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Abstract— This article proposes a new detection method for
foreign metal objects (FMOs) based on a new detection array.
Compared with traditional FMO detection (FMOD), the pro-
posed method can detect smaller FMOs without any external
sensors. The nature of the method is to decouple the receiving
(Rx) coil that has similar feedback characteristics to small-size
FMOs. Hence, the cost of FMOD system is reduced in the
actual implementation. Furthermore, this kind of FMOD does
not require communication. So, it has high stability and can be
easily realized. Finally, the experimental results prove that the
proposed method has a high effectiveness for detecting small-size
FMOs (able to detect FMOs up to 1.08 cm2).

Index Terms— Dynamic wireless power transfer (DWPT), for-
eign metal object detection (FMOD), inductive zone detection.

NOMENCLATURE

Vdc DC source.
vT Output of the inverter.
LT Self-inductance of the Tx coil.
CT Compensated capacitor for the Tx.
RT Equivalent series resistance of LT and CT .
ZT Impedance of the Tx-side resonator.
iT Current of the Tx side.
L A Self-inductance of the sensing coil.
L F Self-inductance of the FMO.
RF Resistance of the FMO.
Z F Equivalent impedance of FMO.
vA Induced voltage of L A.
MT A Mutual inductance between LT and L A.
MT F Mutual inductance between LT and L F .
MT R Mutual inductance between LT and LR .
MR A Mutual inductance between Rx and L A.
MF A Mutual inductance between FMO and L A.
MF R Mutual inductance between FMO and Rx.
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L R Self-inductance of the Rx coil.
CR Compensated capacitor for the Rx.
RR Equivalent series resistance of L R and CR .
Z R Impedance of the Rx-side resonator.
vR Output voltage of Rx-side resonator.
Req Equivalent resistance of the load.
iR Current of the receiving side.
ϕ Symbol of detection criteria.
ϕno The value of ϕ of the normal mode.
ϕF O The value of ϕ when FMO on the platform.
ϕRx_min The value of ϕ when receiver on the platform.
ϕRx The value of ϕ when the MT R is maximum.
iT−no The value of iT when platform have nothing.
iT− F O The value of iT when FMO on the platform.
iT _Rx The value of iT when Rx on the platform.
L ′

T Self-inductance of the LT in the normal mode with
inductive zone detection method.

L ′′

T Self-inductance of the LT in the FMO mode with
inductive zone detection method.

I. INTRODUCTION

IN RECENT years, dynamic wireless power transfer
(DWPT) technology has been getting more attention

because it does not require the receiving (Rx) coils to locate
in a fixed position [1], [2]. DWPT has broadened the horizons
of wireless power transfer (WPT). DWPT has been widely
used in many industrial applications, such as automated guided
vehicle (AGV). However, DWPT has a unique safety issue
during the working process. The operation of DWPT requires
the generation of a high-frequency alternating magnetic field,
which lead to the generation of heat on the foreign metal
objects (FMOs), will inevitably result in fires and cause
substantial damage to the working environment. Therefore,
it is the imperative to detect the presence of FMOs on the
DWPT working platform, and WPT can be mainly divided
into electromagnetic radiation WPT (ERWPT) [3], [4], [5],
capacitive WPT (CWPT) [6], [7], and inductive WPT (IWPT)
[8], [9], [10], but IWPT has attracted more researchers’
interest due to its relatively long transfer distance and high
transmission efficiency [11], [12]. It has been applied in WPT
for electric vehicles [13], unmanned ariel vehicles [14], and
AGVs [2], and in dynamic IWPT system, the magnetic field
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between the transmitting (Txs) and Rxs is extremely strong,
so that the foreign metal causes the fire by eddy currents
easily. So, it is necessary to detect FMOSs on the platform
in dynamic IWPT. Prior researchers have made considerable
efforts focus on FMOD [15], [16], [17], [18]. However,
a persistent challenge exists due to the similarities in feedback
characteristics between the small-size FMOs and the Rx coils
because the sensing coil usually cannot distinguish them.

In response to the issue of small-size FMOs, there are
several methods on the FOMD in DWPT. It can be roughly
be divided into three types, including system parameter esti-
mation (SPD) [18], [19], [20], [21], [22], detection based
on external sensors (ESD) [23], [24], [25], [26], [27], and
detection based on detection coils (SCD) [30], [31], [32],
[33], [34].

SPD method evaluates the parameter changes of an induc-
tance WPT (IWPT) system to determine the existence of
FMOs. The detection metrics includes quality factor [18], res-
onant frequency [19], power loss [20], current [21], coupling
coefficient [22], and so on. These methods are easy to imple-
ment, and the cost is relatively low. However, it is difficult to
detect small-size FMOs by these methods, and they are only
confined to the IWPT systems, where the coil positions are
fixed. ESD uses external sensing equipment, such as thermal
cameras [23], magnetic sensors [24], radar sensors [25], lidar
devices [26], and ultrasonic transducers [27], to detect the
existence of an FMO. These methods can detect FMOs with
high accuracy. However, the sensing devices are difficult to
integrate into IWPT system, and communication unit between
them is needed, which makes the system very complex and
expensive.

SCD methods are more popular compared to the SPD and
ESD methods [28], [29]. A sensing coil or coil array is placed
on the Tx coils to detect the FMOs. An FMO in the IWPT
system can change the magnetic field around it. Therefore,
measuring the induced voltage variation on additional sensing
coils can be applied to detect the FMO effectively. In [30],
an FOD method based on symmetrical coil sets is proposed,
but blind zones of detection exist at the center region of
the coil sets. In [31], the self-inductance changes of the
sensing coils are evaluated by a parallel resonant circuit. The
proposed method can detect small-size FMODs without any
blind zones. However, the cost of this method is high due
to the complicated noise filter design and the requirement of
multilayer sensing coil sets. In [32], by introducing a two-layer
sensing coil set, the number of blind zones can be reduced,
but the proposed method also increases the cost significantly.
According to the abovementioned articles, an FMOD method
for the dynamic IWPT system without the detection blind
zones is needed to be proposed. This method should be able
to detect FMOs in any size, and the system should be simple
structure and low cost. Besides, the proposed method should
be able to distinguish FMOs from the Rxs.

This article proposes a better scheme that is required to
eliminate the above shortcomings. To this end, this arti-
cle proposes a free-communication FMOD for series–series
compensation DWPT system with a new detection array.
Through mathematical modeling and analysis of the circuit, the

impedance generated by FMOs and the Rx side is compared
and analyzed, so that it can distinguish between the Rx side
and FMOs. The main contributions for this novel method can
be summarized as follows.

1) Detectability of Full-Size FMOs: By decoupling the
impedance produced by small-size FMOs and the Rx
side, effectively distinguishing the presence of FMOs
on the work platform.

2) New Detection Array: By using a detection array com-
posed of rectangular coils, it eliminates the detection gap
caused by the circular coil structure.

3) Low Implementation Cost: No image sensors or com-
munication units are involved. Therefore, the system is
simple with low cost and easy to realize.

II. SYSTEM MODELING AND CONCEPT OF THE SENSING
COIL-BASED FMOD SCHEME

A. Modeling of the Proposed Multi-Txs Dynamic WPT
System for AGVs

The overall configuration of the proposed coil array-based
dynamic WPT system for AGVs is illustrated in Fig. 1(a).
The working platform of AGVs is covered with ferrites,
which helps to enhance the coupling performance and to
decrease the leakage inductance. An aluminum shield is placed
under the ferrites, which is utilized to avoid electromagnetic
interference to the surroundings. A rectangular Tx coil array
is placed on the ferrites for energizing adequate EMF for
power transmission. Besides, an open-circuit sensing coil array
is covered on the Tx array for metal object detection. The
rectangular shape ensures that the Tx coils and the Rx coils
can fully cover the whole of the working platform, and there
will be no blind spot of power transmission detection. This
system can deliver energy to the AGVs, which are moving on
the platform. The basic component of the system is depicted
in Fig. 1(b).

The circuit model of the component is shown in Fig. 2. The
Tx coil (i.e., LT ) is driven by a full-bridge inverter (i.e., S1S4),
where Vdc is the input direct current (dc) voltage. vT and iT

represent the input alternating current (ac) voltage and current,
respectively. CT is the compensated capacitor for the Tx, and
RT is the equivalent series resistance (ESR) of LT and CT .
ZT represents the impedance of the Tx-side resonator, which
can be expressed as follows:

ZT = RT + j
(

ωLT −
1

ωCT

)
(1)

where ω = 2π f is the angular frequency, and f is the
switching frequency of the full-bridge inverter. The inverter
is controlled by a digital signal processor (DSP). The Rx
resonator consists of an inductive coil L R and its compen-
sated capacitor CR , and the ESR in the Rx resonator is
expressed as RR . The mutual inductance between the Tx
and Rx is represented by MTR. vR and iR are the resonator
voltage and current of the Rx, respectively. The diode rectifier
(i.e., D1–D4) feeds the AGV loads (i.e., RL) with dc output
voltage and current (i.e., Vo and io). A regulator capacitor Co

is employed to filter the ac components. Req is the equivalent
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Fig. 1. (a) Configuration of the proposed dynamic WPT system for AGVs.
(b) Basic unit of the WPT system.

resistance of the load, and Z R is the impedance of the Rx side,
which can be expressed as

Z R = RR + Req + j
(

ωL R −
1

ωCR

)
. (2)

The open-circuit auxiliary sensing coil is utilized to detect
the potential metal objects in the IWPT system. The induc-
tance of the sensing coil is represented by L A, and vA is
its induced voltage. MT A is the mutual inductance between
LT and L A. Generally, a metal object in a WPT system
can be replaced by an equivalent inductor with a series
resistance [35]. The equivalent inductance and resistance of
the eddy winding in the metal object are represented by L F

and RF , respectively. MT F is the mutual inductance between
LT and L F .

B. Implementation of FMOD Using Sensing Coil Array

Three models, including the normal model, the FMO model,
and the Rx model, are established to distinguish between the
different situations, as demonstrated in Fig. 3. The normal
model includes Tx coils and sensing coils, as depicted in
Fig. 3(a). In this case, there is no metal object or Rx coil
on the platform. According to the Kirchhoff laws, which is
commonly applied in modeling WPT system [37], [38], [39],
the induced voltage in the sensing coil can be expressed as
follows:

vA = jωMT AiT . (3)

Thus, we have

ϕno =

(
vA

iT

)
no

= jωMT A (4)

where the subscript “no” represents “normal,” and ϕ =

(vA)/(iT ) is used as the detection criterion.
When there is an FMO on the platform, as shown in

Fig. 3(b), the sensing coil is also induced by the metal object.
MF A represents the mutual inductance between L A and L F .
In this case, according to the Kirchhoff laws

vA = jωMT AiT + jωMF AiF (5)
jωMT F iT = Z F iF (6)

where Z F represents the equivalent impedance of the metal
object

Z F = RF + jωL F . (7)

By combining (5) and (6), we have

ϕFO = jωMT A −
ω2 MF A MT F

Z F
. (8)

The influence of FMOs on the Tx side is measured in
the experimental practice, and the analysis is shown in the
Appendix. The experimental results show that a metal object
on the platform reduces the self-inductance of the Tx and
the sensing coil and the mutual inductance between them.
Therefore, the value of MT A in the FMO model is always
lower than the normal model, and the value of ϕFO is thus
lower than ϕno

ϕFO = jω(MT A − 1Mfo) −
ω2 MF A MT F

Z F
= ϕno − 1ϕfo.

(9)

When there is a Rx coil, as demonstrated in Fig. 3(c), the
sensing coil is coupled with both LT and L R . MR A represents
the mutual inductance between L A and L R . In this case, the
induced voltage can be expressed as follows:

vA = jωMT AiT + jωMR AiR (10)

and in the Rx side, we have

jωMT RiT = Z RiR . (11)

By combining (10) and (11), (12) is derived

ϕRx = jωMT A −
ω2 MR A MT R

Z R
= ϕno − 1ϕrx. (12)

MR A and MT R increase with the alignment of the Rx due
to stronger coupling. The increment of MR A and MT R causes
a reduction of ϕ

ϕRx − 1ϕ = jωMT A −
ω2(MR A + 1M1)(MT R + 1M2)

Z R
.

(13)

When the Rx coil moves to the optimum coupling position
with the Tx coil, ϕRx reaches its minimum value

ϕRx_min = jωMT A −
ω2 MRA_max MTR_max

Z R
. (14)

When both the Rx end and FMO appear on the work
platform, based on previous analysis, the presence of FMO
will make ϕFO < ϕRx_min. Therefore, when modeling FMO,
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Fig. 2. Circuit model of the coil array-based DWPT.

Fig. 3. Models under different conditions. (a) Normal model. (b) FMO
model. (c) Rx model.

the mutual inductance between FMO and the Rx-side MFR
can be ignored. The influence of FMO on ϕ is stronger than

that of Rx, and ϕFO is always lower than ϕRx_min when there is
FMO in the IWPT system. Therefore, by measuring ϕ, FMO
in the IWPT system can be detected.

III. INDUCTIVE ZONE DETECTION AND IMPLEMENTATION
OF THE FMOD SCHEME

A. Feasibility Analysis of the Inductive Zone Detection

If the size of an FMO is too small, ϕFO is similar to ϕRx,
and ϕ is no longer suitable to be a criterion of detection.
Therefore, an advanced scheme must be utilized for more
precise detection. In advanced detection, the system is needed
to work in the inductive zone.

In the normal model, when the system frequency is set
higher than the Tx-side resonant frequency, according to the
Ohm law

vT

iT _no
= RT + j

(
ωd LT −

1
ωdCT

)
= RT + jωd L ′

T (15)

where ωd is the detecting frequency (ωd > ωt , and ωt is
the resonant frequency of Tx side), jωd L ′

T is the equivalent
reactance of LT and CT in the normal model when the system
frequency is equal to ωd , and iT _no is the input ac current in
this case. In this case, the system works in the inductive zone.

In the FMO model, according to the Kirchhoff law, the input
ac voltage can be expressed as follows:

vT = ZT iT − jωMT F iF . (16)

Normally, the resistance of a metal object is pretty low,
and therefore, the resonant current of the metal object can be
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expressed as follows:

iF =
jωMT F iT

RF + jωL F
≈

MT F iT

L F
. (17)

When the system frequency ω is equal to ωd , by combin-
ing (16) and (17), we have

vT

iT _F O
= RT + j

(
ωd L ′′

T −
ωM2

T F

L F

)
(18)

where jωd L ′′

T is the equivalent reactance of LT and CT in the
FMO model when the system frequency is equal to ωd .

According to the analysis in the Appendix, L ′′

T is always
lower than L ′

T . Therefore, when the system frequency is higher
than ωt , an FMO can lower the equivalent input impedance of
the Tx side. Since vT is fixed, we have

iT _FO > iT _no. (19)

In the Rx model, according to the Kirchhoff law, we have

vT = ZT iT − jωMT RiR . (20)

By combining (11) and (20), we have

vT

iT _Rx
= ZT +

ω2 M2
T R

Z R
. (21)

It is obvious that the equivalent input impedance of the Tx
side increases when Rx coil is existed, and the value of iT in
this case is thus lower than the normal case

iT _Rx < iT _no < iT _FO. (22)

Therefore, by measuring the value of iT , the system is able
to detect metal objects even with a small size and distinguish
them from Rx coils.

B. Implementation of the FMOD Scheme

By measuring the value of ϕ and iT , the system is able to
detect any FMOs in the IWPT system. After the system is
built, the value of ϕRx_min and iT _no can be measured. Since
the parameters of each Tx coil are the same, they share the
same value of ϕRx_min and iT _no. In the proposed multi-Tx
system, each Tx coil is marked from 1 to n, respectively. The
flowchart of the FMOD scheme is described in Fig. 4. When
the detecting process starts, the first Tx coil is activated, and
the induced voltage of its sensing coil vA1 and its winding
current iT 1 is measured. By calculating ϕ1 from vA1 and
iT 1 and comparing it with ϕRx_min, the following scenarios
are reached. If ϕ1 is lower than ϕRx_min, this indicates that
Tx 1 is covered with FMOs, and this coil will be turned off
immediately to protect the IWPT system. If ϕ1 is equal to or
higher than ϕRx_min, the inductive zone detection is needed to
carry out.

To realize the inductive zone detection, the system fre-
quency is tuned to the inductive zone frequency, and the value
of iT 1 is measured in this case. If iT 1 is higher than iT _no, there
are FMOs exist, and Tx 1 will be turned off. If iT 1 is equal
to or lower than iT _no, there is no metal object over Tx 1, and
this coil will be energized to delivery power to the Rx coils.
The detecting criterion of FMOs is depicted in Fig. 5. After

Fig. 4. Flowchart of the FMOD scheme.

Fig. 5. Detecting criterion of foreign metal objects.

one Tx block is detected, the system starts to detect the next
one, until all Tx coils are scanned.

There are two detection methods, which are aimed at
enhancing system efficiency. This is because when detecting
small FMOs, it is necessary to adjust the work frequency.
It can cause the system to deviate from its resonant frequency,
thereby reducing the transmission efficiency of DWPT system.
However, when detecting medium or large FMOs, it does not
impact the transmission efficiency. When the FMOs detected
with (14), the controller sends a signal, prompting the system
to stop working, requiring manual intervention to eliminate
potential hazards. If FMOs cannot be detected by ϕRx_min, the
controller adjusts the work frequency and changes the criteria
with (22), ensuring whether FMOs are present on the platform.

IV. EXPERIMENTAL VERIFICATION

The experimental platform of this article is demonstrated
in Fig. 6(a). The system is powered by SIGLENT SPD3303X
programmable dc power supply. The Tx coil array contains
nine rectangular coils with 18.5 turns, and the side length of
each coil is 100 mm, as shown in Fig. 6(c). The Rx coil has
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Fig. 6. (a) Experimental platform. (b) Schematic. (c) Tx and Rx coils.
(d) Sensing coil.

the same size as the Tx coils. The size of ferrite in the Tx
side is 300 × 300 × 10 mm, and the aluminum shield is
300 × 300 × 2 mm. The auxiliary sensing coil array contains
nine rectangular coils with 20 turns, and the side length of
each coil is also 100 mm. The sensing coils are placed on
printed circuit boards (PCBs), as depicted in Fig. 6(d). The
DSP for the Tx-side control and FMOD is TMS320F28335.
The MOSFETs of the inverter are IRF740. The waveforms are
captured by TELEDYNE LECROY HDO4024A oscilloscope.
The parameters of the components, such as LT , CT , and RT ,

are measured by TONGHUI TH2829AX LCR Meter under
the operating frequency of 100 kHz and measuring voltage
of 1 V.

The key parameters are listed in Table I.

A. Verification of FMOD Method Using Sensing Coils

This experiment was conducted to verify the feasibility of
the proposed sensing coils. In the normal case, with 2 V
of input voltage and 100 kHz of switching frequency, the
values of vA and iT were measured, and the value of ϕno
was calculated according to the measured results. In the
experimental platform, the value of ϕno is 14.58, as depicted

Fig. 7. Detecting result of the normal case.

Fig. 8. Relationship of ϕRx and MTR with various Rx lateral offset distances.

Fig. 9. Value of ϕRx_min of the experimental platform.

in Fig. 7. The scale of the oscilloscope is 10 µs/div in time,
10 V/div in voltage, and 2 A/div in current.

To validate the effectiveness of our sensing coils in detecting
FMOs, we conducted a series of experiments to distinguish
the influence of Rx coil changes caused by FMOs from other
factors. Using the FMOD method, outlined in (14), we first
identified the minimum threshold value for the Rx coil ϕRx_min
that would indicate the presence of FMOs.

The experiment involved positioning the Rx coil at varying
lateral offsets from the Tx coil to measure its magnetic
coupling coefficient MTR and the corresponding phase shift
ϕRx. Fig. 8 illustrates the relationship between ϕRx and MTR
as the Rx coil is laterally displaced. From our measurements,
we determined the threshold ϕRx_min to be 13.33, as demon-
strated in Fig. 9. This value serves as the criterion for FMO
detection using the FMOD method.

We proceeded to test various metal objects, as listed in
Table I, which included a nickel coin, a copper pillar, an alu-
minum block, an iron blade, and an aluminum sheet. Each
metal object was placed onto the platform individually, and
the resulting value of ϕ was calculated by controller. The
waveforms generated for the different scenarios are presented
in Fig. 10(a)–(e), and the result of the detection is shown in
Fig. 12(a).

Analyzing the results, we observed that for case3 through
case5, the values of ϕ were below the threshold ϕRx_min.
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TABLE I
KEY PARAMETERS (MEASUREMENT CONDITION: 100 KHZ, 1 V)

Fig. 10. Waveforms of the detecting results of different FMOs. (a) Case 1: coin. (b) Case 2: copper pillar. (c) Case 3: aluminum block. (d) Case 4: iron
blade. (e) Case 5: aluminum sheet.

TABLE II
METAL OBJECTS AND THE DETECTED RESULTS

This indicates that our sensing coils can successfully detect
medium- or large-sized FMOs. However, cases 1 and 2 showed
ϕ higher than ϕRx_min, suggesting that smaller sized FMOs,
such as a nickel coin or a copper pillar, may not be detected
under the current setup.

In conclusion, while this system is effective at identifying
larger FMOs, additional refining of the inductive zone detec-
tion approach is required to improve the sensitivity toward
smaller objects.

B. Verification of the Inductive Zone Detection Method

In previous experiments, we encountered a limitation, where
small FMOs were undetectable by our sensing coils within the
IWPT system. To address this, we explored an inductive zone

detection method designed to identify small FMOs that the
sensing coils might overlook.

The experiment aimed to test the effectiveness of this
method by adjusting the system’s operating frequency to be
slightly higher than the resonant frequency of the Tx side, thus
ensuring operation in the inductive zone. Specifically, we set
the detection frequency to 105 kHz.

We compared the waveforms under different conditions,
which are depicted in Fig. 11, and the detection results of
FMOD method using sensing coil and the inductive zone
detection method are shown in Fig. 12(a) and (b), respec-
tively. Furthermore, we summarized the detection outcomes
in Table II.

In a normal operating scenario without any FMOs, with an
input voltage of 2 V, the reference current iT _no in the Tx
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Fig. 11. Waveforms of the inductive zone detection. (a) Normal case. (b) Rx case. (c) Case 1: coin. (d) Case 2: copper pillar.

TABLE III
COMPARISON STUDY BETWEEN RELATED REFERENCES AND THE PROPOSED SYSTEM

Fig. 12. (a) Detecting results of different FMOs. (b) Results of the inductive
zone detection.

coil was measured at 0.824 A. When a Rx side was intro-
duced, the measured current iT dropped to 0.42 A, indicating
the expected load behavior. However, in the presence of
small FMOs (case1 and case2 from the prior experiment
in Section IV-A), the measured currents iT were 0.91 and
0.864 A, respectively. These values are notably higher than
the reference current iT _no. Based on the conclusions analyzed
in Section III-A, we initially determine that when there is
no Rx side and no FMO present on the work platform, the
current iT _no = 0.824 A. When the system begins detection,
the detected current iT = 0.42 A is less than 0.824 A, and we
determine that there is a Rx-side coil on the work platform
rather than an FMO. When the detected current iT = 0.91 A
is greater than 0.824 A, we determine that there is an FMO
on the work platform.

Thus, we conclude that the inductive zone detection
method is effective in identifying small-sized FMOs and can

differentiate them from the load represented by the Rx. The
details of the detection results, including the variations in
current measurements and their implications, are presented in
Fig. 11. This method could significantly enhance the safety
and functionality of IWPT systems by ensuring the detection
of potentially disruptive small FMOs.

V. CONCLUSION AND DISCUSSION

A coil array-based FMOD method for AGVs dynamic IWPT
system is presented in theory and experiment. A sensing coil
array is utilized to detect FMOs of medium and big size,
and an inductive zone detection method is proposed to detect
further small-sized FMOs. The array structure and rectangular
shape of coils ensure a detection range without any blind spots.

As shown in Table III, Jafari et al. [24] can effectively detect
FMOs and even detect coins. However, due to the structure
of the detection array, there are blind spots in the detection
capability. Sonnenberg et al. [28] used a camera to address
this issue, but this increases the implementation costs. Xiang
et al. [34] also have a method that can effectively detect FMOs,
but it requires communication, which can make the detection
unstable. Compared with other related work in these years, the
proposed system has the major advantage.

1) The proposed method has no blind area and there are no
size restrictions for the FMO under detection. The experiment
can detect copper pillars as small as 1.08 cm2.
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Fig. 13. (a) FMO of small size. (b) FMO of medium size. (c) FMO of big
size. (d) Normal case.

Fig. 14. Influence of FMOs on the Tx side.

2) The proposed method can distinguish metal objects from
the Rxs; thus, it will not affect the normal operation of the
system.

3) The proposed method requires only Tx-side mea-
surements and does not require any image sensors or
intercommunication units. Therefore, the system is simple,
easy to realize, and the cost is low.

However, the detection method we proposed also has cer-
tain limitations and requires the determination of different
detection criteria based on different system parameters in
advance. Additionally, as the system operating time increases
and system parameters change, this might affect the detection.
Therefore, we need to explore more advanced and widely
applicable FMO detection methods to address the existing
issues.

APPENDIX

The self-inductance of the Tx coils and the mutual induc-
tance between Txs and the sensing coils will lower when there
is an FMO in the IWPT system. The influence of FMOs
on the Tx side is verified by experiment. There are metal
objects with kinds of size on the Txs separately, as depicted in
Fig. 13(a)–(c). The normal case is also tested for comparation,
as shown in Fig. 13(d). The results are demonstrated in Fig. 14.

Experimental results show that an FMO in the IWPT system
can lower the value of LT and MT A, and the influence is
stronger with the increase of coverage area.
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