tuning of each coil, factors such as mistuning
can be accurately considered and accounted for in (6). The
voltage sources (V1-V4) for coils that are not driven directly
by a power supply (such as the vehicle coils) should be set to
0 V. The rate of change of the coupling factor of a vehicle pad
travelling at 100 km/h is negligible compared with the cycle
time at 85 kHz, so it is acceptable to use this steady state
model to approximate the transient operation of the circuit
[33].

III. DETECTION OF VEHICLE PAD

A. Magnetic system

For the purpose of this paper, a dynamic charging magnetic
system that had already been designed and constructed in the
laboratory is used to validate the proposed detection scheme.
However, it should be noted that the main focus of this
paper is not the magnetic design but the detection scheme,
which is independent of the magnetic topology used. An
overview of the system is shown in Fig. 5(a) where the two

(a)

LVA LVB

LG1

LVA LVB

LG2

kG1VA kG1VB kG2VA kG2VB

kG1G2

(b)

X

Y
Z

Fig. 5. Magnetic system showing (a) the system overview and (b) electric
overview of the system with coupling factors of interest.

ground pads LG1 and LG2 are 775×600 mm Double-D (DD)
pads [34]. The two D-shaped halves of the DD pad coil are
wound as a single coil in a figure-of-eight shape to create a
horizontal magnetic field above each pad. For the vehicle pad
a 700×350 mm bi-polar pad (BPP) [35], [36] is used which
consists of two decoupled coils - LVA and LVB. The two
magnetically decoupled coils of the bi-polar pad are able to
pick up power independently, allowing an individual coil to be
shut off if it has weak coupling to the ground pad, to minimise
losses and ensure that it does not generate any unnecessary
flux. Bi-polar pads can also pick up horizontal and vertical
magnetic fields making it suitable for moving applications.
The DD ground pads and bi-polar vehicle pad were designed
so that a ground pad current of 100 A in the DD pads will
ensure a total short circuit current in the vehicle coils of 35 A
with an air-gap of 200 mm and up to 200 mm displacement
in the Y-axis. The ground pads will be independently driven
and are only a small section of a series of hundreds of pads
that will be needed to create a full highway charging system.
The full design of the magnetic system including dimensions
is explored in detail in [37].

Most graphs presented in the rest of the paper use the
vehicle displacement as the X-axis variable. Zero displacement
is defined as the vehicle pad being centred on LG1, as shown
in Fig. 5(a) and positive displacement is defined as resulting
from vehicle pad movement towards LG2. The gap between
the ground pads (DG in Fig. 5(a)) is 200 mm, thus the spacing
between the centres of the ground pads is 975 mm which is
why most graphs presented in this paper show the vehicle
displacement ranging from 0 to 975 mm.

B. Using free resonance for detection

As the vehicle pad moves over the ground pads, as shown
in Fig. 5(a), the coupling factors between all four coils shown
in Fig. 5(b) will vary. This variation in coupling between the
independently driven ground pad coils and the two vehicle
pad coils was obtained from FEM analysis tools and has been
plotted in Fig. 6. From this plot, it can be seen that there is
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Fig. 7. Leakage flux coupling into LG2 when LV is (a) on top of LG1 and
(b) in between the two ground pads, improving kG1G2. LG1 and LG2 are
independently driven.

also a slight variation in coupling between the ground pads
(kG1G2) caused by the movement of the vehicle pad. This
variation in kG1G2 occurs due to the vehicle pad enhancing the
coupling of the leakage flux between the ground pads as shown
in Fig. 7. In Fig. 7(a) it can be seen that there is very little
leakage flux coupling from LG1 into LG2 when the vehicle
pad is centred on the ground pad. However, when the vehicle
pad is between the two ground pads as shown in Fig. 7(b), the
ferrite in the vehicle pad gives the flux from LG1 an alternative
pathway, resulting in an increase in kG1G2. The enhancement
of this leakage field occurs since the spacing of the ground
pads was designed to ensure that the vehicle could draw full
power in all X-axis lateral misalignments of interest. If the
ground pads were spaced further apart then the variation in
coupling between neighbouring ground pads would be too low
to work as a reasonable means of detection, and would also
compromise the design objective to make continuous power
transfer to the vehicle possible while driving along such a
section of highway.

The voltage induced in the neighbouring pad (VOC) as the
vehicle moves is plotted in Fig. 8. While this variation in
VOC from 25 V to 75 V is suitably large to be used for
detection means, it is very small compared to the several
kilovolts that appears across the pad when it is energised.
Any detection circuit that attempts to measure this change in
induced voltage will also have to withstand several kilovolts,
making this approach impractical.
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Fig. 8. VOC induced in LG2 and free resonant current that builds up in the
LC tank with a 3% mistuning of CG2.

An alternative way of detecting this variation in kG1G2 is
to configure the inverter switching network so that the ground
pad is able to resonate with its tuning capacitor in the presence
of the small induced voltage VOC. This configuration allows
a free resonant current to flow within the LC tank and the
current can be used as a means of detection. The practical
implementation of how to do this depends on the power supply
topology and will be discussed in Section IV. Most converter
topologies can be simplified to a single switch when not
transferring power as shown in Fig. 9 and here CG2 is the
tuning capacitor to tune LG2 and rESR is the combined AC
resistance of the components in the loop. Using this simplified
circuit, the free resonant current IG2 induced in the LG2 as
the coupling varies is shown in Fig. 8 and can be expressed
as:

IG2 =
VOC

jωLG2 + 1
jωCG2

+ rESR

. (7)

The free resonant current IG2 has been plotted in Fig. 8. For
this plot the value for CG2 was chosen to be mistuned by 3%
to ensure that the switching network always sees an inductive
load. In Fig. 8 it can be seen that the nominal current for
this particular system when the vehicle pad is centred above
LG1 is approximately 25 A and it increases to approximately
70 A as the vehicle moves between the two ground pads.
The magnitude of the free resonant current is comparable
in magnitude to the current used to energise the ground pad
(100 A) so it is very straight forward to measure this variation
in IG2 with current sensors, to detect an upcoming vehicle pad.
These current sensors are typically built into power supplies
to monitor the ground pad currents so no extra hardware is
required.

As presented, the analysis above has assumed that the
vehicle pad has no current flowing through it and that no
power is being drawn. The proposed detection scheme also
works when the vehicle pad is energised without any additional
changes to the ground pad detection scheme. The circuit model
used to validate this system is shown in Fig. 10 and the change
in the free resonant current flowing through LG2 is shown in
Fig. 11 with the vehicle pad energised. In this example the
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Fig. 9. Equivalent circuit for the build up of free resonant current.
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Fig. 10. Equivalent circuit to model effects of all energised coils on the free
resonant current.

loaded quality of the vehicle circuit is adjusted to draw 10 kW
while limiting the maximum QLOAD to 2.5. A switching
secondary regulator such as the one found in [38] works on
this general principle.

In Fig. 11, the free resonant current in the neighbouring
ground pad IG2 still produces a clear current signal which
provides a means to detect when the vehicle pad is centred
between the two ground pads. The detection algorithm for
the power supply energising LG2 does not need to wait until
the free resonant current reaches its peak before turning on.
The power supply can turn on when the free resonant current
is 35 A, because at this stage it is clear that a vehicle is
approaching.

The variation in kG1G2 is caused by the ferrite in the vehicle
pad, meaning that this detection scheme is independent of the
vehicle coil topology. Furthermore, all magnetic pads designed
to date create leakage flux. This means that any magnetic
topology could be used for the ground pad, provided that
the gap between vehicle pads is small enough to create a
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Fig. 11. Free resonant current build up with effects of the energised vehicle
pad considered.
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Fig. 12. Contour plot showing free resonant current IG2 (A rms) variation
as tuned frequency and quality factor of LG2 varies at k = 0.01.

detectable change in coupling between the ground pads as
the vehicle travels over them, creating a highly interoperable
detection scheme.

C. Sensitivity of the circuit

As noted earlier, the functionality of the presented circuit
largely depends on the free resonant LC tank being tuned to
approximately the same frequency as the energised ground
pad, as well as having low losses. This can be observed in
Fig. 12 which shows contour curves at kG1G2 = 0.01, detailing
the build up of the resonant current as the frequency and
quality factor of LG2 changes. For this graph it is assumed that
the tuning capacitor has a quality factor of 2000, the switch
has an ESR of 50 mΩ and a ground pad current of 100 A at
85 kHz was used for the neighbouring energised ground pad. It
can be seen that as the system is detuned, the resonant current
decreases, making it more difficult to detect the change in free
resonant currents. However, any free resonant current detected
in the unenergised neighbouring ground pad will still be
approximately tripled given the coupling factor approximately
triples when the vehicle travels into the gap between the
ground pads.

From Fig. 12 it can also be seen that the resonant current
increases as the ESR of the LC tank decreases, potentially
reaching hundreds of amperes when perfectly tuned with a
very low ESR. This situation however is very unlikely since the
tuning capacitors for the power supplies are usually selected
so that the circuit is deliberately mistuned to ensure that the
resonant inverter’s H-bridge sees an inductive load under all
practical operating conditions [26].

IV. IMPLEMENTATION OF FREE RESONANCE DETECTION
WITH MULTIPLE ELECTRONIC TOPOLOGIES

The free resonant current detection scheme can be im-
plemented on multiple electronic topologies however, each
topology needs a slightly different execution. The imple-
mentation details of the detection scheme with an H-bridge
LC/LCC series tuned, H-bridge LCL/LCCL tuned, and push-
pull inverters shown in Fig. 13 are discussed below.
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A. Series LC or LCC H-bridge topologies

A series tuned LC power supply is shown in Fig. 13(a)
when the optional capacitor CG2P is not used. When the power
supply is shut down all four switches are usually left open. To
allow the circuit to freely resonate, SW3 and SW4 need to be
closed while leaving SW1 and SW2 open. When this happens
the circuit can be redrawn as Fig. 9 where the H-bridge is
simplified down to one switch. This circuit has already been
analysed in Section III however one of the disadvantages
with it is that continuously having the free resonant current
flowing through the coils can introduce additional loss which
is undesirable. To get around this issue, the controller can
operate SW3 and SW4 with a low duty cycle of say 10% so
that it only allows pulses of resonant current to build up within
the LC tank, allowing the losses in the free resonant coil to
be significantly reduced.

This pulsed operation of the H-bridge is shown in Fig. 14
where the LC tank is only allowed to resonate for 10% of
the time at a low sampling frequency of 1 kHz. When the
switches are opened the energy in the LC tank is discharged
into the input DC bus capacitor through the body diodes of the
MOSFETs however, since there is very little energy in the LC
tank compared to the DC bus capacitor, the LC tank energy
decays within one cycle.

VOC

LG2

CG2

SW CG2P

Partial 
resonant 
current

Fig. 15. Free resonant current build up with a partially parallel compensated
series (LCC) tuning.

The pulsed operation of the H-bridge will not be as effective
in a series LCC circuit if a partially parallel tuned circuit is
used as shown in Fig. 15. When SW3 and SW4 of the H-
bridge are opened, resonant currents can still circulate within
the loop created by LG2 and CG2P. The amplitude of these
circulating currents will, however, be lower as shown in Fig. 12
since LG2 and CG2P are not tuned to the operating frequency.
This will mean that when the H-bridge is opened the free
resonant current does not decay to 0 A as it does in Fig. 14
but instead decays to a low resonant current magnitude.

B. LCL or LCCL H-bridge topologies

The typical configuration of an LCL and LCCL tuned power
supply is shown in Fig. 13(b). The LCL filter is tuned to the
operating frequency by choosing values of CG2 and LG2IN

such that CG2 and LG2 as well as CG2 and LG2IN are tuned
to ω as shown in (8). Often this is achieved by making LG2IN

equal to LG2.

ω =
1√

CG2LG2IN

=
1√

CG2LG2

(8)

Sometimes it is necessary to increase the current through the
ground pads and this can be achieved by adding an optional
partial series compensation capacitor CG2S. The tuning equa-
tion for the LCL converter (8) can be modified for the LCCL
converter by making LG2IN equal to the combined impedance
of LG2 and CG2S when operating at ω as shown:

ω =
1√

CG2LG2IN

=

√
ω3CG2S

CG2(ω2LG2CG2S − 1)
(9)

Due to the way in which the circuit is tuned, a large resonant
current can be observed in two places - both within the pad
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Fig. 16. Equivalent circuit showing free resonant current build up when the
LCL filter is (a) left open and (b) shorted by the H-bridge.

when the H-bridge presents an open circuit and within LG2IN

when the H-bridge presents a short circuit to the filter, as
shown in Fig. 16(a) and (b) respectively.

When the H-bridge presents an open circuit (by having
all the switches open) there can be no current flow through
LG2IN, but a large resonant current can flow through LG2

which can be detected by the current sensor which monitors
the pad current. However, if the LCL filter is shorted by closing
SW3 and SW4 of the H-bridge, no current will flow through
LG2 and the free resonant current will build up in LG2IN.
The resonant current in LG2IN can be detected by the current
sensor that monitors the bridge current.

Unlike the series tuned supply in Section IV.A, the resonant
current cannot be turned off with an LCL tuned supply so
either loop can be used for free resonant current detection
depending on the location of existing current sensor in the
power supply or ratings of the components. As a result, using
the partial tuning capacitor CG2S will not cause mistuned
operation as it does with the H-bridge LCC power supply.

C. Push-Pull

A push-pull inverter such as the one shown in Fig. 13(c)
can also utilise the free resonant current in order to detect
upcoming vehicle pads. Typically CG2 is selected so that it
tunes LG2 to ω similar to how an LCL circuit is tuned in (8).
Sometimes an optional partial series compensation capacitor
CG2S is used to increase the current through LG2 in which
case the the equivalent inductance CG2 should be tuned to the
equivalent inductance of LG2 and CG2S in a similar way to
how the LCCL circuit is tuned in (9).

The equivalent circuit of the converter when it is operating
in free resonant mode is shown in Fig. 17. When SW is open
(corresponding to SW1 and SW2 of the push-pull converter
being open), the parallel tuned resonant tank is allowed to
resonate freely as shown in Fig. 17(a). However, when SW
is closed (corresponding to SW1 and SW2 of the push-pull
converter being closed), CG2 is short circuited so the full
resonant currents will not build up. Instead the short circuit
current ISC will flow through LG2 if CG2S is not used. The
short circuit current will be very low as shown in (4) since
kG1G2 is very low. If the partial series compensation capacitor
CG2S is used then only partial resonant currents will circulate
within LG2 and CG2S as shown in Fig. 17(b), however, the
amplitude of these circulating currents will be low since LG2

and CG2S will not tune to ω.

LG2

CG2S VOC

SWCG2
LG2

CG2S VOC

SW

(a) (b)

Free 
resonant 
current

Partial 
resonant 
current

Fig. 17. Equivalent circuit showing build up of free resonant current with a
push-pull converter with (a) the push-pull switches open and (b) the switches
closed.

The detection scheme with the push-pull converter is similar
to the series LC tuned circuit in the sense that the pulsing
approach can also be used with the push-pull converter.
Furthermore, if the circuit is partially series tuned then the
partial resonant current will still build up as is the case with
the LCC tuned power supply.

V. SIMULATION OF A HIGHWAY CHARGING SYSTEM

In this paper a detection scheme using existing coils, tuning
networks and electronics that are placed in a free resonant
mode by suitable operation of the inverter switches was
suggested as a way of detecting EVs moving at high speeds
such as 100 km/h. To experimentally test the system working
at 100 km/h would require a large test track and a lot of custom
made test equipment which is extremely expensive and time
consuming to produce. Thus, high speed verification of this
system was done in simulation and the experimental results
presented in Section VI are carried out at a more modest speed
of 6 km/h.

The slower experimental results can still be representative of
the high speed simulations because even at these high speeds
the system is essentially in a slowly varying steady state. The
rise time of the RLC circuit shown in Fig. 9 to a step change
in VOC is approximately 0.1-0.5ms with a settling time of
approximately 3ms. For a vehicle travelling at approximately
100 km/h, the rate of change of kG1G2 is much slower than the
transient response of the RLC circuit so the system is almost
always operating at steady state. The vehicle would have to be
moving ten times faster or the ground pads would need to be
a tenth of their current size before extra considerations need
to be taken for the transient performance of the RLC circuit.

A PLECs simulation was created with four ground pads
energised by LCL power supplies in a similar fashion to the
experimental system used to evaluate the detection scheme. It
takes into account the conduction losses of all components as
well as variations in all six coil inductances and 15 coupling
factors between these coils as the vehicle moves. The results
are shown in Fig. 18 where the four ground pad currents
and the output DC current are plotted. The dotted red lines
indicate the times when the vehicle pad is centred on top
of each ground pad. It can be seen that as the vehicle pad
moves from LG1 to LG4, each power supply turns on and
off to energise each ground pad at 100 A RMS. A switching
secondary regulator was used to regulate the output current
IOUT to approximately 33 A which was fed into a 300 V
load to deliver 10 kW continuously.
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Fig. 18. Dynamic charging simulation with the vehicle pad moving over four
ground pads.

TABLE I
NOMINAL COMPONENT VALUES USED IN THE DYNAMIC SIMULATION

LGiIN 9 µH LGi 81.9 µH CGi 394 nF
CGiS 47 nF LV(A/B) 11.16 µH CV(A/B) 313 nF
LDCout 200 µH CDCout 2400 µF QL 625
QC 1000 VinDC 600 V VoutDC 300 V

The detection of the vehicle pad was implemented on the
power supply by monitoring the free resonant current in the
ground pads. The vehicle pad was turned on when the free
resonant current reached 50 A. This meant that the next
ground pad is energised 4 ms before the vehicle pad is in
the gap between the ground pads. The peak power loss in
an unenergised ground pad is approximately 300 W but this
only occurs for a few hundred cycles before the power supply
turns on. Ground pads that are further down the highway from
the location of a vehicle will have a negligible free resonant
current flowing through them, since the coupling between
neighbouring ground pads is low. As a result, the losses in
these ground pads that are further away will be negligible.

To implement automatic shut down the power supply, the
bridge current of the LCL power supply was monitored. When
the bridge current becomes low it indicates that the power
supply is no longer delivering power to the vehicle and it can
be turned off.

The nominal component values used for the simulation
are listed in Table I. These component values were based
on measurements from the experimental system evaluated in
Section VI. Coupling factor data taken from FEM analysis
tools, similar to what is shown in Fig. 6 but with all four
ground pads, was used to simulate the vehicle movement.

VI. EXPERIMENTAL RESULTS

The detection scheme was tested on the prototype dynamic
charging system shown in Fig. 5 with dimensions listed [37].

LG1

LG2

Fiberglass 
flooring

Power supply placed 
under flooring

LV

Secondary rectifier 
and regulator

Wooden track

Rolling 
platform

Motor

Connection to 
E-load

Fig. 19. Experimental set up to test the detection scheme in the laboratory.
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Fig. 20. Oscilloscope traces demonstrating the automatic start up of the power
supply for LG2.

Power supplies with LCL tuning networks were used to drive
each of the ground pads at 35 A RMS when energised. The
output power was regulated to 3.3 kW by a secondary rectifier
which was delivering 11 A into an electronic load set to run
in a constant voltage mode at 300 V. The nominal values for
the LCL converter components are listed in Table I.

The experimental set up is shown in Fig. 19 where the
rolling platform moves along wooden rails to simulate a
moving vehicle. The power supplies driving LG1 and LG2

were placed underneath the rig inside a pit in the ground -
similar to that shown in Fig. 1.

Oscilloscope traces of the vehicle pad detection are shown
in Fig. 20. The vehicle pad initially started at a displacement
of -322 mm which was the furthest displacement where the
vehicle was still able to draw 3.3 kW. The platform was
accelerated so that it was travelling at approximately 6 km/h at
zero displacement where the vehicle pad is centred over LG1.

It can be seen that as the vehicle pad continues to move
towards LG2 the free resonant current (iG2) starts to increase.
The power supply detects this increase in current and auto-
matically starts up the power supply for LG2 when the free
resonant current has reached 17 A. Both power supplies deliver
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power to the vehicle when it is transitioning from LG1 to LG2.
After the vehicle pad crosses the center of LG2 the output
current starts to drop until it eventually reaches zero. If a
third ground pad was present then it would need to detect
the upcoming vehicle and turn on to ensure that the vehicle
keeps receiving power. Both power supplies shut down after
they detect a sufficiently low bridge current.

Throughout this experiment there were no wireless com-
munications between the vehicle and ground pads and no
extra detection hardware used - all the detection was done by
monitoring the free resonant currents. The only requirement
was that the power supply for LG1 had to be turned on initially
so that the resonant currents could be induced within LG2.

For highway charging applications, an additional detection
method will be required to turn on the first ground pad. After
the first ground pad is on, then free resonant curents can be
used to turn the rest of the ground pads on when the vehicle
pad is approaching. External sensors such as those proposed
in [19] or traffic detection coils such as those used to detect
vehicles at traffic lights [39] could be used to indicate to the
first ground pad to turn on. Radio based systems such as
DSRC can also be used to communicate to the first ground
pad to indicate that a vehicle is expected. The first pad can
then simply operate at a low duty cycle until a load is detected.
Alternatively, a synchronous rectifier on the vehicle side could
be used to energise the vehicle pad – as is often done with bi-
directional IPT systems [40] to induce free resonant currents
within the first ground pad.

VII. CONCLUSION

In this paper a new scheme for accurate detection of
oncoming EVs is proposed to allow ground pads in an IPT
roadway system to turn on sequentially as the vehicle drives
over them. The proposed detection scheme does not require
any extra hardware, as it utilises the components that are
already present in most power supplies. The implementation
details of the detection scheme with several popular power
supply topologies have been presented. Furthermore, with an
appropriately designed magnetic system the proposed detec-
tion scheme will work with a large variety of pad topologies.

Simulation results of a vehicle moving at over 100 km/h
are presented showing the ground pads successfully turning on
and off as the vehicle moves with an output power of 10 kW.
The detection scheme was also implemented successfully on
an experimental system with an output power of 3.3 kW.
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