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Integrated Solution for Electric Vehicle and Foreign
Object Detection in the Application of Dynamic
Inductive Power Transfer

Wenli Shi
Thiago Batista Soeiro

Abstract—One of the challenges with the dynamic inductive
power transfer (DIPT) technique is the electric vehicle detection
(EVD) that helps the DIPT system to control the power supply
of the transmitter. The EVD method applying auxiliary coils is a
promising candidate because the flat shape of the auxiliary coils
is suitable for the compact design. However, the EVD may fail
when the metallic foreign object (MFO) is present. Therefore, the
desire emerges in the integration design of the EVD and foreign
object detection (FOD). The FOD can ensure the reliability of the
EVD as well as the highly efficient operation of the DIPT system
without MFOs. In this context, this paper proposes an integrated
solution to the EVD and FOD well suited for DIPT systems. The
integrated solution utilizes both passive coil sets (PCSs) and active
coil sets (ACSs). Additionally, a novel detection resonant circuit
(DRC) is proposed to realize EVD and FOD using the same coil
sets and to amplify the measurement sensitivity. The operation
mechanisms, the detection coil sets architecture, the design of
the proposed resonant circuits and the detection procedure are
detailed. Finally, a printed circuit board based prototype is built
to validate the integrated functionality of the EVD and FOD in a
DIPT prototype processing 1 kW output. Experiments considering
the practical DIPT application scenarios are conducted, and the
proposed detection method is able to achieve advantageously high
sensitivity and no blind zone.

Index Terms—Dynamic inductive power transfer, resonant
circuits, electric vehicle detection, foreign object detection.

1. INTRODUCTION

HE inductive power transfer (IPT) technique has been ex-
T tensively researched as it makes contactless energy transfer
possible [1]-[3]. Charging pads without physical contacts make
the IPT system resistive to chemicals, water and dust. Because
of that, the IPT system has been widely used in various applica-
tions with different power ratings, e.g., biomedical implants [4],
factory automation [5] and electric vehicles (EVs) [6]-[14]. As
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a promising candidate of EVs charging method, IPT technol-
ogy can realize tens of kW power transferred over the air gap
[6]-[10]. In [7], an IPT setup is reported to transfer 50 kW with
the efficiency of 95.5%.

The dynamic IPT (DIPT) system for EVs enables battery
charging while driving on the road [15], [16]. This can be used
to reduce the required battery size and/or to extend the driving
range. In a typical DIPT system, transmitters (Tx) are usually
segmented charging pads [10], [13], [17], [18] or elongated
tracks [1],[9], [19], [20] embedded under the road surface. When
segmented charging pads are deployed, if all Txs are turned on,
those uncoupled with the Rx will give rise to unnecessary power
losses as well as leakage magnetic field which may be hazardous
to nearby human beings and animals [21], [22]. Therefore, the
DIPT Tx should be turned ON/OFF depending on the position of
the EV [23]-[32], which makes an EV detection (EVD) function
necessary.

The EVD methods can be broadly classified into three cate-
gories. The first kind measures the variation of system perfor-
mances for EVD, which requires no auxiliary devices [23], [24],
[27]. As the mutual coupling increases as the EV approaches to
the Tx, variations can be observed in the phase angle between the
primary input current and voltage [24] and also in the amplitude
of the primary winding current [23] for a detuned DIPT system.
The cost of this method is that the increment of the reactive power
leads to lower system efficiency. In [27], the induced voltage of
one Tx led by the winding current of the adjacent Tx and Rx
is used for EVD, which could fail when the mutual coupling
between Txs is too low. The second kind of EVD methods rely on
the image, magnetic field and coordinate information extracted
from auxiliary equipments including camera [29], satellite [30],
magnetic sensor [28] and infrared light sensor [31]. To derive
the position of EVs from the extracted information, dedicated
algorithms and wireless communications may be required. There
might be delay in the detection signal transfer process and some
of the auxiliary equipment is of high cost to be integrated into
the DIPT system. This makes this method not an ideal candidate
for the dynamic EV charging application.

The third kind of EVD method applies auxiliary coils [25],
[26], [32]. To realize efficient traffic management, the induc-
tion loop detector has been applied to detect vehicles around
the traffic light [32]. The detection coils are buried under the
pavements to detect the self-inductance reduction caused by the

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see
https://creativecommons.org/licenses/by-nc-nd/4.0/


https://orcid.org/0000-0003-2763-1796
https://orcid.org/0000-0003-2214-1472
https://orcid.org/0000-0002-8361-9110
https://orcid.org/0000-0002-1171-9972
mailto:W.Shi-3@tudelft.nl
mailto:J.Dong-4@tudelft.nl
mailto:T.BatistaSoeiro@tudelft.nl
mailto:p.bauer@tudelft.nl

11366

metallic body of the vehicles. In [25], [26], auxiliary coils are
deployed on both Tx and Rx sides. The auxiliary coil on the Rx
side is constantly energized, so the auxiliary coils on the Tx side
have an increasing induced voltage as the EV approaches. By
analysing the pattern the induced voltage changes in different
Tx side auxiliary coils, the position and speed of EVs can be
estimated. The flat shape of the auxiliary coils has advantages
in the integration design, which is appealing to DIPT systems.
To avoid the interference of the main field, the auxiliary coils
are designed to be decoupled with the charging pads. It can
be achieved by selecting an auxiliary coil topology of different
polarity from the charging pad [26], or by deploying the auxiliary
coil with a distance to the charging pad [25]. The latter method is
not favourable because the distance between Tx pads should be
limited to reduce the power pulsation in DIPT applications [33].
The former method is advantageous for a compact design, while
the auxiliary coil size should be limited to eliminate the coupling
led by its deformation. For Tx side auxiliary coils with a limited
size, metallic foreign objects (MFOs) can considerably change
their self-inductance and coupling with the Rx side auxiliary
coils [34], [35], which may cause the failure of the EVD function.
Therefore, the foreign object detection (FOD) becomes neces-
sary to ensure the reliability of the EVD. Moreover, the FOD
can also protect the DIPT system from low efficiency operation
and potential hazards led by MFOs.

Numerous FOD solutions have been reported in the IPT
charging applications. They are divided into two types. The
first one detects MFOs by observing any variation on system
parameters resulted from the MFOs, including the coil quality
factor [36], resonance or cut-off frequency [37], [38], and system
efficiency [39]. In [39], it is observed that the MFO can be de-
tected if it can make the system efficiency change from the rated
value to a certain degree. It is a simple solution to implement and
cost effective, but this is only feasible in low power IPT systems.
In high power applications such as the dynamic charging of EVs,
the deviation of system parameters caused by small MFOs is
often minimal and difficult to detect.

The second type of FOD method relies on auxiliary coil sets
mounted on the Tx side, which can be either passive [40]-[43] or
active [34]. Due to the changing magnetic field, the eddy current
induced in the MFO will in turn change the voltage induced in the
passive coil sets (PCS). To have the changing magnetic field, the
Tx should be turned on for the detection, and a zero coupling be-
tween the PCS and the Tx should be realized to improve the FOD
sensitivity. WiTricity developed an overlapped detection coil
to measure the imbalanced voltage resulted from MFOs [43].
The circuit is balanced and the detection voltage is close to
zero only when there are no MFOs. To avoid the blind zone
at every intersection of the coils, different sets of detection coils
should be interleaved. A non-overlapped coil based detection
method is presented in [40], which uses two coil arrays config-
ured perpendicularly to each other. This configuration measures
induced voltage difference for the FOD. However, when a thin
MFO is placed onto the centre of a Double-D (DD) charging
pad [44], the PCS may become ineffective because the net flux
linkage through the MFO is close to zero. The active coil sets
(ACS) based method relies on the impedance variations resulted
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from MFOs. Usually a resonant circuit is required to amplify
the impedance variation for improving the detection sensitivity.
In [34], a parallel capacitor is used because of the fast decaying
characteristic of the inputimpedance of the parallel resonant tank
away from the resonance. Multiple ACSs are required to cover
the surface of a charging pad. However, any couplings among
the ACSs can detune the resonant circuit. Therefore, to maintain
high accuracy and sensitivity, coordinating switches are required
to avoid the simultaneous operation of multiple ACSs, which is
costly and complex.

Based on the literature study, the research topics of EVD and
FOD are mostly discussed separately. Although the reported
auxiliary coil arrays in [40] can realize FOD and EVD when
the Tx and Rx are operating, this method is not suitable for
DIPT applications where the Tx should not be energized before
identifying the position of EVs. The operation of the EVD using
auxiliary coils can be affected by the MFO. This makes the
FOD essential to maintain the reliability of the EVD, while
the research gap lying in the integrated design of the EVD and
FOD has not been addressed in DIPT applications. Herein, in
order to detect the EVs and MFOs effectively at low cost, this
paper proposes and develops a new integrated detection method
based on PCSs and ACSs. A core part of the proposed detection
method is the detection resonant circuit (DRC) which improves
the detection sensitivity and enable the ACSs to process the
detection signals for both EVD and FOD. Compared with the
existing literature, the proposed work achieves zero-blind-zone
for FOD without any coordinating switches to control the ACSs,
and realizes EVD using the same set of circuits. This paper
analyses the detailed operation mechanism and validates the
proposed concept in experiments. The main contributions of this
paper are listed as follows:

1) A PCSs topology delivering high detection sensitivity and

no blind zone for FOD.

2) A ACSs topology having zero internal coupling and no

blind zone for FOD, and it is naturally decoupled from the
Tx.

3) A DRC topology capable of amplifying the magnetic field

variation caused by the intrusion of MFOs and EVs.

4) Integration design of EVD and FOD using the same aux-

iliary coil sets.

The rest of the paper is organized as follows. In Section II,
the mechanisms of EVD and FOD are explained. The proposed
method is compared with the state of the art to highlight the
contribution. Based on the introduced operation mechanisms,
the integrated detection solution is presented. In Section III,
the operating procedure of the proposed detection system is
detailed. Finally, PCB coils and DRC are adapted into a | kW IPT
system to validate the performance of the proposed integrated
functionality of EVD and FOD.

II. DETECTION PRINCIPLES USING AUXILIARY COIL SETS
A. EVD Using Auxiliary Coil Sets

To achieve EVD, auxiliary coil sets are deployed on both the
Tx and Rx pads. As presented in Fig. 1, the EV source coil
(EVSCQ) is deployed onto the Rx pad to constantly produce the
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Fig. 1.  EVD methods using auxiliary coil sets, (a) EVD method reported
in [26], (b) proposed EVD method.
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Fig. 2. Influence of MFOs on the reliability of the EVD method.

high frequent magnetic field. The high frequent magnetic field
is sensed by the EVD coil sets (EVDCS) applied onto the Tx
pad. The phase and amplitude of the induced voltage in the
EVDCS can be used to identify the position of the EV. The
work in [26] proposed an EVD method detecting the phase of
the induced voltage as shown in Fig. 1(a). This method applies
two auxiliary coils (EVDCS1 and EVDCS2) onto the Tx pad
with a spatial offset along the travelling direction. As shown in
Fig. 2, the polarity of the mutual inductance Mgy p changes
when the Rx pad approaches. Due to the spatial offset between
the EVDCS1 and EVDCS?2, there is an effective region where the
polarities of their mutual inductance are opposite as highlighted
in Fig. 2. By multiplying the induced voltages in EVDCSI1
and EVDSC?2 through an analog multiplier, the detection signal
can be triggered when the Rx pad enters the effective region.
However, the presence of MFO can lead to a change of Mgy p.
As shown in Fig. 2, the effective region is minimal when the
MFO is placed on EVDCS1 and the detection may fail.

In this paper, we propose an EVD method whose auxiliary
coils can also be used for the FOD to ensure the reliability of
the EVD. The proposed EVD method using the amplitude of
the induced voltage in EVDCS. It is not practical to directly
measure the induced voltage in EVDCS, because Mgy p is low
and the current through the EVSC should be limited to reduce
the power loss. As a result, the induced voltage in the EVDCS
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Fig. 3.  FOD methods using PCSs, (a) the deployment of PCSs, (b) non-
overlaped topology [40], (c) overlaped topology [43], (d) proposed topology.

might be too low to be distinguishable. To solve this problem,
capacitors are applied to form a series resonant circuit with the
EVDCS as shown in Fig. 1(b). The voltage across the capacitor
VEy can be expressed as

Vev = —jQEevpcswevpMevplevsc 0
w L
QRQpvpcs = “HgREvbes

where Qpyvpcs denotes the quality factor of the EVDCS,
Levpes and Ry pces are the self-inductance and resistance
of the EVDCS, respectively. wgyp and Igygc are the angu-
lar switching frequency and current amplitude of the EVSC,
respectively. It can be seen that Vg is amplified by Q gy pes-

To ensure the reliability of the EVD, the interference from
the main magnetic field and MFOs has to be addressed. Re-
garding the main magnetic field interference, the EVSC and
EVDCS both should be decoupled from the charging pad, and
the frequency of the EVSC current should be much higher than
the rated charging frequency of 85 kHz, such that the induced
voltage in EVDCS at 85 kHz can be attenuated by the DRC.
When the MFO is placed on the EVDCS, its self-inductance
drops [34] which could detune the DRC and the detection may
fail. Therefore, it is essential to conduct FOD to ensure there is
no MFO around the EVDCS.

B. FOD Using PCSs

As illustrated in Fig. 3(a), the PCS is deployed onto the Tx
pad to sense the variation of the magnetic field caused by MFOs.
The variation of the magnetic field can be measured through
the induced voltage of the PCSs. The FOD sensitivity Spcg is
expressed as

AV,
Spos = | ==

Vi
where V;; denotes the PCSs induced voltages, A represents the
variation of a variable metric, e.g., voltage, caused by MFOs. To
obtain high Spcg to the MFO, one solution is to have V; close
to zero. Thus, it is necessary to keep the PCS decoupled from the
Tx pad, which can be realized by selecting a proper topology and
position for the PCS. Another solution of increasing Spcg is to

@)
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Fig.4. FOD methods using ACSs, (a) topology in [34], (b) proposed topology.

enlarge AV, and it can be achieved by decreasing the size of
the PCS [41]. However, AV} is distinguishable when the MFO
is placed within the area enclosed by the PCS. Thus, multiple
small PSCs are applied to cover the area of the Tx pad [40]-[42].

It is reported that a PCS consists of two subcoils and the PCS
behaves as a bipolar coil as shown in Fig. 3(b) [40] and 3(c) [43].
By locating the PCSs properly according to the feature of the
main field, the total flux in each PCS can be minimal. Due to the
symmetrical property of the PCSs in Fig. 3(b) and Fig. 3(c), the
MFO symmetrically placed between two subcoils can hardly be
detected and a blind zone emerges. To eliminate this blind zone,
two layers of PCSs with a spatial offset are required [40], [43].

In this paper, one proposes a new PCS topology dedicated for
DD charging pads as shown in Fig. 3(d). To eliminate the blind
zone of the bipolar PCS, a subcoil of a unipolar PCS is deployed
between the subcoils of the bipolar PCS, and it is not necessary
to have another layer of PCSs. It should be mentioned that the
unipolar and bipolar PCSs should be deployed according to the
symmetric property of the DD pad to ensure they are decoupled.

C. FOD Using ACSs

The ACS depicted in Fig. 4(a) is powered by a dedicated AC
source, and capacitors are applied to form the DRC. Instead of
measuring the induced voltage like in the PCSs case, the input
impedance Z; is measured to identify the magnetic variation
resulted from MFOs. When the MFO is coupled with the ACS,
the self-inductance of the ACS L 4¢ s decreases [35]. ALacs
can be measured through AZj. In the case that the MFO is of
small size like coins, AL ¢ g is minimal, while the correspond-
ing AZy can be amplified by the DRC. The FOD sensitivity
Sacs is calculated as

AZy
Zq

ALacs
Lacs

Sacs = ‘ &)
where G, is the gain coefficient determined by the DRC. Since
Z4 is measured by the input current I, the ACS is supposed
to be decoupled with the Tx pad. To obtain high S4cs, one
approach is to design a DRC whose input impedance is sensitive
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Fig. 6. Proposed DRC, (a) topology, (b) low frequency mode, (¢) and (d) high

frequency mode. Vro p is the voltage source for FOD. Vg p is the induced
voltage in the auxiliary coil sets resulted from the coupling with the EVSC.

to the resonance. Another approach is to decrease the size of the
ACSs, such that the ratio of AL 4o to L 4o can be increased.
However, if multiple ACSs are applied to cover the area of the
Tx pad and operate at the same time, the coupling among ACSs
will detune their DRC and switches should be applied [34] as
shown in Fig. 4(b). In Fig. 4(b), a bipolar ACS is connected
to a capacitor to form a parallel resonant circuit. To eliminate
the blind zone, one subcoil of an ACS is placed between two
subcoils of another ACS and switches are applied to avoid the
simultaneous operation.

In this paper, one proposes a new ACS topology dedicated
for DD charging pads as presented in Fig. 4(c). This topology
includes both unipolar and bipolar ACSs. The unipolar coil is
deployed between the subcoils of the bipolar coil. According
to the field property, these two ACSs are internally decoupled
which means no switches are required and the design of the DRC
is simplified.

D. Integration of EVD and FOD

As discussed in Section II-A, the FOD should be conducted
as an initializing step of the EVD. The FOD method using ACSs
could be a good candidate because it can operate when the Tx
is not energized. Then, the EVD and FOD rely on the DRC to
amplify the magnetic field variation caused by the EVSC and
MFO, respectively. This paper proposes an integration design
solution which can achieve EVD and FOD using the same
auxiliary detection coil set. The integration design include the
topology of the DRC and the deployment of the auxiliary coils,
which are presented in Fig. 5 and Fig. 6.

In Fig. 5, three auxiliary coils are applied to form a unipolar
coil set (UCS) and bipolar coil set (BCS) consisting of BCS-a
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and BCS-b. The UCS and BCS are placed along the ZY sym-
metric plane of the Tx pad. The advantage of the proposed coil
deployment is that the UCS and BCS are both decoupled with
the Tx. The interference of the main field on EVD and FOD can
be eliminated. Meanwhile, the UCS and BCS are also decoupled
from each other as depicted in Fig. 4(c). Thus, the UCS and BCS
can be energized simultaneously as ACSs for FOD.

In Fig. 6, the proposed DRC adopts three capacitors (C,,
Cpcs and Cyog) which are designed as follow

wevp = 27 fEvD

wrop = 27 frop
i

Cpos = 2 Thos “)
_ 1
Cucs = P
— 1
Cp =

wiop(Lees+Lucs)

where Lpcgs and Lo g are the self-inductance of the BCS and
UCS, respectively. When the operating frequency of the EVD
fevp and FOD frop satisfies frop << fpvp, the DRC can
work in two different modes. When powerred by the voltage
source Vrop, the DRC behaves in the low frequency mode as
shown in Fig. 6(b). The parallel resonant tanks formed by Lpcg
and Cpcg and by Lycs and Cyes have the input impedance
Zpcs,pand Zycs,p. ZBcs,ps Zucs,p and the input impedance
of the DRC Z,; can be calculated as

jwopLBcs+Rpcs

ZBCS,P = JjwopCpcsRpes+1-wl,LpcsCies

_ JwopLucs+Rucs
ZUCS’p ~ jwopCucsRucs+1-w?,LucsCucs o)
Zy = (Zpcs.p+Zucs.p)

T jwopCp(Zpes,ptZucs,p)+]

where w,,, is the operating angular frequency. When w,, =
wroD, ZBcs,pand Zycs,, can be simplified as (6) according to
the design requirements in (4). Cycs and Cpeg can be seen as
open-circuit. Thus, the DRC becomes a parallel resonant circuit
comprised of C},, Lycs and Lpcs. When the DRC operates at
frop, its input impedance Z, can be approximated as (7). The
resistive part of Z is large due to the quality factor Q) po p which
can be as high as tens. Since Z; is sensitive to the resonance [34],
[45], Z ;4 will reduce significantly when there are MFOs as shown
in Fig. 7. Thus, by measuring the increment of /;, the MFO can
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Fig. 8. Arrangement of auxiliary coil sets (a) overview, (b) and (c) PCSs, and
(d) ACSs. L1 is the projection of the ZY symetrical plane on the XY plane. L2
is the projection of the ZX symetrical plane on the XY plane.

be detected.
Zpcs,p =~ jwropLpcs + Rpcs ©
Zycs,p ~ jwropLucs + Rucs
Zq~ (Qrop — j)wrop(Lecs + Lucs)
Q _ wrobp(Lpcs+Lucs) 0
FOD — Rpcs+Rucs

When the EVSC is present, there will be the induced voltage
Vevp in the BCS and UCS and the DRC will operate in the
high frequency mode as presented in Fig. 6(c) and 6(d). When
Wop = WEVD, ZBCS,p and Zycs,, can be calculated as (8)
based on (5). Due to the high coil quality factor Qv p, Zpcs,p
and Zycs,p are far lager than the reactance of Cpcg and Cycs.
When Vv p is the input, the DRC behaves like a series resonant
circuit consisting of Lpcs (Lycg) and Cpeos (Cyes). Thus,
VEy can be approximated as (9) where Vgy is Qgyp times
as high as Vgyp. By comparing the measured Vg with a
predefined value, the EVD can be realized.

Zpcsyp = (Qevp — j)wevpLpes

Zucsp = (Qrvp — j)wevpLucs 8)
_ wgvpLlpcs _ wpevplucs
QevD = Rpcs - Rycs

&)

{ Vev = jQrvpwevplEVsc

x(Mgvp,Becs + Mevp,ucs)

E. Deployment of Auxiliary Coil Sets

As the MFO may weaken the coupling between the Tx and
the Rx pads and lead to extra eddy current losses, the FOD
function should be effective over the area enclosed by the Tx
pad. In Section II-D, the integration design of EVD and FOD is
presented. However, to ensure a high FOD resolution, the size
of ACSs should be limited [41] and only part of the Tx pad
can be covered by the ACSs. To eliminate the FOD blind zone,
PCSs are adopted to cover the rest of the area of the Tx. The coil
arrangement is presented in Fig. 8.
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Fig. 10. DIPT systems applying the proposed detection method.

Both the UCS and BCS are adopted for PCSs. The deployment
of PCSs is illustrated in Fig. 8(b) and 8(c). UCS-i (i =1, 2 and
3) consists of two rectangular coils, UCS-ia and UCS-ib, which
are arranged symmetrically at L1 and connected in opposing
series. BCS-i (i=1, 2,..., 6) is composed of two rectangular coils,
BCS-ia and BCS-ib, placed symmetrically at L2 but connected
in aiding series. According to the magnetic field property of the
DD pad, the total flux in UCSs and BCSs is close to zero, which
means they are decoupled with the Tx pad and high Spcog can
be guaranteed. Since the BCS can hardly detect the MFO placed
on L2, a subcoil of the UCS is deployed in-between BCS-ia and
BCS-ib. Thus, the blind zone over the area covered by PCSs is
eliminated.

The depoyment of ACSs are presented in Fig. 8(d), including
UCS-4 and BCS-7. The EVSCis a UCS placed onto the Rx pad.
Assuming that the EV travels along the Y axis, the coupling
between the EVSC and ACSs are presented in Fig. 9. Based on
(9), the range of Vg can be calculated which can be used to
define the threshold value for EVD.

III. DETECTION PROCEDURE

In the proposed DIPT system shown in Fig. 10, each Tx
has five modules, FOD-ACS, FOD-PCS, EVD, power supply
(PS) and Tx detection controller (TDC). The FOD-ACS module
consists of a low voltage AC power supply at frop, the DRC
and the ACSs. This is used to detect MFOs over the ACSs
illustrated in Fig. 8(d), and it operates before the Tx is energized.
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The FOD-PCS module consists of the PCSs requiring no power
supply and it is used to detect MFOs in the area enclosed by
the PCSs. The Tx pad has to be energized before the FOD-PCS
module starts to detect MFOs. The EVD module consists of the
DRC and the ACSs. The EVSC coil is mounted on the Rx side
and powered by a low voltage AC power supply at fgy p which
is constantly on. It is used to identify whether there is an EV
aligned with the Tx. The PS module is the power source of the
Tx pad. As shown in Fig. 10 the TDC module is used to receive
the detection signals to control the operating sequence of each
module and to communicate with the TDC module of adjacent
Tx pads. It can enable and disable the FOD-ACS, FOD-PCS and
EVD modules and process the detection results to determine the
action of the PS module of the Tx. Thus, the PS can be switched
on only when there are no MFOs and an EV is in the near range.

Due to the presence of resonant circuits in the Tx side, it takes

some time for the winding current of the Tx pad to reach the rated
value from its initial condition. To make full use of the limited
effective charging zone of each Tx pad, it is practical to initialize
and to start the Tx pad before the EV enters the effective charging
zone. Therefore, Txy is designed to be started by the detection
signal of Txy_; and to be stopped by the detection signal of
Txy4+1 as shown in Fig. 11(a). The detailed detection logic is
illustrated in Fig. 11(b), 11(c) and 11(d):

e Fig. 11(b), the detection trigger from Txj_; enables the
FOD-ACS module. The FOD-ACS module finds no MFOs
and disable itself. Meanwhile, the FOD-PCS module, PS
module and EVD module are enabled. The FOD-PCS mod-
ule finds no MFOs and disables itself. The PS module stays
in operation mode until the detection trigger is received
from Txy 1. When the EV is aligned with T'xy, a detection
trigger is sent to stop Txy_; and start Txyy ;.

e Fig. 11(c), the detection trigger from Txy_; enables the
FOD-ACS module. The FOD-ACS module finds no MFOs
and disables itself. Meanwhile, the FOD-PCS module,
PS module and EVD module are enabled. The FOD-PCS
module finds a MFO and disable itself and the PS module.
When the EV is aligned with Txy, a detection trigger is
sent to stop Txy 1 and start T'xy 1.

e Fig. 11(d), the detection trigger from Txj_; enables the
FOD-ACS module. The FOD-ACS module finds a MFO
and disables itself. Meanwhile, a detection trigger is sent
to stop Txy_1 and start Txy ;1.

IV. EXPERIMENTAL VALIDATION

In order to verify the proposed detection method, an IPT
system is built as shown in Fig. 12. The Tx and Rx pads using
DD coil topology are identical. The IPT system is compensated
with double-sided LCC compensation tuned at 85 kHz. The IPT
system circuit parameters are listed in Table 1. Other details of
the IPT system components are presented in Table II.

A. Design of Auxiliary Coils and DRC

As shown in Fig. 8, the deployment of auxiliary detection coils
is determined by the axis of symmetry of the Tx pads, L1 and L2.
To guarantee the geometrical features of the auxiliary detection
coils, the PCB coils are designed as shown in Fig. 13 and Fig. 14.
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Fig. 11.  Detection procedures, (a) communications among Txs and detection
logics when there is (b) no MFOs, (c) a MFO on PCSs and (d) a MFO on ACSs.

TABLE I
IPT SYSTEM CIRCUIT SPECIFICATIONS

Part Value
Ly vwH 200.7

Ly pH 2035
M pH 30

Ly pH 6639
Ly pH 6897
Ci  nF 2687
Co nF 2898
Cjp nF 5483
Ca nF 5167

Cio wF 110
R, Q 123

TABLE II
COMPONENT SPECIFICATIONS OF THE IPT SYSTEM

Part Property
Material type: P, number of bars: 3, length of bars: 220 mm

Ferrite

Litz wire ~ Type: AWG 41, number of strands: 525

Coil Topology: DD-DD, number of turns: 30, size: 172%298 mm?
Capacitor ~ Polypropylene film, 6.7 nF

MOSFET  IMZ120R030M1H

Fig. 12.
Tx and Rx coils.
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Fig. 14.  PCB coils integrated to the charging pads, (a) Tx pad, (b) Rx pad.
On the Tx side, there are twenty-one identical auxiliary detection
coils. Each auxiliary detection coil has ten number of turns with
alength and width of 42.6 mm*54.7 mm. On the Rx side, EVSC
coil consists of one single coil having five turns with a length
and width of 298 mm*164 mm. By using the impedance analyser
(Agilent 4294 A, 40 Hz to 110 MHz), the self-inductance and
AC resistance R,. of UCS-4 and BCS-7 are measured as listed
in Table III.

In practice, it is hard to ensure that the auxiliary detection coils
are strictly decoupled to the charging pads. The deflection and
displacement of the PCB coil may lead to a certain coupling with
the Tx pad. Therefore, it is essential to keep fps much smaller
than frop and avoid odd order harmonics of the PS such that
the harmonics at fpg can be bypassed. To test the performance
of the PCB coil, frop is selected to be around 170 kHz. The
EVD frequency is selected to be around 1 MHz which satisfies
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TABLE IIT
COMPONENT SPECIFICATIONS OF THE IPT SYSTEM
Coil set L [uH|] Race [mQ)]
uUCsS-4 6.05 470
BCS-7 11.63 889
EVSC 15.4 360
x1 x3  x2
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Fig. 15. MFO locations for the FOD test. Trajectory x1 for FOD-ACS.

Trajectories x2 and x3 for FOD-PCS. Under each trajectory nineteen points
are highlighted.

frop << fevp. The capacitors in the DRC are designed to be
200 nF for Cp, 4.3 nF for Cycss and 2.2 nF for Cpesy.

B. FOD Function Using ACSs

To verify the performance of FOD using the ACSs, an one-
euro coin with diameter of 23.25 mm and thickness of 2.33 mm
is taken as the reference MFO. According to the detection
procedure in Fig. 11, the FOD-ACS module operates when the
Rx pad is absent and the PS is off. A signal generator is applied
to feed the ac power at frop. The ACSs, including BCS-7 and
UCS-4, are used to build the DRC together with the capacitors
Cp, Cpcs7 and Cycss. By measuring the input voltage Vrop
and current /4, the input impedance Z; variation caused by the
MFO is obtained. The MFO moves along the trajectory x1 as
shown in Fig. 15.

As shown in Fig. 16(a), the waveforms of Vpop and I
are in-phase, indicating a resistive Z; around 205.1 €. A high
input impedance helps to reduce the power loss in the ACSs.
Due to the intrusion of the MFO at (x1,P4) in Fig. 16(b), Z,
drops to 158.8 €2, indicating a 22.6% reduction of Z,. This is a
consequence of a 3.9% reduction of the total self-inductance of
the ACSs L cs.

Fig. 16(c) presents the full-range FOD performance of the
ACSs. Compared with the curve of ALscg, AZ; shows the
same trend and an obvious positive scaling factor. It can be seen
that AL 45 becomes relatively high when the MFO is placed
near the centre of the ACSs, while the peaks are not at center
points P3, P9 and P15. According to [35], the self-inductance
reduction of the ACS AL 4¢g is determined by its coupling with
the MFO as
ALjcg = W%ODMJ%JFO,ALMFO
topLirro + Risro

(10)

where Lyrro, Myrro,a and Ryrpo are the equivalent self-
inductance, mutual inductance with the ACSs and resistance of
the MFO, respectively. As illustrated in Fig. 17, the magnetic
filed becomes stronger at points close to the inner edges of
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Fig. 17.
the ACSs.

Magnetic field distribution (unit T') when 1 A current is applied to
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the ACSs. Thus, Mrro, 4 at points P2 and P4 is higher than
that at point P3. Based on (10), AL4cgs at points P2 and P4
is also higher than that at point P3. The same reason can be
applied to explain the dips at points P9 and P15. According to
Fig. 7, AZ, increases as the resonant frequency of the DRC
deviates away from frop. Therefore, AZ; has the same trend
as AL 4¢s. The maximum AL 4o is around 5% with the MFO
at P2, P4, P8, P10, P14 and P16 and the corresponding AZ, is
higher than 17%. The influence of the MFO becomes weaker
as it approaches to the outer edge of the ACSs. The minimum
AL scs is around 0.63% with the MFO at PO and P18, while the
corresponding AZ, is about four times higher, around 2.6%. In
summary, by virtue of the proposed DRC, the influence of the
MFO on the ACSs is considerably amplified. The FOD of high
sensitivity and no blind zone is achieved within the area enclosed
by the ACSs.

C. FOD Function Using PCSs

According to the detection procedure in Fig. 11, the FOD-PCS
module operates when the Rx pad is absent and the PS is on. The
Tx pad is powered by a winding current /; of 1.88 Arms. With
the intrusion of the MFO an increment of the induced voltage V;
can be observed from the studied PCSs, UCS-3 and BCS-6. The
MFO moves along the trajectory x2 and x3 as shown in Fig. 15.

Fig. 18(a) and 18(b) present the waveforms of V; when the
MFO is placed at (x2, P8) and (x2, P2), where V; ycg3 and
Vi, Bc s6 are the measured induced voltage of UCS-3 and BCS-6,
respectively. Fig. 18(c) shows the full-range FOD performance
of the PCSs. The value of V; is determined by the coupling of
the MFO with the PCSs and the main field distribution. Based
on (10), the self-inductance reduction of the PCS AL pcs can
reflect its coupling with the MFO M ,ro, p as

(11)

M 1 \/(W%SL%\/[FO + Ry po)ALpcs
MFO,P =

wps Lyro

where wpg is the angular frequency of the PS. Based on (11),
Fig. 19(a) can prove that My;ro p at trajectory X2 is consis-
tently higher than that at trajectory x3. However, the magnetic
field at trajectory x3 is stronger than that at trajectory x2 as
depicted in Fig. 19(b). As shown in Fig. 19(a), My ro, p at (X2,
P8)is close to that at (x2, P2), while the magnetic field is higher at
(x2, P8). As aresult, Vj at (x2, P8) has a larger value than that at
(x2, P2). Due to the magnetic field distribution, V; of trajectory
x2 is lower than that of trajectory x3 at points PO, P6, P12, and
P18 although My;ro,p of trajectory x2 is slightly higher. At
other points, My ro, p of trajectory x2 are significantly higher
than that of trajectory x3. As a consequence, V;; of trajectory x2
is higher than or close to that of trajectory x3 at these points.
In summary, the proposed design of the PCSs can effectively
identify MFOs within the area enclosed by the PCSs.

D. EVD Function Using ACSs

To validate the performance of the EVD using ACSs, the
EVSC is powered by a signal generator at fpy p and the ACSs
are used to sense their coupling with the EVSC. The coupling
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Fig. 18.  Experimental results of FOD using PCS. Waveforms of V; with the

MFO (a) at (x2, P8) and (b) at (x2, P2), and (c) full-range performance when
the MFO moves along trajectory x2 and x3.

between the ACSs and the EVSC increases when the Rx pad
approaches to the Tx pad. The induced voltage in the ACSs can
be amplified in Vg by the DRC. Thus, by comparing with a
predefined threshold voltage, the alignment condition of the Rx
pad can be identified and the EVD can be accomplished with a
high sensitivity.

According to the detection procedure in Fig. 11, the EVD
module operates when there is no MFO on the ACSs and the PS
can be either on or off. Fig. 20 presents the waveform of Vg and
Irvsc when the Rx pad is aligned with the Tx pad. When the
PS is off, the rms value of Vg is 634 mV with I gy s¢ equal to
50.1 mA, as shown in Fig. 20(a). In Fig. 20(b) the PS is on, and
the rms value of Vg slightly increases to 727 mV. It is because
the EVSC is relative large and not perfectly decoupled with the
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Fig. 20. Measured waveform of Vgv, Iy sc and I when the Tx and Rx
are aligned, with (a) PS off and (b) PS on.
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Fig. 21.  System efficiency at 1 kW output power (a) with no PCB coils and
(b) with PCB coils connected to the DRC.

Fig. 22.  Experiments considering the real practical scenarios. The Rx is (a)
aligned with Txj_1 at pix_1 and (b) aligned with Txj at py. The distance
between py_1 and py is 28 cm.

Rx pad, and the 85 kHz harmonics emerges in the waveform
of Igysc and Vgy. The harmonics can be filtered, since the
frequency of the harmonics is much smaller than fgyp. In
summary, the DRC formed by the ACSs can effectively identify
the alignment condition of the EV by measuring the rms value
of VEV .

E. System Performances in Practical Scenarios

To investigate the influence of the detection modules on the
power transfer, the dc-dc efficiency of the system is measured at
1 kW output power when the Rx is aligned with the Tx as illus-
trated in Fig. 21. Due to the presence of the PCB coils together
with the DRC, the measured efficiency drops by 0.48%, which
is minimal. Considering that the power analyser (YOKOGAMA
WT500) has a basic measurement uncertainty about 0.1% of the
reading plus 0.1% of the range, the efficiency difference led by
the PCB coils is comparable with the measurement uncertainty.

To verify the performance of the proposed detection method,
experiments are conducted considering the DIPT application
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the PS on, no MFOs, and the Rx at px_;. (¢) The EVD is triggered with the PS on, no MFOs and the Rx at py. (d) The FOD-ACS is triggered with a MFO on
UCS-4 and the Rx at pi_1. (e) The FOD-PCS is triggered with the PS on, a MFO on UCS-3, and the Rx at p_1. (f) The EVD triggered with the PS on, a MFO

on UCS-3 and the Rx at py.

scenarios as depicted in Fig. 22. It is assumed that the distance
between two Tx pads is 28 cm. According to the detection
procedures in Fig. 11, the FOD-ACS module is enabled when
the Rx reaches pyx_; as shown in Fig. 23(a) and 23(d). If there
is no MFO on the ACSs, the FOD-PCS module and PS module
will be enabled as presented in Fig. 23(b) and 23(e). When the
Rx reaches py, and FOD-ACS module is not triggered, the EVD
will be triggered as per Fig. 23(c) and 23(f).

In the comparison between Fig. 23(a) and 23(d), the input
impedance Z; changed by around 20% which proves the ef-
fectiveness of the FOD-ACS module. It should be mentioned
that Vg has harmonics at frop because Vipop is shared by
Lpcs7and Liycgs according to the DRC in Fig. 6(b). This does
not affect the operation of EVD module becasue EVD module
is enabled after the operation of FOD-ACS module.

In the comparison between Fig. 23(b) and 23(e), Vi urcs3
changes from 186 mVrms to 1103 mVrms due to the MFO
placed on UCS-3. The change in V; pcse is insignificant al-
though the MFO is close to BCS-6. In Fig. 23(c) and 23(f)
both Rx and Tx are energized so the magnetic field is stronger
than that in Fig. 23(b) and 23(e). Correspondingly, V; i7c 53 and
Va,Bcss increase slightly. To avoid the fault detection of the
FOD-PCS module, the predefined threshold value should be se-
lected based on the measurements in Fig. 23(c) and 23(e). Taking
UCS-3 as an example, V; ¢ 53 1s 381 mVrms in Fig. 23(c) and
1103 mVrms in Fig. 23(e). Thus, the threshold value should be
between these two measured value.

As the Rx moves from py_; to pyx, the mutual coupling
between the EVSC and ACSs increases as shown in Fig. 9.
Therefore, Vgy increases from 405 mVrms in Fig. 23(b) to
752 mVrms in Fig. 23(c), which proves that the main field does
not affect the effectiveness of the EVD module. Besides, it is

also proved by Fig. 23(f) that the presence of the MFO on PCSs
has no influence on the operation of the EVD module.

V. CONCLUSION

This paper proposes an integrated detection method that
applies the same auxiliary detection coil sets to realize both
EVD and FOD for DIPT systems. The proposed detection
system mainly consists of auxiliary detection coil sets and a
DRC. Different from the existing topology of auxiliary coil sets,
the proposed detection coil sets apply both PCSs and ACSs
to eliminate the blind zone and gain a high sensitivity to the
intrusion of MFOs. Beside, a DRC topology is proposed to
further amplify the influence of MFOs and EVs on auxiliary
detection coil sets to make EVD and FOD more effective and
reliable. Aiming at DIPT applications, the detection procedures
are introduced and the operating conditions of the detection
modules are concluded. The proposed design mainly includes
the FOD-ACS module, the FOD-PCS module and the EVD
module. To validate the proposed detection method, PCB coils
are designed and integrated into an IPT system. According to
the operating conditions of the detection modules, experiments
are conducted for each detection modules as well as the entire
system considering the practical DIPT application scenarios.
Based on the experimental results, the proposed design is able
to realize reliable EVD and FOD functions with high sensitivity
and no blind zone.
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