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Abstract

As wireless charging is gaining its popularity among consumer electronics, e.g., phones, smart

wearables, electric toothbrushes, etc., there has been a trend of expanding this technology into

a wider range of applications e.g. drones, robots, electric vehicles etc.. To achieve this, both the

charging power and range need to be increased. This thesis discusses the limitations of widely

used kHz inductive power transfer systems and emphasises the challenge of deploying into a

wider range of applications. High-frequency inductive power transfer (HF-IPT) systems are

then discussed with two real-world applications presented to showcase HF-IPT’s potential over

kHz IPT systems. Some of the benefits of the HF-IPT, e.g., the large air gap and tolerance to

misalignment, could increase the chances for live or other unintended objects to be coupled into

the wireless charging system, which could cause safety hazards if the system was not designed

carefully. This thesis, therefore, focuses on the safety systems design and development for

HF-IPT systems.

A number of existing and potential foreign and live object detection methods (FOD/LOD)

including a new FOD/LOD method based on reflected impedance are introduced. The proposed

method can operate without additional sensors, and without a communication link between

IPT transmitter and receiver. A detection accuracy of 95% is achieved by implementing such

FOD/LOD method. In addition, a FOD/LOD technique based on a mmWave radar sensor

is also introduced. Differing from typical radar applications, the proposed method leverages

machine learning techniques to perform object recognition to reduce the false detection rate.

The developed FOD/LOD system could classify six different charging scenarios with an average

accuracy of 96%. For applications that do not involve any live or unintended objects, this thesis

also introduces a localisation technique based on the IPT system to help guide a drone or robot

to a specific location e.g. a wireless charging point. Such a system was designed to reduce the

risk of charging by minimising human’s involvement.
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Chapter 1

Introduction

Figure 1.1: AirPower (Apple Inc.)

Wireless power transfer (WPT) was first proposed by Nikola Tesla over a century ago, and since

then a considerable amount of research has been conducted in this field [2–7]. It is common

to classify WPT into two categories: far-field and near-field WPT. Far-field WPT applications

typically uses radio frequency (RF) to transfer power and are commonly used for low-power
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Figure 1.2: AirPower Coil Patent (Apple Inc.)

(micro- to Milli-watt) [8–12]. There are also applications using laser beams to transfer power

over a long distance [13–15]. Near-field WPT, or nonradioactive WPT, on the other hand,

focuses on shorter range, but higher power applications [16–19]. There are also some research

focuses on capacitive and ultrasonic-based wireless charging methods [20–22] [23, 24].

While there are various means of transferring power wirelessly, the near-field inductive power

transfer (IPT), has been the most widely used WPT solution. The Qi wireless charging standard

(Qi Standard), for example, is an IPT-based wireless charging standard mainly developed for

consumer electronics, e.g., mobile phones, smart watches, and electronic toothbrushes [25].

Although Qi is the most widely used wireless charging standard for portable devices, e.g.,

smart phones, this is not the case for many fields other than consumer electronics. Even

within consumer electronics, the Qi-standard is not applied to every category. Laptops and

tablets, for example, are not commonly delivered to customers with wireless charging capability.

And outside the consumer electronics world, it is even rarer to see commercial applications of

wireless charging. One of the reasons for that is the Qi-standard typically requires a tight

alignment (usually within a few cm) between the charging pad and the device to be charged, as

demonstrated in Fig. 3.4 and Fig. 3.3. Such requirement means that even a small movement of
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Figure 1.3: Inside of the AirPower prototype

the charging device could terminate the charging, which puts a constraint on many applications,

e.g., laptops, e-scooters, drones and EVs etc..

Therefore, many research teams have been working on increasing the tolerance of misalignment

of wireless charging. Multi-coil IPT systems, for example, are one way to increase the tolerance

of misalignment. Such a technique has been proposed by various research teams world-wide

[26–29]. Back in 2017, Apple Inc announced a wireless charger named AirPower that could

charge multiple devices with a high tolerance to misalignment, as shown in Fig 1.1. The

device was based on multi-coil technology, as shown in one of the patents filed by Apple in

Fig. 1.2 [30]. The principle behind this idea is rather straightforward. By stacking multiple Qi-

standard wireless charging coils together, it is possible to allow the device-to-be-charged always

be placed on a coil and deliver power to it. Such a method could also allow multiple devices to

be charged simultaneously. The disadvantages of this method, however, are also rather obvious.

A multi-coil IPT system adds significant complexity compared to a single-coil one. The system

has multiple resonant inductive resonators with close coupling to the adjacent resonators, which

could make it difficult to tune each resonator to the same frequency. The system also needs

an tracking system to locate the receive coil and turn on the correct transmit coil. The dense
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stacking of coils also makes thermal management a challenging task. Finally, such a system

could be more prone to inductive heating of foreign objects than a single-coil Qi charger due

to the higher number of transmit coils. Perhaps this is one of the reasons that AirPower - with

all exciting promises - was officially cancelled by Apple on 29th March 2019 [31]. In fact, there

have been numerous reports about engineering challenges and overheating issues during the

product’s development [32]. Fig. 1.3 also shows what the inside of a claimed-to-be AirPower

prototype looks like [33]. It can be seen how the increased number of coils adds complexity to

the overall system.

Another approach to increase the tolerance of misalignment is by dynamically adjusting the

position of the transmit coil to ensure a perfect alignment between the transmit coil and the

receive coil, as proposed in [34]. Such a method is also showcased by Xiaomi. [33]. Fig .1.4

shows how this device functions. The device consists of a standard Qi-standard charger, two-

axis motor and a tracking circuit board to locate the position of the device to be charged, and

a circuit board that detects the position of the device to be charged and sends the location

information to the motor controller, which then brings the coil to charge the device. When

one device finishes charging, the motors then bring the charger to the next device that needs

charging. More details about how such system works can be viewed at [33]. While this solution

reduces the number of charging coils and electronics compared to the multi-coil solution, ad-

ditional mechanical and localisation systems are required, which also increases the complexity,

size, and fragileness of the overall system. Moreover, such solution shares the same charging

power limit as the typical Qi-standard charger.

In summary, while both methods show some potential of increasing the range of wireless charg-

ing, they are essentially Qi-standard chargers with additional complexity, and therefore could

share the same limitations as the Qi-standard charger e.g., the charging power. The additional

complexity could also increase the size, cost, and possibly safety risks to the overall system.

Another approach of increasing the tolerance of misalignment is by increasing the operating

frequency of the IPT system. Team in [35] for example, demonstrated a 10 W battery-less

drone powered completely by a 13.56 MHz high frequency inductive power transfer (HF-IPT)
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Figure 1.4: Inside of the Xiaomi Auto-tracking Wireless Charger Prototype

system with a charging range that is significantly larger than a Qi-standard wireless charger, as

shown in Fig. 1.5 [36]. An 100 W 6.78MHz IPT system for e-scooters was also showcased in [37].

Another MHz IPT system that could charge a drone at 100W was presented in [38]. These

applications have demonstrated that the misalignment tolerance of an IPT system could be

increased with higher operating frequency and matched coil and inverter design. The Airfuel is

another wireless charging standard that also focuses on high-frequency (specifically 6.78 MHz)

inductive power transfer [39]. A more detailed description of high-frequency IPT systems will

be included in the background section.

While these mentioned HF-IPT applications have showcased some advantages over the kHz or

the Qi-standard wireless charging technology, there are still works needing to be done before it

is readily available to the general public, and one major part of it is safety. For an IPT system,

the safety considerations mainly fall into two categories, one being the electromagnetic expo-

sure to humans/animals and the other being the inductive heating and interference of foreign

objects. Like most electrical devices, an IPT system should be designed to keep its electro-
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Figure 1.5: Batteryless Drone Powered Wirelessly (BBC)

magnetic exposure to be below the safe level for humans/animals. For near-field systems, the

specific absorption rate (SAR) is widely used to evaluate the safety levels, e.g., the International

Commission on Non-Ionising Radiation Protection guidelines (ICNIRP) [40]. More information

about the EM exposure to living beings can be accessed in [41–44]. When an IPT system could

not meet the safety guidelines, it should have a mechanism to detect if humans or animals are

reaching the safety distance and pause the charging. Similarly, such a safety mechanism is also

needed to detect objects that could be heated up or affect wireless charging when placed close

to the IPT system. Therefore, the design and development of such safety systems is the main

focus of this PhD thesis.

This thesis primarily focuses on safety system design and development for high-frequency (MHz)

IPT systems, it starts with the fundamentals of IPT together with the safety analysis of some

existing and potential wireless charging systems. This thesis also presents two end-to-end

real-world applications of the HF-IPT system as the test bed for the FOD/LOD systems that

explored in the following chapter. The proposed FOD/LOD will then be discussed in detail.
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1.1 Background

1.1.1 Inductive Power Transfer

Before discussing the safety systems of an IPT system, it would be useful to start with some

of the fundamentals of an IPT system. An IPT system can be described by two key equations:

Ampere’s law and Faraday’s law. Ampere’s law states that magnetic fields could be generated

by the current in a conductor (Equ. 1.1), and Faraday’s law states that voltage can be induced

from magnetic fields (Equ. 1.2). By combining them together, one can generate a magnetic

field from one conductor and induce voltage in another conductor without a physical connection

between them, hence achieving wireless power transfer. By applying these principles, Nikola

Tesla demonstrated reportedly the first real-world application of wireless power transfer back

in 1905 [2, 3].

∑
B∆L = µ0I (1.1)

∮
∂Σ

E · dl = − d

dt

∫∫
Σ

B · dS (1.2)

One of the most important measures of an IPT system is its efficiency. From the two equations,

it can be observed that the induced voltage on the receive side is proportional to the magnetic

field generated by the transmit coil. With a fixed load on the receive side, a stronger magnetic

field means higher power on the received side. If the transmit side has a fixed current flow and is

placed at a fixed position, a closer relative position of both coils would result in a stronger field

received on the receive side and therefore more power is delivered, which results in a higher

efficiency of the IPT system. To better characterise this, it is common to use the coupling

factor, or k, to represent the relative positioning between the transmit and receive coils of a

WPT system. The coupling factor k of two inductors L1 and L2 is defined as Equ.1.3, while M

is the mutual inductance between the two inductors. k is a number between 0 and 1, a larger k
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usually means the two coils are tightly coupled, and vice versa. Certain materials, e.g., ferrite,

could also be used to increase the coupling factor by changing the direction of the magnetic

fields [19].

k =
M√
L1 · L2

(1.3)

Apart from the relative position of the transmit and receive coils, another factor that could

affect the efficiency of an IPT system is the coil. In practice, both the transmit and receive

coils are not perfect conductors, which means they both have losses due to the resistance of the

coil, and the resistance of the coil also increases with frequency due to the skin effect [45,46]. If

not designed carefully, this could have a significant impact on the efficiency of an IPT system.

Q-factor is therefore used to characterise the quality of the coil. Equ. 1.4 is the definition of

Q-factor, Where QL1 and QL2 are the Q-factors of the transmit and receive coils. Q-factor is

defined as Equ. 1.4. L and R are the coil’s inductance and resistance, respectively. A higher

Q-factor means lower energy loss due to the coil.

Q =
ωL

R
(1.4)

ηlink =
k2QL1QL2

2 + k2QL1QL2 + 2
√

1 +Q2
L2

+ k2QL1QL2

(1.5)

Both the coupling factor k and quality factor Q are useful parameters to the efficiency of an

IPT system. In fact, the efficiency of an IPT system (coil-to-coil) is completely dominated by

k and Q, as concluded in Equ. 1.5 by Robert Puers in ’Inductive Powering: Basic Theory and

Application to Biomedical Systems’ [7]. It can be seen from Fig. 1.6 that a lower k would cause

the efficiency of the IPT system to decrease. However, a higher Q of both transmit and receive

coils could compensate such loss.

One approach to increase Q of a coil is to increase the operation frequency of the WPT system,
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Figure 1.6: The relationship between link efficiency, coupling factor and Q-factor [1]

as indicated in Equ. 1.4. However, it is important to note that a higher operating frequency

does not always mean a higher Q-factor. Due to the skin effect, the resistance of a coil would

also increase as frequency increases [45]. In addition, depends on the design of the coil, as the

frequency increases, the parasitic capacitance of a coil could resonant with the coil (known as

self-resonance), and therefore the coil’s impedance would increase, thus reducing the Q-factor.

For coils that integrated with magnetic materials to increase the coupling, it is important

to note that the specifications of such material could also limit a coil’s Q-factor. In [47], a

datasheet of some common ferrite materials from TDK are presented, it can be noticed that

above a certain frequency, the loss in ferrite starts to increase, which could significantly reduce

the Q-factor of a coil that is closely coupled to this ferrite material. Fig. 1.7 shows the Q-factor

of a typical Qi coil with ferrite material. It can be seen that though the Q-factor increases

from 5 to 30 as the frequency goes from 10 kHz to 500 kHz, it starts to decrease after that.

Overall, with a careful consideration of these factors, it is possible to design a coil with a much

higher Q-factor at higher frequencies [48]. And because of this, many research teams have been

focusing on the design and development of high-frequency IPT (HF-IPT) systems, usually in

multi-MHz frequency range [49] [50] [51] [52].
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Figure 1.7: Q-factor of a typical Qi-standard coil

1.1.2 High-frequency IPT systems

As previously discussed, high-frequency IPT systems could achieve higher Q coils and therefore

a better tolerance to lower coupling between the coils. However, the design of a HF-IPT system

has a higher complexity compared to LF-IPT systems. On the inverter side, the increase of the

operating frequency would also increase the switching loss in the switching device (typically

MOSFET), which limits the number of suitable devices for the HF-IPT design. The traditional

inverter topologies may also need to be revisited to further optimise the higher frequency design.

Similarly, on the receive side, the traditional rectification design may also not be capable of

handling the high frequency operation. The loss in the rectifier diode could be higher than

expected due to the capacitance of the diode. Therefore, the receive side also needs to be

considered carefully to cope with the higher operation frequency.

The Inverter

On the transmit side of an IPT system, an inverter circuit is used to convert a DC source

to an AC current in the transmit coil. Typically, an inverter circuit works by switching on

and off transistors in a circuit to change the direction of current flow. The switching loss of
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a transistor occurs when the transistor is switched on/off with a voltage across the device, as

the voltage across the device cannot change instantly, current could flow before the voltage

reaches zero, hence power is dissipated in the transistor. The switching loss of a transistor is

proportional to the switching frequency as the number of switches increases for a given period

at a higher frequency [53]. As a result, to design a HF-IPT system, the switching loss of the

transistor must be considered carefully. There are inverter circuit typologies which implement

“soft-switching” techniques to reduce the switching loss of the switching device even at a high

switching frequency [53]. However, most soft-switching power converter was designed with an

optimal load, that is, the soft switching only occurs at a specific loading condition. Once the

loading status changes, the power converter could see a significant efficiency drop. This is

undesired for an IPT application as the loading condition varies with the coupling of the Tx

and Rx coils [51]. [54] introduced a load-independent inverter design that allows an inverter to

operate in soft-switching mode regardless of the (resistive) loading condition. Fig. 1.8 shows a

circuit of the load-independent Class EF inverter [52].

Lp

ip

C3

C2

L2

C1−
+ Vdc

L1

Ls

Cs

Rload

k

Figure 1.8: Class EF inverter circuit topology

The Switching Device

Typically for low-power electronics, a MOSFET is used as the main switching device, which

satisfies most applications. However, for high current, high voltage, and high frequency (MHz)

applications, MOSFET might not be the most suitable choice. The Wide-band-gap device,

on the other hand, is designed for such use scenarios. Gallium nitride (GaN), for example,

can typically handle a drain-source voltage of 650V, and has a very low on-resistance and gate
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charge, the switching frequency of a GaN device can easily reach 40 MHz [55]. Silicon Carbide,

or SiC, is also a wide-band-gap device, and it can handle 1200V drain-source voltage, which

is used in some electric vehicle motor drivers [56]. A comparison of MOSFET, SiC, and GaN

is summarised in Fig. 1.9. The rising popularity of wide-band-gap is helping to reduce the

difficulty of increasing the switching frequency.

Figure 1.9: A comparison of wide-band-gap devices

The Receiver

The receive side of an IPT system is shown on the right side in Fig. 1.8. k indicates the

coupling between the two coils and Rload is the load on the receive side. The load on the

secondary side of the IPT system, can be modelled as a reflected impedance on the transmitter

side, according to the study in [57, 58], where it shows that when the receive side is “tuned”,

i.e. Ls and Cs resonant at the operating frequency of the inverter circuit, and the load is pure

resistive, the reflected impedance becomes pure resistance. Reference [54] also suggests that

circuit in Fig. 1.10 could be configured to achieve load-independent operation. This means the

soft-switching or zero-voltage switching (ZVS) could be maintained regardless of the reflected

resistance. A tuned receiver with a resistive load could therefore, operate over a range of
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coupling values, without affecting the operation of the inverter, therefore achieving a wider

range of wireless charging.
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Figure 1.10: Class EF inverter circuit with equivalent load

The Rectifier

A rectifier is typically connected to the receive side of an IPT system to convert the AC back

to DC for most applications. Passive rectifiers (half-bridge, full-bridge) are widely used thanks

to their simple design and low cost. However, for applications with higher current, passive

rectifiers may not be ideal to use due to higher loss in the diodes [59]. To increase the efficiency

of rectification, many research teams have shifted to active rectification studies. [60] showcased

a hybrid class E rectifier design that arrived 95% efficiency on the receive end.

load

Figure 1.11: A passive rectifier (full wave rectifier)
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load

Figure 1.12: A passive rectifier (Class D Half Wave rectifier)

1.1.3 Safety of IPT systems

The safety of wireless power systems is a key consideration in their design and use, which

is regulated by institutions and commissions, e.g., IEEE and ICNIRP, and is an often asked

question by users of this technology. It is also worth mentioning that the traditional way of

delivering power via electric wires also has safety risks. According to [61], electrical hazards

cause more than 300 deaths and 4000 injuries each year among the U.S. workforce. It can be

argued that the elimination of wires reduces the chance of human/animals’ contact with exposed

live wires and therefore lowers the chance of electric shock. Moreover, in many scenarios, e.g.,

under water charging or implanted device charging ranges from difficult to impossible.

The most common concern for safety of near and far-field wireless power systems is the elec-

tromagnetic exposure to humans and animals. As for inductive power transfer, the inductive

heating of objects nearby should also be considered carefully. Moreover, the IPT system should

also protect itself from damage, e.g., overheating due to external interference. These three

different types of safety considerations are discussed in more detail in this section.

Electromagnetic Exposure

Since energy can be delivered in air using a wireless power transfer system, it seems natural

to worry that if this kind of “energy” that exists through the air could cause harm to humans

or animals. Before going deep into this, it is worth mentioning that humans and animals are

exposed to many forms of radiation, e.g., light. While some of them have harmful effects

on living organisms, others do not. To better distinguish harmful and nonharmful radiation,

they are often categorised into ionising and non-ionising radiation depending on the energy
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levels they carry. Ionising radiation carries energy more than 10 eV, which is enough to ionise

atoms and molecules and break chemical bonds, which is harmful to living organisms [62].

Examples of ionising radiation are X-rays, gamma rays, etc. Non-ionising radiations, on the

other hand, do not carry enough energy to “ionise” atoms or molecules of living organisms. In

fact, the World Health organisation (WHO) has concluded that “To date, no adverse health

effects from low-level, long-term exposure to radio-frequency or power frequency fields have

been confirmed” [63]. However, even though non-ionising radiation does not cause direct harm

to living organisms, if the energy level is high enough, they cause still cause injury due to

excessive heating or nerve stimulation. It is, therefore, important to know the limit level of

the acceptable non-ionising radiation of the IPT system. The International Commission on

Non-ionising Radiation Protection, often referred as ICNIRP, is an independent organisation

that specifically focuses on the safety limitations of non-ionising radiations [64]. The guideline

provides some reference levels of maximum electrical field and magnetic field should be exposed

to humans. Tbl. 1.1, for example, shows the ICNIRP 2010 E and H-field reference levels

between 3 kHz and 10 MHz for the general public and occupational.

Table 1.1: ICNIRP 2010 E- and H-field Reference Level (3 kHz to 10 MHz)
E-field Strength (V/m) H-field Strength (A/m)

General Public 83 21
Occupational 170 80

The reference levels of E- and H-field provided by ICNIRP, however, are highly conservative,

exceeding the reference levels does not necessarily mean the system is definitely unsafe [65]. In

fact, a home induction hob could easily exceed the H-field reference level. Fig. 1.13 shows a

typical home induction hob with four cooking zones, each zone is occupied with a IH compatible

cooker and filled with water for testing purposes. The four cooking zones are turned up for

maximum power. H-field is then measured in around this setup using a NARDA EHP200

probe, as shown in Fig. 1.13.

Fig. 1.14 shows the measurement result when the probe is placed approximately 15 cm from

the middle point of the two cooking zones in front of the hob. It can be seen that the maximum

magnetic field occurred at the fundamental frequency of approximately 19.5 kHz. The max-
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Figure 1.13: Induction Hob H-field Measurement Setup

imum magnetic field strength is 30.69 A/m, which is roughly 50% higher than the reference

level, and this value goes higher when placed closer to the hob. Moreover, the distance between

the probe and the induction hob can be easily reached by the person who uses the hob during

cooking. However, this does not necessarily mean that it is dangerous to use the induction hob,

it simply means that further measurements or simulations are needed to better evaluate the

safety of such an appliance.

This is when the Specific Absorption Rate (SAR, watts per kg) becomes useful. As discussed

before that for non-ionising radiation the safety concern is more on the heating effect rather

than the break of chemical bonds and therefore the magnetic and electric field strength may

not be the best indicator of the heating effect, as shown in the experiment above. The SAR, on

the other hand, specifically indicates the power absorbed by living organisms, which is a more

effective indicator about how much energy is delivered over a specific period. Tbl. 1.2 shows
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Figure 1.14: Induction Hob H-field Measurement Result

the ICNIRP 2010 SAR basic restrictions for frequencies from 100 kHz to 6 GHz (average over

6 minutes). There are different limit levels for the general public and occupational, with the

limit level for the general public higher than that for occupational. The limit is also different

for the whole body and for local head/torso and limbs.

Table 1.2: ICNIRP 2010 Basic Restrictions (100 kHz to 6 GHz)
Exposure Scenarios Whole-body average Local head/torso Local limb

General Public 0.08 W/kg 2 W/kg 4 W/kg
Occupational 0.4 W/kg 10 W/kg 20 W/kg

An IPT system is a similar system to an induction hob, and, as discussed, by measuring the E-

or H-field, may not be an appropriate indicator about its safety. The SAR can be used instead

to see if a IPT system would exceed the safety limits if a human is next to the system, and

whats the minimum distance before this happen. While it is difficult to measure SAR inside a

living organism, one can use EM simulation software with human body models to evaluate the

safety of an IPT system. Reference [37], for example, presented a 100W IPT system for electric

scooters, with a human body SAR simulation together with the designed IPT system. From

the simulation results (Fig. 1.15), it can be seen that the SAR, when a person is lying down 5

cm next to the IPT system, is at maximum 0.0174 W/kg, which is significantly less than the

37



safety threshold of 4 W/kg for limbs for the general public. When the simulated human foot is

placed 5cm next to the coil, the SAR is 0.00646, which is again, significantly below the limit

for the general public. Both SAR values are also below the occupational limits.

Figure 1.15: SAR human body simulation

In this particular example, the IPT system can claim to be safe to use in terms of SAR limit,

with a 5 cm safety distance. However, this may not always be the case, when the power level

increases or when the operation frequency changes, the safety distance could also change. And

when the safety distance becomes too large to be practical, an additional safety mechanism may

be needed to ensure that the SAR does not exceed the limit during the normal IPT operation.

Similar to SAR, the internal E-field should be measured to determine the safety limit of nerve

or muscle tissue stimulation if the E-field measure is higher than the reference level in Tbl. 1.1.

According to ICNIRP 2010, the internal E-field limit for the general public between 3 kHz

and 10 MHz is 1.35 × 10−4 × f (V/m), where f is the frequency of the IPT system in Hz.

Since the internal E-field is difficult to measure, the human model EM simulation can be used

instead. Fig. 1.16 shows both SAR and E-field simulation results of a hand resting on a 5W

6.78 MHz mobilephone wireless charger [66]. The values are normalised to the most stringent

basic restriction levels (ICNIRP internal E-field and FCC SAR). It can be seen that both the

internal E-field and SAR were well below the basic restriction levels.
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Figure 1.16: SAR and internal E-field Simulation simulation

Inductive Heating of Foreign Objects

In addition to the EM exposures, another safety concern regarding IPT systems is the inductive

heating of objects present in the magnetic field. While the magnetic field could induce voltage

on the receive coil, it could also induce voltage on other objects and cause current flow, such

current is also called eddy current [46]. This current could therefore cause temperature rise

of the object due to Joule heating. Metal objects, due to their lower resistance compared to

typical nonmetallic objects, can be easier to heat up. In fact, the inductive hob shown in

Fig. 1.13 heat up cooking pan because of this effect. A typical Qi-standard mobile phone IPT

charger, although has significantly less power compared to an induction hob, is still capable of

rising the temperature of small objects, e.g., keys or coins. Fig. 1.18 shows an experiment when

a coin is placed on top of a typical Qi-standard mobile phone charger for 10 minutes. It can be

seen that the temperature of the coin rose up to 100 degrees, which could already cause injury

to anyone touching it. Moreover, when the power and charging distance increase, the safety

hazard also increases. Therefore, such safety concern is valid and must be thoroughly assessed

when designing a IPT system.

It is also worth noting that the inductive heating effect depends on the frequency of the changing

magnetic field, since the impedance of metal objects increases due to the skin effect [46]. Skin

effect is the effect that electrons tend to flow on the surface of the conductor as the frequency
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Figure 1.17: A coin heating up on a Qi charger

increases. As a result, at higher frequency, the eddy current reduces, which means less joule

heating.

The HF-IPT systems - in particular - MHz-IPT systems, show significantly less inductive

heating of common metal objects due to the skin effect. Experiment in Fig. 1.18 shows a

coin placed on a 13.56 MHz IPT system for 10 minutes. A Flir one thermal camera is used to

monitor the temperature and no obvious temperature increase on the coin.

Even though HF-IPT systems tend to show less object heating on metal objects, this does

not mean that no object heating would occur. This depends on the structure and material

of the objects, some objects could still have a low impedance around the operating frequency

of the IPT system. From some experiments done in the wireless power lab, it was observed

that a compact disc (CD) happens to be able to non-negligibly load a 13.56 MHz IPT system.

Fig. 1.19 shows the temperature of the CD when placed on top of a HF IPT system for 3

minutes. Although it only rose to 45.2 degrees in this particular case, it could go higher if

placed on a higher current IPT system. There could also be more objects that can draw power

from a HF IPT system, and this should also be considered carefully.
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Figure 1.18: A coin placed on a 13.56 MHz IPT system

External Interference to the IPT System

In addition to foreign object heating, another safety concern of an IPT system is the possible

damage to the IPT system itself due to external interference, e.g., foreign objects. This is

dependent upon the design of the IPT system, some designs are more robust than the others.

The load-independent Class EF design from [54], for example, is capable of maintaining opti-

mum operation (low loss in the inverter) regardless of any resistive load. However, the inverter

could still shift from optimum operation with a reactive load coupled to it (Fig.?? shows how

different types of load could affect a class EF load-independent IPT system). This “detuning”

of an IPT system could easily happen with objects as simple as a piece of metal sheet placed

on top of the transmit coil. Therefore, if not considered carefully, such a scenario could cause

damage to the inverter or even cause a fire due to excessive heat.
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Figure 1.19: Induction Heating of a CD

1.1.4 Research Areas and Thesis Outline

This thesis exclusively focuses on high-frequency (MHz) IPT systems. All IPT applications,

FOD/LOD systems discussed in this thesis are based on 6.78/13.56 MHz IPT systems. Chap-

ter 1 of this thesis introduces the motivation and aim of this PhD research. Chapter 2 demon-

strates two real-world applications of HF-IPT systems and the two applications are also used as

benchmarks for the FOD system to be designed in the following chapters. Chapter 3 presents

some analysis of FOD/LOD methods and, based on this analysis, two methods were chosen

to be explored in detail. Chapter 4 discusses the first FOD/LOD method that based on the

reflection of impedance from the Rx side of the IPT system with some experimental results.

Chapter 5 shows a completely different approach of detecting and classifying live and foreign

objects using a mmWave radar system. For each of the FOD/LOD methods, approaches to

implement them on low-cost hardware are also discussed. Finally, an IPT-based localisation

technique was also introduced as an alternative safety measure for autonomous wireless charging

applications.
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Chapter 2

End-to-end HF-IPT Systems

Before the discussion of the safety system design and development, it would be sensible to

start with some actual applications of HF-IPT systems, as different applications may have

different safety requirements. A real-world IPT application also provides real-world limitations

for the safety systems to be designed. This could be the size, weight, dust, cost, etc.. This

chapter includes system-level design and development of two end-to-end applications of HF-

IPT. One is a 100 W wireless charger for commercial drones, and another is a sensor network

wireless charging system. The two real-world HF-IPT applications also provide a good test

bed for FOD/LOD systems discussed in the following chapter. The author’s contribution in

this chapter includes the implementation of the load-independent IPT system on a commercial

quadcopter drone, which is a continued work from a previous research effort that demonstrated

the capability of the load-independent inverter design based on a small toy drone [67]. The

author has successfully developed and demonstrated the drone being able to land and recharge

wirelessly on an autonomous surface vessel, with a wide tolerance of misalignment. This work

was also reported in [68] and published [38]. Another contribution from the author in this

chapter is the design and development of an integrated IPT receiver and a battery management

system. Such an integrated system was designed to power various sensors with a battery for a

long period of time and can be recharged quickly (from 20% to 80% in half an hour) with an

IPT-equipped drone. The designed system can also send useful information, e.g., battery state
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of charge, IPT receive side voltage, etc.. to the charging drone via a UWB communication link.

2.1 Design and Development of a 100 W Wireless UAV

Charger

Rotary-wing unmanned aerial vehicles (UAVS) are used in a variety of monitoring, search-

and-rescue, and surveillance operations [69, 70]. These drones are being equipped with an

increasing number of features such as video recording, GPS tracking, etc. Many of the added

features facilitate the autonomous operation of drones, reducing direct human intervention and

interaction. With the recent increasing interest in space exploration on Mars, alternative power

delivery solutions can enable a broad range of possibilities concerning, among others, longevity

and longer reach in unmanned exploration missions. Numerous robots have been sent to Mars

since 1971 [71], and with gradual advancements in robotics engineering since then, robot visitors

have been providing key data about the Red Planet. The Zhurong rover, as part of the Tianwen-

1 mission that landed on Mars in 2020, for example, can take high-resolution photographs with

a remote electronic camera [72]. The MARS 2020 mission by NASA not only sent a rover, but

also a helicopter robot (Fig. 2.1) for aerial exploration of the planet [73].

These state-of-the-art robots also come with limitations. For example, the Ingenuity helicopter

only operates every two weeks to make sure its battery is charged to an acceptable degree [74],

since it is charged by its small on-board solar panels.

The means for charging a helicopter, as such, from an external charging pad can be comprised of

a typical plug-in charger with a robotic arm; however, in such harsh environments, connectors

would not be preferred since they could fail in the long run due to the presence of dust, and wear

and tear. Wireless charging could also be employed, eliminating many of these issues while still

maintaining the crucial lightweight features. An off-the-shelf solution, such as a Qi-standard

wireless charger, would require ferrite-based coils (which are heavy) and a precise alignment

between the transmitter and receiver to deliver enough power efficiently, which is likely to lead
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Figure 2.1: The Ingenuity helicopter

to requiring a mechanical system to align the coils to optimise wireless charging, as showcased

in [75]. Therefore, alternatively, HF-IPT systems, which allow for much higher tolerance to

misalignment [76, 77] and light weight could pose an interesting solution. In [78], a MHz

inductive power transfer (IPT) system was developed to power a small drone with its battery

removed, where the benefits of operating an IPT system in the multi-MHz frequency range

using lightweight ferrite-less copper coils and load-independent soft-switching power converters

(e.g., [54]) with wide-bandgap semiconductor devices were highlighted.

This work presents a wireless charging solution for the DJI Matrice 100, a development drone

platform that can be used in a wide range of applications and has a more practical payload of

1 kg (Fig. 2.2). This system has been designed to overcome several technical challenges, such

as power electronics to cope with a highly variable coupling factor due to the limited landing

precision of the drone and a shielding method to eliminate the effects of the transmit-side

inverter detuning when placed in different electromagnetic environments. As a result, the DJI

Matrice 100 drone can be charged at a rate of 100 W over a distance of 14 cm with up to 25 cm

of misalignment tolerance.
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Figure 2.2: A wirelessly charged DJI M100 drone

2.1.1 System Design

Figure 2.3: High-level system block digram of IPT system

The drone selected for this work is the DJI Matrice 100. It is supplied with a 22.2 V, 4500 mA h

rechargeable LiPo battery (model number TB47D). As the battery charger (model number

A14-100P1A) has a maximum power output of 100 W, the wireless power transfer system will

be designed to charge the battery at the same rate.

Fig. 2.3 shows a block diagram of the drone wireless charging system. The ‘Mains-rectifier’

and ’PFC / DC-DC converter’ blocks refer to the power conversion from the ac mains to a dc

voltage. The ‘Inverter’ block comprises the load-independent Class EF inverter used to drive

the transmit coil with a high frequency current to generate an ac magnetic field. The ‘IPT-link’

block represents the power transferred from the transmit coil inside an enclosure on the ground

to the receive coil mounted on the drone through the inductive link, where coupling k is a

46



variable. In terms of receive electronics on the drone, the ‘IPT rectifier’ block is a full-wave

current-driven Class D rectifier and the ‘dc-dc converter’ block consists of a buck converter with

a wide input voltage range to cope with variable coupling and an output voltage level suitable

for charging the on-board drone battery.

Figure 2.4: Coil and shielding shape and size

Coils, IPT link and Shielding

The transmit coil is a 2-turn square coil made of 8 mm copper pipe, with an inner and outer

length of 350 mm and 400 mm, respectively. The receive coil on the drone is a single-turn

circular coil (also made of 8 mm copper pipe) with a diameter of 400 mm. The vertical distance

between the transmit coil and the receive coil is 14 cm. As there is a one-metre diameter circular

landing pad on top of the transmit coil, the maximum lateral misalignment between the receive

coil and the transmit coil is 25 cm.

Electromagnetic simulations in CST Microwave Studio were performed to derive the coil and

link properties. The receiver coil has a simulated inductance of 1.13 µH and a Q factor of 1143.

To improve the robustness of the wireless charging system, an aluminium sheet was placed 18 cm

underneath the transmit coil. This sheet acts as a form of shielding for magnetic fields, so that

system tuning and performance is immune to variations in the conductivity and permeability of

the surface on which the charging pad is placed. The overall configuration is shown in Fig. 2.4.
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Table 2.1: Link parameters for 100 W at minimum coupling with optimal load

Parameter Value

k 5.1 %

ηlink 97 %

I1 5.45 A

I2 8.46 A

CS 489 pF

RL 2.79 Ω

Rrefl 6.83 Ω

In the presence of the aluminium shield, the transmitting coil’s inductance and Q factor are

3.63 µH and 1487, respectively. The coupling factor is 16.7 % when perfectly aligned (drone

placed on the center of the landing pad) and 5.1 % at the maximum lateral misalignment

(drone placed on the edge of the landing pad) of 25 cm. Such a large change of coupling allows

a wide range of operation, which is difficult to achieve or even impossible with a Qi-standard

IPT system. The transmit coil and the aluminium shield are shown in Fig. 2.6.

Using the coils’ impedance and the coupling factor at maximum lateral misalignment (i.e.,

minimum coupling) in the presence of the aluminium shield and assuming series tuning at the

receive side, the link parameters corresponding to 100 W received power when the optimal load

is used for maximising the link efficiency are given in Tbl. 2.1 (where k is the coupling factor,

ηlink is the link efficiency, I1 and I2 are the primary and secondary coil current amplitudes, CS is

the secondary series tuning capacitance, RL is the optimal load resistance and Rrefl is reflected

resistance seen at the transmit side).

Lp

ip

C3

C2

L2

C1−
+ Vdc

L1

Ls

Cs

Rload

k

Figure 2.5: Class EF inverter circuit topology
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Table 2.2: Component values of load-independent Class EF inverter

Parameter Value

Vdc 100 V

C1 433.7 pF

C2 400 pF

C3 190.48 pF

L1 80 µH

L2 460 nH

Lp 3.33 µH

Figure 2.6: The wireless charging transmitter box

The Wireless Power Transmitter

At the transmit side, a load-independent Class EF inverter (Fig. 2.5) was used to drive the coil

at a frequency of 6.78 MHz. The design was based on the guidelines in [79], and the component

values of the circuit are shown in Tbl. 2.2. The transistor implemented in this inverter was

a 30 A 650 V gallium nitride (GaN) transistor (GS66508B) from GaN Systems. One of the

key advantages of this topology is that the inverter can maintain zero voltage switching (ZVS)

regardless of the reflected resistive load from the receive side, so that the load and coupling

variations between the transmit and receive coils do not affect the soft-switching operation of

the inverter. The construction of the transmitter is shown in Fig. 2.6.
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Figure 2.7: DJI M100 on the edge of the charging pad

Finally, as shown in Fig. 2.7, a one-metre diameter acrylic landing pad was placed on top of

the IPT transmitter, where the biggest challenge lies in the ability of the system to operate

efficiently independent of the drone’s position on the landing pad. The separation of the coils

and the size of the landing pad dictate the range of coupling for the drone to land and recharge.

As this system relies on variable coupling, it was designed considering the spatial distribution

of coupling as in [80] from simulations but also from measurements.

The Wireless Power Receiver

Ls

Cs

D

D

C1 load

Figure 2.8: Class D rectifier

The receiver side consists of a rectifier and a DC-DC converter to provide a constant output

voltage to charge the TB47D battery of the drone. Two common rectifier topologies used in IPT

applications were considered during the design process: a class D, and a full-wave rectifier [81].
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Circuit simulations were used to determine a suitable topology for this application. The rectifier

cuitcuit and component values can be found in Fig. 2.8, Fig. 2.9 and Fig. 2.3, where Ls is the

receive coil and Cs is the resonant capacitor.

Ls

Cs

D

D

D

D
C1 load

Figure 2.9: Full-wave rectifier

A configuation of high-impedance load (10k Ω) and maximum coupling (16.7%) was used to

determine the maxiumum voltage at the output of the two rectifier topologies. It can be seen

from Fig. 2.10 and Fig. 2.11 that the over the full coupling range, class D rectifier topology has

an output voltage range between 55 V and 200 V, while full-wave rectifier is between 25 V and

100 V. Since a wider output voltage range would add significant complexity for the design of

the next stage DC-DC converter, the full-wave rectifier topology was used for this application.

Silicon carbide (SiC) Schottky diodes (Wolfspeed C3D04060E) were implemented instead of

typical chottky diodes, as SiC diodes in general have a higher breakdown voltage tolerance and

lower junction capacitance, which could be a major source of enegy loss at multi-MHz operating

frequency.

Table 2.3: Component values of the rectifier

Parameter Value/Part No.

Ls 1.13 µH

Cs 465 pF

C1 1 µF

D Cree C3D04060E

As a final power conversion stage, the battery charger for the drone’s battery is required to

have a wide input voltage range (25 V to 100 V) since the induced voltage on the receive coil
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Figure 2.10: Rectifier output voltage at minimum coupling (5%)

Figure 2.11: Rectifier output voltage at maximum coupling (16.7%)

depends on the coupling, i.e. on the landing position of the drone. The charger should also

be capable of handling 100 W to charge the battery within the coupling range. Based on these

specifications, a DC/DC converter based on Analog’s LTC3895 chip (datasheet can be accessed

at [82]) was developed to perform the last power conversion stage of the system.

The final receive board was designed to integrate both the rectifier and the DC-DC converter

electronics, as shown in Fig. 2.12 and Fig. 2.13. The rectifier side (the right side of Fig. 2.12)

was designed to leave room to mount heatsinks if necessary. A thermal test was also conducted

in the following section to test its thermal capabilities.
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Figure 2.12: Receiver side PCB rendering

2.1.2 Testing

A crucial feature of using high frequency IPT systems for wireless charging of autonomous

drones is that these can be designed for a wide range of misalignments and independent of

angular orientation [80]. Thus, the drones to be charged do not require a millimetre precise

landing system. This section reports on the final testing of the system in the laboratory and

how it was later deployed in a real-world scenario.

System Testing in the Laboratory

Using a WT332E and a WT310 digital power meter by Yokogawa, it is measured that the

input and output power to determine the average efficiency of the IPT system as the alignment

of the coils changes. The proposed IPT system was tested to be capable of delivering 100 W

to the drone either at the centre or at any edge of the charging pad without the angular

orientation of the drone having any impact on the performance (Fig. 2.7). The system was

tested by performing a full charge of the battery several times at different alignments, and the

results show that the average mains-to-battery efficiency was 70 % (It changes slightly with the

alignment of the coils and the state of charge of the battery). Interestingly, as the drone was

moved further from the centre, the output power increased slightly (around 10 W maximum)

due to the control configuration of the dc-dc converter after the rectifier.
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Figure 2.13: The wireless power receiver on the drone

An additional thermal test is also needed to ensure that the system does not overheat while

operating for a long period of time during real-world operation. In the lab experiments, the

highest temperature was measured at the receive side of the IPT system. The heating was

primarily due to the rectification diodes, especially when the drone is placed on the edge of the

charging pad. This is as expected since lower voltage is induced at lower coupling, and to ensure

the same output power, a higher current is drawn from each diode, therefore, resulting in higher

loss in each diode. With proper heatsinks mounted on the receive board, the temperature of

the diode settles down well before its limits. Fig. 2.14 shows the thermal test of the receive

board at the lowest coupling over 30 minutes. The current in each diode reached 4.49 A during

this test. It can be seen that the temperature rose from 25 degrees up to and settled at 80

degrees during this test.

Given the positive outcome of the laboratory tests, the system was then trialled in a real-world

scenario.
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Figure 2.14: IPT receive-side thermal test

Deployment of the Wirelessly Charged Drone in a Real-case Scenario

While the developed system works as expected in the laboratory environment, the robustness

of the system still needs to be evaluated as a real application. This was also an opportunity

to test if the 6.78 MHz IPT system interferes with the operation of the drone itself when it

approaches the charging pad.

A flight-land-charge test was demonstrated in conjunction with Thales on the Halcyon–Thales’s

autonomous surface vessel. The challenges involve connecting the system to a power outlet of

the ship instead of a controlled AC source (an AC6802A AC supply by Keysight is used) and

dealing with environmental conditions, e.g. vibrations from the engine of the vessel, motion

due to waves and manoeuvring, wind, humidity, etc. IPT was performed in various scenarios

including whilst driving the vessel at a constant speed. In these tests, one could only verify

that the battery was being charged by the indicators on the drone and the controller, and an

AC power meter was used in the power supply to make sure that the input power of the system

was congruent with that measured in the laboratory.

The drone landed on the charging pad several times (2.15) and was charged successfully. There
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Figure 2.15: DJI M100 approaching the charging pad on the Thales ASV

was no sign of interference during the entire operation. The complete operation video can be

accessed at [83]

2.1.3 Summary

Overall, this work showcased the design and development of a wireless charging system for large-

size UAVs which meets the rate of charge of the corresponding plug-in chargers. The system is

based on a high frequency inductive power transfer system built with lightweight air-core coils

at both ends, a Class EF inverter at the transmit side, and a full-wave Class D rectifier at the

receive side. The developed system is capable of delivering 100W to a Matrice 100 drone by

DJI when it lands at any position and alignment on a one-metre wireless charging platform.

The system has an average mains voltage source to the drone’s battery efficiency of 70% and

enables hopping and recharging autonomous missions since it eliminates the need for human

interference for battery recharging or swapping.
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2.2 Building an IPT System for Sensor Network Re-

charging

While the previous HF-IPT system focuses on charging autonomous drones for autonomous

missions, the following application works the other way around: the drone is acting as the

charger and used to deliver power to charge other devices to be charged. This work is a

collaboration between the Electrical and Electronic Engineering and the Dyson School of Design

Engineering in Imperial College London. The author’s main contribution in this work includes

integrating the IPT transmit side into the DJI MATRICE 100 drone to act as a wireless charger.

And the design and development side of the integrated power electronics printed circuit board

that contains the battery cells, the IPT receiver side, the rectifier, and a battery management

system for battery recharging.

Figure 2.16: System Overview

The basic concept of this work is to allow the deployment of wireless sensors into environments

where human access to the sensors for recharging or battery swapping is not appropriate. The

objective is to allow unmanned aerial vehicles (UAVs) to locate deployed sensors, supply them

with power, and exchange data with them, forming a synthetic sensor network.

To charge the sensor nodes from an UAV (in this case a drone) using physical connectors or

contact-based charging would require a precise alignment technique, which is difficult or not

possible for most UAVs. Wireless charging could be an alternative solution to this. However,
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the widely used Qi-standard wireless charging technologies, although better than physical con-

nectors, still require a rather strict tolerance of misalignment for it to operate normally, as

discussed in chapter 1. From the previous chapter, it can be seen that high-frequency IPT

system, on the other hand, could achieve a significantly higher tolerance of misalignment, com-

pared to the Qi-standard charger, and therefore, is also used for this application.

2.2.1 System Overview

The system can be divided in to three parts as the following:

Lp
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C2

L2

C1−
+ Vdc

L1
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Cs

Rload

k

Figure 2.17: Class EF inverter circuit topology

Part 1: The integration of IPT transmit coil into the DJI Matrice 100 drone platform – unlike

the previous drone charging application, an IPT transmit unit is mounted to the bottom side

of the drone and powered by its battery.

Part 2: The High energy and charge rate receiver and RX side power electronics – to provide

a fixed 5 V rail to a load and allow a lithium battery to be rapidly charged. The sensor

nodes in this case will be based on state-of-the-art, lower power, higher memory, multi-radio

system-on-chip implementations.

Part 3: User Interface – A basic user interface (web app) to facilitate control of the system,

including navigation, data collection, and charging information, will be developed in support

of the overall system.
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2.2.2 The Integration of IPT Transmitter into a Drone

The wireless power transfer system in this work is used to charge the batteries of the sensor

nodes and assist the drone to locate the sensor nodes. The wireless charging system is a

HF-IPT system that uses a 13.56 MHz load-independent inverter topology designed by the

Wireless Power Lab, Imperial College London. The system consists of two major parts, the

wireless power transmitter and the receiver.

Figure 2.18: Inverter (left) and DC/DC converter (right) hardware

The wireless power transmitter unit is mounted on the centre of the drone, connecting to the

transmit coil mounted under the four “arms” of the drone, as shown in 2.19. The transmitter

unit consists of a boost DC/DC converter to step up the voltage from the drone’s battery to

power the inverter. The inverter therefore converts the DC voltage to AC current in the coil.

Each individual part of the wireless power transmitter is described as follows.
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The DC/DC Converter

A DC/DC converter was used to provide two voltage sources to the inverter. A 5 V DC voltage

to supply the gate driver and other low-power electronics. For this particular design, A 80 V

DC voltage is used as the input to the inverter.

Figure 2.19: Transmit coil attached to the drone

The DC/AC Inverter

In this work, a 13.56 MHz Class EF inverter is used. This particular design is load-independent,

low-weight, and high power (rated at 150 W), which is ideal for this application. The circuit

topology of this inverter can be found in Fig. 2.17. The actual hardware is shown in Fig. 2.18

The Transmit Coil

As shown in Fig. 2.19, a copper pipe-based coil is designed to mount on the frame of the DJI

Matrice 100 drone, which improves the robustness of the IPT system. Such a mounting method

60



could reduce the difficulty of aligning the transmit coil with the receive coil using point-to-point

localisation technique, e.g., UWB. The coil is wrapped with a heat shrink for safety purposes.

The diameter of the coil is also designed to maximise the tolerance of misalignment.

2.2.3 The IPT Receive-side Electronics and Sensor Node

Figure 2.20: receiver side power electronics

A PCB is designed to integrate all separate modules on the sensor node side. This integrated

board includes connectors for the IPT receive coil, a rectifier, a DC/DC converter, a battery

management system module, a battery holder with up to two 18650 type cells and finally an

interface to power and communicate with the sensor node. The complete PCB plus the IPT
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receive coil is shown in Fig. 2.20.

The IPT Receive Coil

The wireless power receive coil designed is a single-turn rectangular copper pipe-based coil, as

shown in Fig. 2.20. One advantage of such a coil design is the flexibility of reshaping. The size

of the coil is maximised for better tolerance of misalignment with the transmit coil. Like the

transmit coil, it is also wrapped with heat shrink for safety protection.

The Rectifier & DC/DC Converter

Both the rectifier and DC/DC converter were integrated, together with the battery manage-

ment, into the same receive side PCB. The rectifier is a common full-wave rectifier with four SiC

diodes (Wolfspeed C3D04060E, datasheet can be accessed at [84]). The bulk DC/DC converter

is designed based on Analog’s LTC3895 chip (datasheet from [82]). The converter takes the

rectified DC voltage as input (up to 140 V) and ouputs a constant 5 V to charge the 18650

battery cells with a max current of 5 A.

The Battery Management System

In addition to the rectifier and DC/DC converter, the integrated receive board also includes a

battery management system (BMS), designed based on TI’s BQ25895 chip (datasheet at [85]).

The BMS is able to charge single or multiple lithium battery cells with a maximum current

of 5 A. Another use of this BMS is to check the status of the battery cells and report to the

sensor node via an I2C communication link.

The Battery Cells

The battery cell selected for this work is the Panasonic NCR18650B 18650 lithium cell with a

capacity of 3400 mAh [86]. This cell also supports fast charging with a peak charging current
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Figure 2.21: Panasonic 18650 cell (www.nealsgadgets.com)

of 4 A, which allows it to be charged from 20% to 80% in less than 30 minutes.

The Sensor Node

Figure 2.22: the sensor node board (Tommaso Polonelli)

A sensor node board has been designed and developed in collaboration with the Dyson School of

Design Engineering, Imperial College London. The board was designed to transmit and record

data from the various sensors attached to it. The sensor node has I2C, SPI, and analogue

interfaces for different sensor connections. With an audio sensor attached, the node can be

configured to be audio-triggered wakeup for event recording, which also saves power and storage.
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The sensor node communicates with the drone via the UWB antenna, which can achieve up to

6.8 Mbps bit rate.

2.2.4 The User Interface

With both the IPT transmit and receive units designed and developed, a basic web-based user

interface (UI) has also been designed and developed for users to understand the status of the

system and access the collected data from the sensor node. This work was accomplished in

collaboration with Niall Woodward. The UI is based on a map that displays the current de-

ployment of the sensor nodes. A click on each sensor node would display the latest sensor

information collected from the drone. The sensor node also displays the battery status of the

sensor node and can be used to initial the “recharging” process when necessary. A demonstra-

tion of the UI is shown in Fig. 2.23, where four sensor nodes were deployed.

Figure 2.23: A web-based UI
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2.2.5 Summary

Overall, this work showcased the potential of HF-IPT, especially its tolerance of misalignment,

which is crucial for this application to work. The typical Qi-standard wireless charging solution

would require the transmit and receive coils to be aligned in centi-meter level to start charging.

The demonstrated IPT systems could allow sensors to be deployed to places where human or

energy access is difficult.
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Chapter 3

Analysis of Foreign/ Living Object

Detection Methods

The two IPT systems showcased in the previous chapter demonstrated the potential of HF-

IPT systems. It can be seen that a wider charging range and higher power level could enable

a significantly wider range of applications, compared to the Qi-standard solution. However,

before such technology can be implemented on everyday electronic devices or electric transport

vehicles, the safety of it must be assessed and ensured. Chapter 1 has discussed some of

the common safety concerns of IPT systems in detail. In this chapter, the primary focus is

to analyse some of the safety systems that have already been applied to the commercial IPT

system, as well as some methods proposed in recent research. A number of existing and potential

FOD/LOD solutions are benchmarked with various numbers of parameters. Depending on the

application, the most suitable FOD/LOD solutions are then explored further to evaluate their

performance. While some proposed FOD/LOD methods can be applied to both LF-IPT and

HF-IPT, some methods that work on LF-IPT may not be applicable to HF-IPT and vice versa.

The analysis in this chapter could be used as a reference for designing FOD/LOD systems for

HF-IPT systems.
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3.1 Properties Definition

Before analysing any FOD/LOD method, it would be sensible to start with the basic principles

of such a safety system. Regardless of which FOD/LOD method is used, the detection workflow

is essentially the same. At the start the wireless charging process, the FOD/LOD checks for the

safety status, and based on the result of this process, it decides whether to start the charging

or repeat the detection. A simple workflow of such a system is shown in Fig. 3.1. During

the charging process, the FOD/LOD system continues to monitor the status and pause the

charging if unsafe operation is detected.

To better evaluate different FOD/LOD implementations, it is useful to first define some relevant

properties that can be used to represent the performance of those methods. There is no rank

for the properties defined below, as their importance may vary depending on the application.

initialise

detect
foreign/live

objects

stop
charging

continue
checking

detected?

start
charging

yes

no

Figure 3.1: FOD/LOD workflow

• Accuracy

The detection accuracy describes how accurately can a FOD/LOD system detect the objects.

For FOD/LOD, a high accuracy means an unintended object has a high chance to be detected
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by the system. An accurate system should also be capable of distinguishing between the wireless

power receiver and foreign/ living objects to reduce false positive detection.

• Speed

The detection speed describes how fast the system can detect unintended objects. Depending on

different scenarios and safety requirements, the required detection speed may vary. In the case

of induction heating of foreign objects, for example, the time of detection could be relatively

long before the objects heat up to a dangerous level. This time could also vary depending on

the power level of the IPT system, the material of the objects, or the size of the objects.

Regarding the EM exposure, the ICNIRP 2010 recommended SAR level is based on an average

value over 6 minutes, which means a higher SAR is acceptable for a short period of time. In

general, a higher detection speed is always desired to minimise potential risks.

• Range

The detection range describes how far the FOD/LOD system can effectively detect the objects

without losing many of the other performance benchmarks. This property may not be essential

for low power level or short range IPT systems. However, for IPT systems that have a higher

charging power and range, e.g., an electric vehicle wireless charger, the detection method may

need a wider detection range to avoid unintended objects.

• LOD

This feature specifically describes the performance of detecting live objects, including humans

and animals. While some FOD systems can accurately detect other objects, e.g., metal, it may

fail to sense the presence of live objects. A live object detection is not needed if the IPT system

itself is intrinsically safe based on the guidance from IEEE or INCIRP or other authorities.

• Robustness
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The robustness of a FOD/LOD system describes the reliability of the system under different

circumstances. A robust FOD/LOD system should be resisted to the environment change, e.g.,

change of loading conditions, change of weather condition, temperature, humidity, sun light,

etc. A self-calibration could also increase the robustness of a FOD/LOD system.

• Sensor Integration Type

The integration method of the sensor is also important as this could affect the deployment

of a wireless charging system. An easy-to-integrate sensor could reduce the complexity of the

installation process of an IPT system. The integration of the sensor could be classified into

two categories. One type can be easily integrated inside the IPT system, the other type is an

external sensor, which means the sensor has to be mounted/installed in addition to the IPT

system and can work as a standalone system. A simple example of an external FOD/LOD

sensor is a camera.

• Cost

The cost of the FOD/LOD system should be kept as low as possible for it to be practical.

A thermal imaging device could easily detect objects that are heating up, but it could be

significantly more expensive to implement compared to other methods. In addition to the cost

of the sensor itself, the cost of implementation should also be considered. For example, a camera

sensor would also require a processor unit to perform the detection.

3.2 Analysis of Existing and Potential IPT FOD/LOD

Implementations

With those properties of interest defined, it would be useful to use them to analyse the

FOD/LOD methods that are already being used in commercial IPT products, as well as those

being proposed in research papers, or similar techniques that used in different applications. The
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Q-factor and efficiency measurement FOD/LOD methods are the ones that already are used in

the Qi-standard wireless chargers [87]. Ultrasonic and visible light based FOD/LOD methods

are also benchmarked here as they are common object detection methods and are used in a

wide range of applications. Finally, a mmWave radar-based solution was also examined as such

technology has been gaining popularity in various fields over recent years. Based on the result

of the analysis, one or more methods that show good potential will be explored in more detail.

3.2.1 Q-factor measurement method

As the most widely used wireless charging standard, it is not surprising that the Qi standard

requires a certified Qi charger to have a FOD/LOD system built-in. One of the suggested

FOD/LOD methods by Qi is the Q-factor measurement method [87, 88]. This FOD/LOD

method is primarily used to detect foreign objects before initialising the charging. The theory

behind the Q-factor measurement method is that the Q-factor of a coil changes when foreign

objects are coupled to the coil (being loaded). One way to interpret the quality factor of a res-

onant tank is how many cycles can the energy oscillate within the tank before it dissipates, the

higher the Q, the higher the number of oscillations before significant energy decay. However,

when foreign objects, especially metal objects, are coupled to the coil, it consumes the energy

as the eddy current in the foreign objects and therefore the energy within the resonant tank

decays faster and therefore the Q decreases, as shown in Fig. 3.2. By comparing the measured

Q-factor with the predetermined unloaded Q-factor, it is possible to detect the existence of

objects that could affect the Q-factor of the coil.

Accuracy- For objects that could be heated up by the IPT system, they could also change the

Q-factor of the transmit coil, therefore this method can be accurate. However, this method is

not able to detect objects that do not affect the Q-factor of the coil. In addition, since the Q-

factor is also affected by the IPT receiver, and the Q-factor is difficult to measure whilst power

is being transferred, this method could not perform accurately during power transmission [87].
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Figure 3.2: Q-factor change with foreign objects (wirelesspowerconsortium.com)

Speed- The detection speed of this method depends on the measurement method used to mea-

sure the Q-factor. One example of this method uses a microprocessor to excite the transmit

coil with a signal generator and determine the Q-factor by measuring the peak and average

voltage across different frequencies [89]. The speed of this measurement is determined by the

clock speed of the MCU, which can easily be changed. In addition, if this method is only used

before the initialisation of charging, the speed of detection could be flexible without any safety

risks.

Range- The detection range of this method is completely dependent on the foreign objects.

The size, shape, and material of foreign objects could all affect the Q-factor of the coil dif-

ferently at a given position. This flexible range makes such FOD/LOD/LOD method ideal to

prevent accidental induction heating of foreign objects. However, for objects that do not load

the Q-factor of the coil and still need to be detected, the range of detection could be too smaller.

Robustness- If only used to detect unintended objects without the receiver, this method is

considered robust since the environment change, e.g., temperature, humidity does not affect the

coil’s Q-factor significantly compared to foreign objects e.g., metal. However, with the presence

of the receiver, the Q-factor of the transmit coil could also be changed due to the IPT receiver,
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which would impact the performance of this FOD/LOD method.

LOD- Since this FOD/LOD method only detects objects that could noticeably change the

Q-factor of the coil, this usually means objects that have relatively low impedance at the op-

erating frequency of the IPT system e.g., metal objects. The impedance of human arm is

approximately 300 ohm at 100 kHz according to [90] while a a thin piece of copper only has

approximately 1.5 ohm. Therefore, this method is not suitable for detecting live objects at this

particular frequency. However, since the impedance could change with frequency, it is possible

that live objects could be picked up at a different operating frequency.

Integration type- built-in, no external installation is required for this FOD/LOD method.

Cost- An accurate measurement of Q-factor could be expensive to implement. In this sce-

nario, the precision is not the priority and therefore simpler methods could be used to measure

the Q-factor of a coil. [89] showcased a method of measuring Q-factor using a microcontroller.

Overall, this FOD/LOD method does not require any external sensor, which also saves the

implementation cost.

3.2.2 Efficiency measurement method

Another method recommended by Qi is the efficiency comparison (or loss balance) method [87].

This method is designed to work during the wireless power transmission and the idea behind

this method is rather straight forward: the IPT transmit side constantly monitors the power

sent from the transmit side and the power received from the receiver side (via a communica-

tion link), and comparing the difference to a predetermined threshold. This method assumes

foreign objects are the only cause of the efficiency loss and therefore stops charging when the

loss exceeds a predetermined threshold.
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Accuracy- If foreign objects were the only cause of the efficiency loss, this FOD/LOD method

could achieve almost 100% detection accuracy. However, as discussed in the previous chapter,

the efficiency of an IPT system depends on both the coupling factor k and the quality factor

Q (Equ. 1.5), which means the relative position of the transmit and receive coils could also

affect the efficiency of the system, especially when the Q of both coils are low. Therefore, when

the loss threshold is set too low, this FOD/LOD could be triggered by a slight displacement of

the transmit and receive unit and limiting the range of wireless charging. Fig 3.3 and Fig 3.4

both show a mobile phone placed on top of a Qi compatible charger, however only the left one

shows successful charging because it is perfectly placed on top of the charger. On the right

hand side, when the device is placed slightly (1 cm) off the centre of the charging pad, it stops

the charging process. This is an example showing how easily the efficiency difference threshold

can be reached by misalignment. One could increase the threshold to increase the tolerance of

misalignment, however, this also increases the chance of heating up foreign (especially metal)

objects to a higher temperature, as small metal objects could miss the detection and still heat

up slowly. This problem can be more severe for higher power IPT systems because even a small

change of efficiency could mean a high loss of energy. In addition, when objects do not draw

enough power from the IPT system and still need to be detected (e.g., to meet ICNIRP SAR

limit), this method may not be acceptable.

Speed- Since the detection is simply a comparison of the efficiency, the detection speed is pri-

marily dominated by the communication link between the transmit and receive side. Since the

information transmitted is extremely small (a number showing the power transmitted/received),

this transmission should be quick for any communication link.

Range- Similar to the accuracy part, the range of this FOD/LOD method would depend on

the loss threshold, when set lower, this method should be able to detect objects further. Again,

this lower threshold could affect the accuracy of detection.
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Figure 3.3: Phone Charging Figure 3.4: Phone NOT Charging

Robustness- Since this method only measures the transmitted and received power, which does

not easily affected by environmental changes, e.g., temperature, humidity, etc., this method is

relatively robust.

LOD- Since this method could only detection objects that draw power from the IPT system

and human bodies or animals do not draw power from an IPT system within the common IPT

frequency range (kHz to MHz) due to its high impedance at these frequencies [90], this method

struggles to differentiate live objects from other objects.

Integration type- Partially built-in, no external installation is required for this FOD/LOD

method. However, an external communication link between the wireless transmitter and the

receiver is needed for this detection to work.

Cost- As the detection was done by basic calculations, no expensive sensor processing unit is

required, the cost of implementation is relatively low.
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3.2.3 Ultrasonic

Figure 3.5: A ultrasonic sensor (sparkfun.com)

Ultrasonic sensors are commonly used in industry or consumer applications [91] [92]. Ultrasonic

sensors detect objects by measuring the sound wave reflected from the objects. Accurate

distance between the sensor and the object can be calculated by the time interval and the

speed of sound. While the field of view of an ultrasonic sensor is limited, multiple sensors

can be used to increase the angle of detection, a good example is the parking assist system

commonly seen on modern vehicles (Fig. 3.6). There are many advantages of an ultrasonic

sensor-based FOD/LOD system, e.g., accurate distance measurement, relatively low cost and

flexible configuration, etc. However, the disadvantages are also obvious, for example, such

a system is unable to differential different materials, and the ultrasonic wave can be easily

reflected even with a single piece of paper. In addition, the mounting of the sensor could be

another challenge for a compact IPT system to detect objects with a wide angle of view. A more

detailed analysis of this ultrasonic based foreign object detection system is presented below.

Accuracy- The ultrasonic sensor is capable of detecting anything that reflects the transmitted
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Figure 3.6: Automobile parking assist system based on ultrasonic sensors

ultrasonic wave, within a few cm accuracy [93]. This makes such FOD/LOD system capable of

detecting any unintended objects within a certain range. However, this also means that ultra-

sonic based FOD/LOD can be triggered by intended objects, e.g., the wireless power receiver

or objects that do not cause any safety hazard, e.g., a piece of paper. Overall, the ultrasonic

FOD/LOD is an accurate FOD/LOD system except it could not distinguish between foreign

objects and the wireless power receiver.

Speed- the detection time of an ultrasonic sensor depends on both the speed of sound wave

and the processing speed of the MCU. Certainly the speed of sound is significantly slower than

light, the ultrasonic based FOD/LOD is still a fast detection system.

Range- The range of typical ultrasonic sensors can easily outperform the charging range of the

IPT system itself with a range up to 10 meters [94]. However, this is the detection range when

objects are placed within the field of view of the sensor, which can be limited to only a few

degrees for some sensors, e.g., in Fig. 3.8. However, this can be addressed by either larger field

of view sensors or multi-sensor configuration (Fig. 3.7). Overall, the range of ultrasonic based

FOD/LOD can be flexible.
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Figure 3.7: Object detected on an ultrasonic-based FOD/LOD system

Robustness- because most materials could reflect sound waves. Ultrasonic sensors could make

false detection due to heavy rain or snow. The sensor itself could also fail with a coverage of

dust or snow. Therefore, the robustness score of ultrasonic FOD/LOD is low.

LOD- Similar to the robustness, both living or other foreign objects could reflect sound waves,

which means the sensor is unable to differentiate between live and foreign objects.

Integration type- For a better angle of view, an external mount would be more practical for

the ultrasonic FOD/LOD system

Cost- For a better detection range, multiple sensors may be needed, which would increase the

cost. The external installation also increases the implementation cost, hence the cost perfor-

mance is rated “medium”.
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Figure 3.8: Object not detected on an ultrasonic-based FOD/LOD system

3.2.4 Visible Light

Detecting objects using visible light, e.g., camera sensors, has been getting popular over recent

years, thanks to the advancement of machine learning technology [95–97]. In the automobile

industry, for example, cameras are used in cars to detect other vehicles, cyclists, pedestrians,

traffic lights etc [98]. Such a detection method usually requires additional hardware, e.g.,

microprocessors to perform object detection/classification algorithms.

Figure 3.9: A camera module for Raspberry Pi (raspberrypi.org)

Thanks to the rapid development of vision-based machine learning algorithms, detecting objects

78



using cameras has become easier and cheaper [99]. Fig. 3.10 shows a real-time object detector

app (iDetector) that runs on a mobile phone. The app runs on a trained model that is capable

of detecting up to 80 different object classes at 30 frames per second. With sufficient training,

such a method can be used to recognise objects that are concerned by IPT systems.

Figure 3.10: A real-time objector using YOLO (ultralytics.com)

However, the performance of such a detection method could be affected by the intensity of

visible light; its performance may reduce during low-light conditions. Similarly, camera sensors

could also be easily affected by dust/snow cover and weather conditions, e.g., rain and snow.

A more detailed analysis of such object detection methods is shown below:

Accuracy- The accuracy of an vision-based object detection system depends on many fac-

tors. The sensor itself, the lighting condition, the hardware that runs algorithm, the software,

the “training process” of the detection algorithm all plays a role to achieve a highly accurate

detection system [99]. If all done appropriately, the detection accuracy can be rather high [100].

Speed- The speed of detection also varies significantly with the complexity of the model, the

speed of the processor that runs the model. This means the speed of detection can be increased,

but with the increase of cost and possibly the size.
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Range- Depending on the camera system and the application, one could increase the detection

distance by using different type of camera lens or with extra lighting, while for IPT FOD/LOD

system a wider field of view is more useful, which could be achieved with a wide angle lens.

This makes vision-based FOD/LOD rather flexible in terms of range.

Robustness- the performance of a vision-based detection could be affected by the lighting

condition. The same detection model may perform much worse in the dark than in bright

sunlight. Extra care is needed to improve low-light detection, e.g., adding light compensation

to the system or using extra camera sensors, e.g., inferred sensor. In addition, a camera sensor

covered with dirt or snow would also not function properly. This makes vision-based FOD/LOD

a noise sensitive detection method.

LOD- Like any other object, a vision-based detection can also be ’trained’ to detect a live

object, e.g., a human being or a cat. This could easily make vision-based detector a rather a

live object detector [101].

Integration type- For a better detection range, external installation would be more practical

for a vision-based FOD/LOD method.

Cost- The cost of an overall vision-based detection system is heavily dependent on the actual

application. If the detection accuracy and speed requirement is high, it could significantly in-

crease the cost due to the better quality sensor and faster processing unit. Likewise, a low-cost

solution is also possible if lower accuracy and speed can be accepted.
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3.2.5 Radar

Recent years have seen increasing applications of radar sensors in various industries. In the

automotive industry, millimeter-wave (mmwave) radars are used as a common sensor to enable

self-driving capabilities [102]. A radar detects objects by transmitting a signal across a certain

frequency range, and by processing the signals reflected back to the sensor, the range, direction,

and even speed of the objects in the sensor’s view can be calculated [103].

Figure 3.11: A mmWave radar demo (ti.com)

The performance of a radar is determined by various factors, frequency, antenna design, etc.

Radar can be used as a method to detect foreign objects for IPT systems [104]. A mmWave

radar sensor from Texas Instruments, for example, could detect objects as small as a coin within

a few meters range [105]. Such setup could be suitable for FOD/LOD, a demo of mmWave

radar detects objects is shown in Fig. 3.11.

Accuracy- Depending on the frequency and antenna design, a radar system can provide ac-
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curate detection for various applications. Reference [105] shows a mmwave radar can detect a

coin within a few meters. However, this also means mmWave radar is sensitive to small objects

or small movement of objects. Additional data processing, e.g., object classification for the

sensor can be used to better detect objects of interest.

Speed- Similar to vision-based object detection, the detection speed of a mmWave radar sensor

is dependent on the sensor itself and the processing unit. Higher detection speed is achievable

if better hardware is used [106].

Range- The detection range of a radar system can be customised based on the applications.

There are radar systems focusing on long distance detection and there are ones for short range

but wider detection angle of view [105].

Robustness- A suitable selection of radar frequency could allow the system to see through

dust and snow. Radar systems could also function regardless the lighting conditions. This is

one of the reasons automotive industry uses mmWave radar on vehicles to detect other vehicles

ahead [107]. Therefore, a mmWave radar-based FOD/LOD is also relatively robust.

LOD- Thanks to the advancement of machine learning in recent years, there has been an in-

creasing interest in performing object classification based on mmWave radar. [101] has shown

an application of using mmWave radar to classify human objects. This makes it possible to

design a LOD system for IPT system using mmWave radar sensor.

Integration type- For better detection range, an external installation method would be prac-

tical for a radar-based FOD/LOD system.

Cost- traditional radar system requires complicated hardware setup, which also means a higher
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cost. Recent years, however, have shown the progress of integrating a complete radar system

into a single chip, which brings down the cost significantly [108]. However, the average cost of

a single-chip radar is still higher than other sensors, e.g., ultrasonic. [107].

3.2.6 Overview of FOD/LOD Implementation

A direct comparison of the FOD/LOD solutions can be seen in Tbl. 3.1. It is noticeable that

the overall performance of the Qi-standard FOD/LOD system is relatively low compared to

other solutions, however, it does have the advantage of easy integration and low cost because

it can be part of the IPT system. The low charging power (typically 5-10 W) also allows it

to have a less accurate system. For IPT systems designed for higher power and range, it is

therefore important to have a more advanced FOD/LOD system. From the table, it can be

noticed that the radar-based FOD/LOD offers an overall good performance compared to other

external FOD/LOD solutions, especially in terms of robustness. A further investigation of a

radar-based FOD/LOD system will be presented in the following chapter.

Table 3.1: FOD/LOD methods comparison

Methods Accuracy Speed Range Robustness LOD Integration Cost

Q-factor Low High Small High 7 Built-in Low

Efficiency Low High Small High 7 Partially built-in Low

Ultrasonic Medium High Medium Low 7 External Medium

Camera High High Wide Low 3 External Medium

Radar High High Wide High 3 External Medium
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Figure 3.12: TI’s Proximity Sensors (ti.com)
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Chapter 4

Impedance Reflection FOD/LOD

In the previous chapter, various FOD/LOD methods were discussed and benchmarked. The Q-

factor and efficiency measurement FOD/LOD method, although having some advantages of easy

integration and relatively low-cost, they also have some limitations, e.g., the FOD could cause

fale-positive detection and therefore restrict the IPT system’s tolerance to misalignment, and

the challenges to scale to higher power IPT systems. The other FOD/LOD methods that uses

sensors, e.g., ultrasonic radar, visible light, also showed some potential to address the limitations

of the Qi-standard FOD/LOD methods, however, require externally mounted sensors for the

best results. In this chapter, an alternative FOD/LOD method that does not require external

sensors is proposed. Such a method is designed to detect foreign objects by only reading

the voltage waveform information from the inverter on the transmit side. No communication

between the transmit and receive side is required. The author’s main contribution in this

chapter is the first (based on the author’s best knowledge and patent search) mention of using

such voltage waveform information to perform object detection on a wireless power system,

and the first to develop a FOD/LOD system that demonstrates the capability of the proposed

system. The further exploration of reflected impedance estimation using machine learning was

also the first publication [109].

The design of an IPT system that operates at MHz frequencies often relies on soft-switching

resonant converters at both ends to achieve good end-to-end efficiency. The behaviour of these

85



Lp

Zeq

ip

C3

C2

L2

C1−
+ Vdc

L1

Figure 4.1: Class EF inverter circuit topology driving an inductively coupled reflected
impedance (Zeq).

converters depends on how the two ends of the system are coupled. Often, the receiving side is

modelled with a voltage or current source representing the effect produced by the alternating

magnetic field on the receive coil; and similarly, a reflected load models the effect produced by

the receive side on the transmit side.

Employing this modelling principle, broadly described for WPT in [7], allows defining a range of

operations for both the reflected load at the transmit side and the voltage (or current) source

at the receive side. Defining this range of operation allows the system to be optimised for

variable coupling and loading conditions [80]. An example of a multi-MHz IPT system that is

optimised for variable coupling and load can be found in [78], where a drone without a battery

was wirelessly powered at a broad range of coupling and loading conditions by designing the

resonant converters at both ends of the system for those ranges. Knowledge of the reflected

impedance was key in that work to allow for spatial freedom and variable power demand

since the reflected impedance, not always purely resistive, had to be confined to the range of

tolerance of the inverter. The work presented here investigates changes in the drain-source

voltage waveforms of the inductively coupled circuits under different operating conditions, i.e.,

the wireless power receiver and foreign objects loading conditions.

4.0.1 Load-independent Class EF Inverter

The Class EF inverter, a single-switch resonant topology shown in Fig. 4.1, allows for load-

independent tuning by selecting the values of the passive components following the guidelines
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Figure 4.2: Theoretical drain-source voltage waveform under various loading conditions

formulated in [79]. The solutions that are considered load-independent, achieve zero-voltage

switching (ZVS) over the entire restive load range, and in addition, when employed on an IPT

system, the amplitude of the transmit coil current is load-independent and defined by Vdc.

The load-independent feature can be noticed in the drain voltage waveforms in Fig. 4.2. For the

cases of no-load and maximum resistive load (+5 Ω), the turn-on voltage inherently converges to

zero and therefore achieves ZVS. Reflected reactances, however, detune the inverter and affect

the load-independent operation. As can be seen in Fig. 4.2, the shape of the waveform changes

depending on the type of load coupled. Inductive, capacitive and resistive loads affect the

waveforms in different forms which are identifiable. A perfectly tuned wireless power receiver

seen on the transmit side is equivalent to a series resistive load, while a de-tuned receiver, or

other objects that are coupled to the transmit coil would reflect either capacitive or inductive

impedance back to the transmit side.

4.0.2 Reflected Impedance Estimation

The drain voltage waveforms in Fig. 4.2 suggest the possibility of estimating the reflected

impedance on an IPT transmitter that uses the load-independent Class EF inverter. The drain

voltage is the signal chosen in this study not only because of its clear load dependence, but also
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because, first, ZVS (or non-ZVS) operation can be identified; and second, the topology has a

capacitance between the drain and the source of the transistor which absorbs the capacitance

of the probe, making it relatively easy to measure without affecting the tuning of the system.

The proposed method consists of gathering the drain voltage waveform signals with different

and well-characterised loads, to then train a regression model that can recognise these loading

conditions. The performances of the model are evaluated by using untrained data. To verify

the proposed method, a circuit simulation model is built to gather the waveform data, and to

train the estimation model. The component values for the circuit simulation as well as the

actual circuit for later verification are shown in Tbl. 4.1.

Circuit Simulation

The proposed technique was first verified by simulating a load-independent Class EF inverter

operating under different loading conditions. The parameters used are described in Tbl. 4.1.

The inverter was simulated with a reflected resistance ranging from 0 to 10 Ω, and a reflected

reactance from −5 to 5 Ω, both with steps of 100 mΩ. The drain-voltage waveforms were

recorded when the system reached a steady state for each reflected load and then labelled

accordingly. These data were then used to train and verify the model.

Table 4.1: Simulation and Experimental Component Values

Parameter Value (simulation) Value (experiments)

Vdc 100 V 100 V

C1 279 pF 156 pF + COSS

C2 214 pF 176 pF

C3 143 pF 130 pF

L1 80 µH 80 µH

L2 231 nH 267 nH

Lp 1130 nH 1118 nH
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Figure 4.3: Class EF circuit simulation on Matlab Simulink

Data Acquisition and Augmentation

Before the training process, data were required to be prepared and configured. A MATLAB

simulink circuit is used to collect the drain-source voltage waveform data, as shown in Fig. 4.3.

The result output setting was used to select the sampling rate and data resolution. To compare

the simulation and the experimental results, the sampling rate and resolution of the simulations

were configured to be the same as the Teledyne LeCroy HDO4034 oscilloscope, which is 2.5

GSPS, and 12 bit respectively. A full cycle of the drain voltage waveform was captured one

hundred times for each value of equivalent reflected impedance. Additionally, random phase

shifts (0 - 2π) and noise sources (±1%, as observed from the oscilloscope) were added to the

simulated waveform signals. The reason for applying random phase shift to the signals is to

simplify the data capturing process for future implemention, especially with low-cost hardware.

The extra noise added was to improve the robustness of the trained model.
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Model Training and Evaluation

For simple estimation problems with a small number of independent variables, one can use

linear or other regression methods to build a statstic model, and to infer the results for future

data. However, for this particular problem, since the number of variables is realatively large (a

full cycle of the waveform has approx. 185 data points) and some of them can be dependent

to each other, a statistical regression method can be difficult to implement and may not be

the most suitable approach to the problem. Thanks to the ever-growing computing power of

the silicon chips, the long proposed but not widely implemented “machine learning” techniques

have been resurfaced over the recent years [110] [111]. Unlike typical statiscal methods that

focues heavily on the logical relationship between the input data and the inference results,

machine learning techniques utilise the data and computing power to “train” a model with

an ultimate goal of achieving highest accuracy. Though such techniques has only been widely

used in recent years, it has gained its credibility of solving many real-world problems that are

regarded as “impossible”. For example, it is argubaly easy (with enough data and computing

power) to train a machine learning model to recognise an object or human face. However,

such problem would be extremely complicated or even impossible to use traditional statistic

models, given that the number of variables in a simple 1920*1080 pixel RBG image can easily

exceed 6 millions. Even if one has managed to build statistic model to recognise an object

from an image, it may not be able to recoginse again if the images is somehow distorted

(e.g. croped/rotated/translated etc.). Similarly, for this problem, since ideally the waveform

should be obtained with low-cost hardware that could not ensure the sampled waveform is

always triggered at the exact same time, and typical regression models would have weights

assigned specifically to each data points of the waveform, which makes traditional statistic

models difficult to perform prediction without any post-processing of the sampled data. Even

some machine learning techniques (e.g. SVM) are not able to handle waveform data with

random phase shifts. It is, however, possible to approach this problem from the frequency

domain, which is then possible to use typical statistical methods to make a prediction model

based on the harmonic components of the signal. Such an approach has also been researched

by members of the Wireless Power Lab in Imperial College London [112]. This thesis mainly
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focues on the time-domain analysis of the problem, and therefore machine learning techniques

are used instead.

Over the recent years, one of the machine learning tools - neural network, especially deep neural

network - haven shown its capability of recognising patterns of images or other forms of data,

regardless of the pattern’s position, scale, rotation or other forms of data distortion [113] [114].

One classic and popular example of this is the hand written digit recognition based on the

Modified National Institute of Standards and Technology (MNIST) database [115, 116]. With

numerous methods in [115], the Convolutional Neural Network (CNN) showed the highest

accuracy of recognising those hand-written digits. And because of this, CNN is chosen as

the candidate to esimate the reflected impedance. Based on examples in [115], a customised

regression CNN model was designed, as shown in Tbl. 4.2. The number of layers and their

configurations were tuned manually to achieve a higher estimation accuracy, with numerous

train-and-test cycles.

Table 4.2: Network Layers
Layer No. Layer Name Details

1 Image Input 15x15x1 images with ‘zerocenter’
2 Convolution 9 6x6 convolutions with stride ones and padding ones
3 Batch Normalisation Batch normalisation
4 ReLU ReLU
5 Max Pooling 2x2 max pooling with stride ones and padding zeros
6 Convolution 9 3x3 convolutions with stride ones and padding ones
7 Batch Normalisation Batch normalisation
8 ReLU ReLU
9 Max Pooling 2x2 max pooling with stride ones and padding zeros
10 Convolution 12 3x3 convolutions with stride ones and padding twos
11 Batch Normalisation Batch normalisation
12 ReLU ReLU
13 Convolution 12 3x3 convolutions with stride ones and padding twos
14 Batch Normalisation Batch normalisation
15 ReLU ReLU
16 Convolution 9 3x3 convolutions with stride ones and padding ones
17 Batch Normalisation Batch normalisation
18 ReLU ReLU
19 Max Pooling 2x2 max pooling with stride ones and padding zeros
20 Fully Connected 1 fully connected layer
21 Regression Output mean-squared-error

Based this CNN model, the training dataset were reshaped into 15*15 matrix paddled with
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zeros. The dataset were also divided into three subsets: 85 % of the training data were used to

train the CNN model, 10 % as the validation data set during the training process, and the last

5 % as the final test to evaluate the performance of the trained model.

Figure 4.4: CNN estimation model training process

The training configuration and training process are shown in Fig. 4.4. The trained model

reported a root-mean-square error of 0.18428 based on the validation dataset. By implementing

this model, the estimation results of the test dataset and the actual results can be seen in

Fig. 4.6. The estimation accuracy (coefficient of determination) is 0.9942 for the real part

of the impedance, and is 0.9905 for the imaginary part, which indicates that such impedance

estimation method purely based on the switching device’s voltage waveform is possible. Though

with such high accuracy, there are still many improvements can be made to increase it’s accuracy

and to reduce the complexity of the model. Since the main focues of here is to prove the

suggested estimation method, and the performance of the trained model is satisfying for its

purpose, let’s continue to test it with a real-world IPT system.
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Figure 4.5: Photograph of the experimental setup.

4.0.3 Experimental Verification

Having gained the confidence from the simulated circuit that with machine learning techniques

it is possible to estimate the reflected impedance solely based on the drain-source voltage

waveform, it would be instresting to see how this model performs with a real-world IPT system.

To do this, a similar approach was done on a real IPT setup capable of powering a load of up

to 150 W at 13.56 MHz. A photograph of the experimental setup can be seen in Fig. 4.5 and

the design values of the inverter implemented can be found in Tbl. 4.1. The coils and the

inductively coupled load that used to train the model are described in [117].

The reflected load on the transmit side was altered by changing the coupling and the receive

side capacitance that resonates with the coil. As can be seen in Fig. 4.5, this systems allows for

a precise separation and alignment, which was characterised in [117]. Data were obtained for

coil separations of 12-20 cm with steps of 1 cm, and the tuning of the receive side was changed

as done in [117]. Four loads which reflect a negative reactance and three which reflect a positive

reactance were used at the coil separations mentioned. The reflected reactance allowed by this

setup was rougly from −2 to 2 Ω, and the reflected resistance from 0 to 8 Ω.
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Figure 4.6: Impedance estimation model results from a simulated and an experimental envi-
ronment.

The load estimation results are shown in Fig. 4.6. The estimation accuracy (coefficient of

determination) is 0.9899 for the real part of the impedance, and is 0.9743 for the imaginary

part.
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4.1 Impedance Reflection FOD/LOD

With this reflected impedance estimation tool, it is then possible to perform object detection

based on the reflected impedance, completely on the transmit side of an IPT system. As

discussed in chapter 1, a perfectly tuned wireless power receiver with pure resistive load would

only reflect the real impedance or resistance on the transmitter side. Foreign/ living objects

are not turned to the operation frequency of the IPT system, therefore, are more likely to

refect reactance back to the transmit side. By using the reflected impedance estimator, this

reflected reactance value can be easily determined and compared with a predefined threshold

to detect foreign/living objects. Tbl. 4.3 shows the estimated impedance of some common

objects including the IPT receiver placed 5 cm away from the transmit coil. When there’s

nothing placed on the coil, both reflected resistance and reactance stays around zero, while a

tuned receiver with an AC load only reflected resistence back to the transmit side, which is

as expected. The slight increase in reactance (from 0.05 Ω to 0.09 Ω) could be caused by the

imperfect tuning of the IPT receiver, or due to the error of the estimation model. The other

foreign objects, in general, reflected more reactance than resistance, since they are not ”tuned”

to the operating frequency of the IPT system. Depends on the dimension and the meterial

of the objects, some objects would behave more inductively while others are more capacitive,

as shown in the table. Metal objects tend to reflect negative reactance when coupled to the

IPT system, and the larger the objects, the higher the reflected value, which is as expected.

The minimum reflected resistance of the metal objects also agrees with the observation that

common metal objects do not heat up when placed on a high-frequency IPT system, as discussed

in Chapter 1. The most interesting object tested was the compact disc, since it actually heats

up on a high-frequency IPT system. From Tbl. 4.3 it can be seen that a CD would reflect both

resistacne and reactance, which explains the observation. Overall, from the test objects, it is

possible to set a threshold of the absolute value of the reactance to distinguish between an IPT

receiver and other objects. And the value of this threshold can vary to change the sensitivity

of detection for different applications.

It would be interesting to see how such an FOD method compares to the other FOD/LOD
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Table 4.3: Estimated Impedance of FO and IPT Receiver (5 cm to the coil)

Coupled objects Estimated Resistence Estimated Reactance

No load 0.02 Ω 0.05 Ω

IPT receiver (AC load) 5.20 Ω 0.09 Ω

Copper sheet (5*5*0.01 cm) 0.10 Ω -0.81 Ω

Key 0.05 Ω -0.24 Ω

50p coin 0.04 Ω -0.19 Ω

Compact disc 0.45 Ω 0.34 Ω

methods discussed in the previous chapter. Tbl. 4.4 shows how this FOD/LOD method is

positioned in the same chart as the one in chapter 3. Comparing with the FOD methods

implemented in the Qi-standard, the proposed method performs better or the same in every

metric except cost. This is because such a method relies on a high-speed oscilloscope and

a computer that runs MATLAB to perform object detection. The next section, therefore,

discusses approaches to replace such a setup with lower-cost hardware.

Table 4.4: FOD/LOD methods comparison

FOD/LOD Accuracy Speed Range Robustness LOD Integration Cost

Q-factor Low High Small High 7 Built-in Low

Efficiency Low High Small High 7 Partially built-in Low

ultrasonic Medium High Medium Low 7 External Medium

Camera High High Wide Low 3 External Medium

Radar High High Wide High 3 External Medium

Proposed High High Medium High 7 Built-in High

4.2 Implementation on Low-cost Hardware

While the proposed reflected impedance FOD technique has shown some promise in terms of

detection accuracy, the hardware used in the test were based on expensive oscilloscope and a

desktop computer, which is not practical to be used in real-world applications. Therefore, the

work reported in this section proposes some techniques to reduce the implementation cost of

the FOD method introduced above. The implementation cost can be divided into two parts:
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Figure 4.7: Altera EP4CE10 EVM Figure 4.8: AD9226 ADC Module

the data aquisation part; and the data processing part. An approach to reduce the cost for

each part is discussed as following.

4.2.1 Sub-sampling

The data capturing process for the previous FOD experiments were implemented with a 2.5

GS/S oscilloscope. A higher sampling rate generally increases the quality of data, but it also

increases the cost and implementation complexity of the hardware. A slower sampling rate

could be used to reduce the cost of the ADC. However, lowering the sampling rate means fewer

data points collected per cycle of the waveform, which would cause the prediction accuracy to

decrease further. One solution is to implement a “sub-sampling” technique, that is, to sample

a signal at a frequency that is less than the Nyquist rate [118]. Since the signal of interest has

a fixed frequency, it is possible to sample the signal at a frequency that is close but not equal

to the signal frequency, and by selecting the frequency carefully, it is possible to combine the

sampled data points to reconstruct the original signal shape. By implementing this technique,

a lower-cost ADC could be used while still obtaining a reasonable number of data points to

reconstruct the drain-source voltage waveform. To verify this idea, an experiment is showcased

in the following section.
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Experiment Setup

For demonstration purposes, the selected hardware for this experiment is chosen to be simple

to implement and could be further developed to be integrated into the IPT system. The

data processing unit chosen for this experiment is an Altera Cyclone IV EP4CE10 FPGA

development module, as shown in Fig. 4.7. The reason for using FPGA instead of MCU is

only to simply the development process as it is easier to configure different clocks for various

ADC interfaces. The debugging tool also offers a simple way to visualise the sampled data from

the ADC, as will be presented in the result section. The ADC module (Fig. 4.8) is based on

AD9226 chip from Analog Devices [119]. The ADC has a maximum sampling rate of 65 MSPS

at 12 bit. Note that in this experiment, the sampling frequency is changed to a lower value to

verify the sub-sampling idea. The input voltage range for the ADC module is between -5 V to

+5 V.

The experiment setup is shown in Fig. 4.9. The ADC module is connected to the FPGA

development board. A Tektronics signal generator is used to generate the desired frequency for

testing. The ADC and the signal generator are connected via a SMA to BNC cable. Quartus

II V13 software is running on a desktop computer to communicate with the FPGA device via

an USB interface. a 12 V power cable is used to power the FPGA development board.

Two types of signals are generated from the clock generator for testing: a 6.67 MHz sine wave

signal with 9 V amplitude, 0 V offset (Fig. 4.10), and a 6.67 MHz square wave with 9 V

amplitude, 0 V offset (Fig. 4.11). The input range of the ADC module is between -5 V and

+5 V so the signals are within the operation range of the ADC module. The ADC sampling

rate is configured on the FPGA at 6.78 MHz. The signals captured are showing in Fig. 4.12

and Fig. 4.13 respectively.

Results and Next Steps

The result of the ADC captured data is displayed using the Signal Tap II Logic Analyser, which

is part of the Quartus II V13 software package. Fig. 4.12 shows the captured waveform from
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Figure 4.9: Sub-sampling Test Setup

the Signal Tap II Logic Analyser, it can be seen that although the sampling frequency is almost

the same as the signal’s fundamental frequency, the original shape of the waveform can still be

reconstructed. Fig. 4.13 shows the captured square wave using the same technique. Although

with some distortion, the original information of the square wave is mostly restored.

In summary, the purpose of this work is simply to suggest a possible approach to reduce the

hardware requirement for the FOD/LOD method based on the drain-source waveform informa-

tion of the inverter. By implementing the sub-sampling technique, the sampling hardware cost

can be reduced significantly than high-speed instrumentation methods. However, to eventually

implement such a method would require the actual HF-IPT system and an additional circuit de-

sign (e.g., a compensation network) to scale down the drain-source voltage signal before feeding

directly into the ADC. Additional filters may also be used to reduce noise and interference.

With the limited resources due to COVID-19 interruption, this experiment could only be done

without accessing to the IPT system, which leaves the remaining part of this work for future
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Figure 4.10: Sine wave Figure 4.11: square wave

Figure 4.12: Sub-sampled Sine waveform

research.

4.2.2 Real-time Task on General Purpose Operating System

The sub-sampling technique discussed in the previous section has shown some potential in re-

ducing the cost of the hardware implementation of the impedance reflection FOD/LOD method.

This section suggests an approach to further reduce the hardware cost by eliminating the ded-

icated real-time MCU needed to capture and process the drain-source voltage waveforms.

In the previous section, the ADC was connected to a FPGA, which is a real-time processing

device to process the data with an accurate timing, as the sub-sampling technique would require

a precise timing to accurately reconstruct the original waveform. Such a dedicated real-time

device could add additional cost and complexity to implement such a FOD method. Depending
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Figure 4.13: Sub-sampled Square waveform

Figure 4.14: The ADC board for Raspberry Pi Zero

on the application, the IPT system may already have an onboard processing device for tasks,

e.g., charging control, WiFi connectivity, over-the-air updates, file system, etc. Such tasks

could be done with a general purpose computing device, as it offers the flexibility of integrating

various features on the fly. The disadvantage of a general purpose computer, however, is the

difficulty to achieve real-time tasks. A general purpose computer (GPC) executes tasks based

on priority, therefore, each task can be interrupted by other tasks with the same or higher

priorities. This section explores the idea of achieving partially “real-time” tasks on a general

purpose computer [120].

To demonstrate this, a Raspberry Pi zero is used as the “general purpose” computer, mainly

due to its low cost and easy-to-develop software that based on Unix. The goal here is to achieve

a high-speed sampling without any interruption for a short period of time. Since the Raspberry
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Pi Zero board does not have an ADC, an external ADC module was designed to perform the

sampling. The ADC chip selected is the ADC12010 from Texas Instruments, the data sheet

can be accessed from [121]. The separate ADC module is shown in Fig. 4.14. The module was

also designed to have the same dimensions as the Raspberry Pi Zero itself for easy integration.

The signal to be captured is transmitted to the ADC module via a SMA cable, this makes it

easier to test with a signal generator during development.

With the hardware setup ready, the rest of the development was completely on the Raspberry Pi.

To avoid permission issues in Linux, all processes described below were coded as a Linux kernel

module. Before heading straight to disable all interrupts of the Raspberry Pi and perform

the sampling, some preparation work is needed to ensure the “real-time” operation. Like

most modern computers, the Raspberry Pi also has automatic throttling to reduce energy

consumption and therefore avoid overheating of the device itself [122]. This throttling process

would adjust the CPU clock frequency based on the CPU usage and temperature of the device.

If the frequency change occurs during the sampling process, it could cause wrong data to be

captured. It is therefore, necessary to configure a constant CPU clock during the capture

process.

With the CPU clock configured, the next step is to disable all interrupts, including system

interrupts, e.g., I/O, file system, network tasks, etc.. This step can be done by executing the

following code.

local_irq_disable()

local_fiq_disable()

To start sampling, a sampling clock is needed for the ADC. This step is done by using the

phase-lock loop module of the Raspberry Pi. This can be done with the following code.

//Set a clock signal on Pin 4

struct bcm2835_peripheral *p=&myclock;

p->addr=(uint32_t *)ioremap(CLOCK_BASE, 41*4);
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INP_GPIO(4);

SET_GPIO_ALT(4,0);

int speed_id = 6; //1 for 19Mhz or 6 for 500 MHz

*(myclock.addr+28)=0x5A000000 | speed_id; //clock off

//Wait untill clock is no longer busy (BUSY flag)

while (*(myclock.addr+28) & GZ_CLK_BUSY) {};

//Set divider //divide by 50

*(myclock.addr+29)= 0x5A000000 | (0x32 << 12) | 0;

*(myclock.addr+28)=0x5A000010 | speed_id;//Turn clock on

More details regarding the ADC module and the triggering of the sampling process are well

documented in [120]. With the sampled data captured, gnuplot, a Python data plotting tool,

is used to display the data on a Raspberry Pi. Fig. 4.15 shows an example of a 50.01 MHz

sine wave captured by a Raspberry Pi using a 10 MHz ADC. It can be seen that the original

waveform shape is well reserved on this plot.

Overall, this work is merely to demonstrate another potential technique to reduce the implemen-

tation cost of the FOD/LOD method introduced in this chapter. Similar to the sub-sampling

technique, the final integration of this work into the IPT system was not completed due to the

lack of lab access.
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Figure 4.15: Sub-sampling a 50.01 MHz Signal with a 10 MHz ADC
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Chapter 5

mmWave Radar-based FOD/LOD

System

Although the reflected impedance-based object detection technique introduced above outper-

forms some of the methods used by Qi-standard in terms of accuracy, range, etc., it is still

not a perfect system as it is not able to detect live objects. For some high-power IPT appli-

cations, LOD may be required to ensure the EM exposure does not exceed the safety limits.

Optical-based detection systems, as discussed in chapter 3, could be used to recognise humans

or other live objects. However, it also suffers from poor robustness as the sensor could easily

fail due to dust/snow cover. In this chapter, a mmWave radar-based FOD/LOD technique is

introduced as an alternative solution to fill the gap. Thanks to its particular frequency range

(GHz), the mmWave radar sensor is able to see through various types of materials (e.g., plastic,

dry wall, etc.) and still sensitive enough to detect thin and small objects e.g., a piece of pa-

per [103]. Moreover, with a multi-Tx and Rx design, a mmWave radar sensor could also detect

the angle of the object, and even to perform object classification [123, 124]. In this chapter, a

mmWave radar-based FOD/LOD system is designed and developed. The author’s contribution

in this chapter includes a foreign/ live object recognition method by using the state-of-the-art

mmWave radar sensor. To the author’s best knowledge, such application was the first men-

tioned FOD method for HF-IPT systems. With sufficient data and appropriate training, the
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proposed method is able to recognise six different charging scenarios with an accuracy up to

96%

5.1 Sensor Selection

To design a mmWave radar-based FOD/LOD system, a suitable radar sensor is needed. In the

automobile industry, long range mmWave radar is commonly used to measure the distance of

vehicles in front and provide collision warnings [102]. However, for wireless charging applica-

tions, the mmWave radar does not need to detect objects over a hundred meters away. Instead,

the field of view, size and cost are more important. Based on various mmWave radar sensors

available, the TI IWR6843AOP is selected as this module has a wide field of view angle of

130 degrees, and its integrated antenna-on-package design could also help reduce the cost of

the final application [125]. The evaluation module (Fig. 5.1) of this mmWave radar is used to

simplify the development process [126].

Figure 5.1: IWR6843AOP Evaluation Module (ti.com)

5.2 General Object Detection

Before developing the FOD/LOD system for the IPT system, it is necessary to evaluate the basic

object detection of the mmWave radar sensor. TI’s mmWave radar sensor typically requires a
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configuration before running, the configuration tells the sensor what kind of information needs

to be obtained and how fast does it need to output the information etc [127]. An example of this

configuration in TI’s mmWave demo visualiser is shown in Fig. 5.2. This configuration requests

various types of information from the sensor including: scatter plot, range azimuth heat map,

range profile, etc. This information was obtained at 5 frames per second. The frame rate is

limited by the bandwidth of the serial interface between the sensor and the host computer,

higher frame rate is possible by using a faster interface or if less information is requested from

the sensor.

Figure 5.2: mmWave configuration (dev.ti.com)

With the configuration information sent, the sensor then returns the detection results in various

formats. The most straightforward result is the 3D scatter point plot, which is the detected
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Figure 5.3: 3D Scatter Plot Figure 5.4: Range Profile Plot

points with 3D coordinates, as shown in Fig. 5.3. Another useful information that can be

obtained from the sensor is the range profile (Fig. 5.4), which shows the radar reflection strength

against distance. The mmWave radar could also capture the motion of objects in the detection

range, as shown in Fig. 5.5. Moreover, with some data processing, a heat map could also

be generated to indicate the reflection strength at different distances and angles, as shown in

Fig. 5.6.

While all information obtained from the mmWave radar can be used to detect foreign objects,

some are more sensitive to static objects while others may be more sensitive to motion. The

most suitable method would depend on the actual application. In this chapter, a real-world

IPT application is used as the test setup for the FOD/LOD system to be designed.

5.3 System Overview

In this chapter, an 110W e-scooter wireless charging system developed by the team from the

Wireless Power Lab, Imperial College London is used as the target application for the mmWave

FOD/LOD system. More details of this IPT system can be accessed in [128]. The setup of

this e-scooter IPT system is shown in Fig. 5.8. This system is capable of delivering 110W
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Figure 5.5: Range Doppler Plot Figure 5.6: Azimuth-Range Heatmap Plot

power to charge the e-scooter with a tolerance to misalignment of 20 cm. With these technical

specifications determined, the safety requirements of such a setup could then be measured or

simulated based on the IEEE or ICNIRP safety guidelines, as discussed in chapter 1. As such

safety requirements could vary based on different standards or guidelines, the detection range

of the safety system designed should be easy to configure.

The overall system design of the mmWave-radar based FOD/LOD system together with the IPT

system is shown in Fig. 5.7. It can be seen that the mmWave radar-based FOD/LOD system

is an external system to the IPT system and can operate and to be developed independently.

5.4 FOD/LOD by Zone Occupancy

Based on the e-scooter IPT application, one approach to perform live/foreign object detection

is to mount the mmWave radar sensor to the docking frame on the side of the e-scooters,

where the sensor faces the e-scooters to detect live/foreign objects. Since both scooters and

other objects can be detected by the mmWave radar sensor, some postprocessing is needed to

distinguish them. The 3D scatter plot result provides the location information of the detected

objects, one could define a zone of interest using 3D coordinates to exclude the scooter while
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Figure 5.7: System Overview

still be able to detect objects within the zone of interest.

Figure 5.8: E-scooter IPT setup (Christopher Kwan)

To indicate the detection results, a Raspberry Pi 4 is used to process the detection results from

the mmWave radar sensor, a LED light is used when objects are detected within the zone of

interest. Fig. 5.9 shows when nothing is detected, with a green LED light as the indicator.

Fig. 5.10 shows that the sensor is seeing a person approaching to the detection zone with a blue

LED light. Fig. 5.11 and Fig. 5.12 both detected the person in range, even when the person is
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Figure 5.9: Nothing Figure 5.10: A person approaching

Figure 5.11: A person in detection range Figure 5.12: A person squatting down

squatting down (Photo taken by Alexander Aujla-Jones). A test video can be viewed at [129],

credit to Alexander Aujla-Jones.

This FOD/LOD method by zone occupancy shows a simple but fast FOD/LOD implementation

using a mmWave radar sensor. However, this FOD/LOD method does have some disadvantages,

e.g., it is unable to distinguish between intended objects (e-scooters) and unintended objects.

This method could also be triggered by unharmful foreign objects, e.g., a piece of paper. The

following section will discuss a more sophisticated detection method based on the mmWave

radar sensor.

5.5 Object classification

The FOD/LOD by occupancy method is a rather basic FOD/LOD method and it might not be

sufficient for many IPT applications. This section explores a more advanced detection method

by implementing object classification based on mmWave radar sensors. By classifying different

objects, the system could better instruct the IPT system to turn off and turn on the wireless
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charging. Performing object classification based on mmWave radar sensors is not originated

from this work, there have been various publications of implementing for applications, e.g.,

self-driving vehicles [123] [130]. However, to the author’s best knowledge, at the time of writing

this thesis, there had been no publication of implementing mmWave radar classification for

wireless charging applications . In addition, with the price of single chip radar being more and

more friendly [125], such sensor is becoming more practical for lower cost applications.

To simplify the development, only one e-scooter IPT system is used, and the sensor is mounted

closer to the scooter to better see if there is anything between the Tx and Rx coils, as shown

in Fig. 5.13.

5.5.1 Data Capture and Preprocessing

One of the most important things for a good classification is good-quality data [95]. As for the

mmWave sensor, the most information rich data that can be readily obtained is the heatmap

plot, as discussed in the previous section. The Azimuth-Range heatmap plot contains the

reflection strength at different distances and angles. The experiment below shows how the

heatmap information reflects the real-world objects within its detection range. Fig. 5.13 shows

how an e-scooter looks like in a heatmap generated by the mmWave sensor and Fig. 5.14 shows

the same plot with a tea can instead. It can be seen that the two objects have shown some

noticeable differences in the heatmap plot, which means it could be distinguished with an

appropriate classification algorithm.

To better evaluate the possibility of object classification based on mmWave radar heatmap

data, six different category heatmap data were recorded:

• Background

• Scooter Only

• Human only

• Human lying down
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Figure 5.13: mmWave heatmap plot with an e-scooter

• Human Standing next to& Scooter

• Human lying next to Scooter

The heatmap data were captured with some deliberately noise (some random movements of the

scooter and human) to avoid overfitting and therefore increase the robustness of the trained

model.

To simplify the training process and the trained model, the heatmap data were converted to

8-bit grey-scale PNG image format. Since the reflection strength of the original heatmap plot

has a much wider dynamic range, the data were compressed to fit the 8-bit image format,

which means a reduced resolution from the original data format. This leaves some room for

future improvement by using a higher bit-rate format. In addition, since the detection zone of

interest is limited for the target application, the heatmap plots were cropped to a smaller range

of approximately 2 by 2 meters, which significantly reduces the training complexity of using

the full resolution heatmap data. The final data that would be used for the classifier training

are 1500 63-by-63 1D grey-scale PNG images that were labelled with six different categories

accordingly. One example process of capturing and preprocessing the “human only” category
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Figure 5.14: mmWave heatmap plot with a tea can

data is shown in Fig. 5.15. The same process is repeated for the other four categories.

5.5.2 Neural Network Configuration and Classifier Training

With the training data gathered, the next step is to configure an appropriate machine learning

algorithm to train a classifier. Since the heatmap plot is essentially an image, this makes

the problem now an image classification problem. There has been an increasing amount of

research in this field in recent years, with the most commonly used neural network being the

convolutional neural network (CNN) for image recognition [111].

For the initial proof-of-concept, implementing the existing CNN layer configuration would be

sufficient. The network configuration (Tbl. 5.1) used in this chapter was fine-tuned based on

a classic handwriting digit recognition from MATLAB [131]. Depending on the hardware used
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Figure 5.15: mmWave heatmap data processing

to perform the classification, the network layer can be reconfigured to lower the hardware

requirement or to increase the classification accuracy.

Table 5.1: Network Layers
Layer No. Layer Name Details

1 Image Input 63x63x1 images with ’zerocenter’
2 Convolution 20 5x5 convolutions with stride [1 1] and padding
3 ReLU ReLU
4 Max Pooling 2x2 max pooling with stride [2 2] and padding
5 Fully Connected 6 fully connected layer
6 Softmax softmax
7 Classification Output crossentropyex

With the data labeled and the network layer configured, the training process is done automat-

ically by using MATLAB’s “trainnetwork” function from Deep Learnning Toolbox. For testing

purposes, 5% of the data was not used for training and will be used to evaluate the perfor-

mance of the trained classification model. The remaining dataset was divided into a 2:8 ratio

for cross-validation. With such a relatively small dateset and a simple network layer structure,

the training process finished rather rapidly by 3 minutes on a 6-core CPU. The cross-validation

accuracy is approximately 96%, as shown in Fig. 5.16.
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Figure 5.16: CNN training process

5.6 Performance Evaluation

The cross-validation accuracy is calculated based on the 20% training data used during the

training process, therefore is not the most reliable measure of the actual performance of the

model. Typically, a small set of data is reserved and not used for training, but is used to

finally test the performance of the trained model. By using this set of data, the classification

result is calculated as shown in Fig. 5.17. The average classification accuracy of all classes is

approximately 96%. A video demonstration of this can be seen in [132].

5.7 Implementation on Low-cost Hardware

To implement this mmWave radar-based live/foreign object detection method into real-world

applications, a low-cost hardware should be used instead of a full-size computer. The hardware

should also have sufficient computing power to perform neural network classification. One

of the most popular low-cost computer hardware is the Raspberry Pi. In this section, the

MATLAB trained classification is converted into an universal format (ONNX) so that it can
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Figure 5.17: Result confusion matrix

be implemented on other platforms, e.g., Raspberry Pi 4.

A Python script is used to communicate with the mmWave radar sensor to gather the heatmap

data via a serial interface [133]. By implementing TensorFlow Lite plus ONNX extension, it is

then possible to perform the same classification on a Raspberry Pi 4. The setup of the mmWave

sensor is the same as before. The only difference is that instead of connecting the sensor to a

computer, it is now connected to a Raspberry Pi via a USB cable. The initial result has shown

similar performance to when run on a computer, which is as expected. The detection speed,

however, has shown a significant drop from approximately 10 frames per second when running

on a laptop to about 3 frames per second on the Raspberry Pi. Some screen shots of the testing

results are showing in Fig. 5.22 and Fig. 5.23.

With the mmWave classification method being implemented on Raspberry Pi, it would be

interesting to compare this FOD/LOD method compared to the ones discussed in the previous
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Figure 5.18: Background Only Figure 5.19: Scooter Only

Figure 5.20: Human Only Figure 5.21: Human Lying Down

Figure 5.22: Human Only Figure 5.23: Scooter Only
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chapters. As shown in Tbl. 5.2, The mmWave-based FOD/LOD method achieves the highest

score except the cost section. This is primarily due to the cost of the mmWave radar sensor.

Overall, the mmWave radar FOD/LOD could be suitable for applications that are less sensitive

to cost, e.g., EV or e-bike wireless charger.

Table 5.2: FOD/LOD methods comparison

FOD/LOD Accuracy Speed Range Robustness LOD Integration Cost

Q-factor Low High Small High 7 Built-in Low

Efficiency Low High Small High 7 Partially built-in Low

ultrasonic Medium High Medium Low 7 External Medium

Camera High High Wide Low 3 External Medium

Radar High High Wide High 3 External Medium

D-S voltage High High Medium High 7 Built-in High

mmWave High High High High 3 External Medium

5.8 Recommendations

This chapter has demonstrated the capabilities of the mmWave radar-based FOD/LOD systems,

especially the ability for such a technique to perform object classification, which is essential to

LOD. The proposed technique, however, does have its limitations, e.g., having to be externally

mounted for the best results. While some FOD/LOD shown in Tbl. 5.2 could be built into an

IPT system, they could not detect live objects. Although it seems like there is no FOD/LOD

method that could perfectly detect both foreign and live objects while can be easy-to-integrate

and low-cost, the actual applications may not need such a ”perfect” detection technique. The

6.78 MHz mobile phone charger in [66], for example, does not exceed even the most stringent

basic restrictions (both internal E-field and SAR), would not require a LOD system. Instead,

other low-cost FOD methods could be used instead. For other applications where the safety

requirement is more strict, one or more of the FOD/LOD methods in Tbl. 5.2 could be combined

to achieve the best detection results.
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Chapter 6

An IPT-based Localisation Technique

The previous chapters focused on safety systems that detect unintended or live objects around

the IPT system. While this is important for most consumer-facing IPT applications, it may not

be needed for applications that are under well-controlled environments, e.g., industrial wireless

charging applications. Instead, an autonomous system that guides the to-be-charged devices

to the IPT transmitter could be used as the safety system. With such a localisation system,

human’s involvement in the charging process can be eliminated.

In this chapter, an IPT-based localisation technique is introduced. The development of such

a technique is based on the drone-related IPT applications discussed in chapter 2. The DJI

Matrice 100 drone and the sensor node in chapter 2 is used as the development setup. This

work was done in collaboration with the Dyson School of Design Engineering, and the Wireless

Power Lab of Imperial College London. The author’s contribution is primarily the IPT-related

design and development, this work is also published in [134]. The complete localisation process

of the drone to locate the target sensor node consists of three stages. The first stage uses

GPS to guide the drone to the approximate location, then starts the second stage localisation

that uses UWB ranging to further approach the target. Finally, when the IPT receive unit

starts capturing the induced voltage, the last stage of localisation based on the induced voltage

initiates to guide the drone to land on top of the sensor node.
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Figure 6.1: UWB hardware Figure 6.2: flight control hardware

6.0.1 Automated Flight Control

Before developing the localisation system, the flight control of the drone would need to be

automated so that it could take the localisation data as input and to control the drone. This

is achieved with additional hardware and DJI’s onboard software development kit (OSDK)

software [135]. The hardware chosen is the “Discovery Kit” development module (Fig. 6.2)

of the STM32F4, which can be accessed in [136]. The Discovery Kit takes input from GPS,

UWB, ultrasonic and remote sensor node, and process the related ranging data to generate

a control command that will send to the drone’s flight controller. An overview of the flight

control interfaces is shown in Fig. 6.3.

GPS

GPS is used as the first stage of locating the sensor node, the accuracy of GPS would guide

the drone to approximately 10 meters range of the sensor node. However, such accuracy is

not enough for the drone to land within the charging range of the IPT system. Additional

localisation technique is required to improve the accuracy.
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Figure 6.3: flight Control Software Implementation

UWB & Ultrasonic

Ultra-wideband (UWB) is a radio technology for ranging and communication. With proper im-

plementation, UWB could achieve a ranging error to be below 10 cm [137]. This is significantly

better than the GPS accuracy. However, the UWB range is an absolute distance between the

drone and the sensor, which does not provide direction information for the drone to locate the

target. Further calculations are needed. To simplify the calculation, an additional ultrasonic

sensor is used to measure the height of the drone, which can be used to derive the horizontal

distance between the drone and the sensor. This technique is illustrated in Fig. 6.4. With

the GPS, UWB, and ultrasonic, the drone can locate the sensor more accurately. Once the

drone approached in the range for IPT systems to receive the induced voltage, the IPT-based

localisation stage would take over. The design of such a system is now discussed.

6.0.2 IPT-based Localisation

The proposed last stage localisation method is based on the IPT system. Such a method relies

on the induced voltage at the receiver side of the IPT system to estimate the distance between

the IPT transmitter and receiver. Depending on the relative position between the receiver and

the transmitter, the induced voltage generally increases as the two coils approach each other.
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Figure 6.4: localisation using GPS, UWB & ultrasonic

One condition for such a technique to work is that the magnetic field generated from the IPT

transmit coil remains constant amplitude during the localisation process. The load-inpependent

class EF IPT design is, therefore, used for this work.

IPT System Setup

The IPT system used in this work was the same system as the 100 W IPT system for autonomous

drones [38]. The Class EF inverter (Fig. 6.5) allows for load-independent tuning by selecting

the components as in [79]. The solutions that are considered load-independent, achieve zero-

voltage-switching (ZVS) over the entire restive load range, and in addition, when employed in

an IPT system, the amplitude of the transmit coil current is load-independent.

Lp

ip

C3

C2

L2

C1−
+ Vdc

L1

Ls

Cs

Rload

k

Figure 6.5: Class EF inverter circuit topology
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Circuit Simulation

To prove the concept of using an IPT system for localisation, circuit simulations together

with an EM simulation were conducted. A load-independent Class EF inverter was simulated

inductively coupled with a full-wave rectifier at the receive side on the drone. Here, the voltage

after the rectifier was measured against the coupling k between the transmit coil and the receive

coil. In this case, which is aimed only for localisation, the rectifier output was set as an open

circuit. The simulated circuit parameters can be found in Tbl. 6.1, and the results of the output

voltage with respect to coupling can be found in Fig. 6.8. As can be seen from these results,

the receiver can provide a voltage of 1 V at a coupling of k = 0.002, and a voltage of 20 V at a

coupling of k = 0.02. These results are then used to roughly determine the range of coupling at

which the system can practically operate. Afterwards, the EM simulations will help determine

the approximate distance between the transmit and receive coils depending on their shape and

size.

Table 6.1: Spice Simulation Component Values

Parameter Value

Vdc 100 V

C1 433.7 pF

C2 400 pF

C3 190.48 pF

L1 80 µH

L2 460 nH

Lp 3.33 µH

f 6.78 MHz

EM Simulation

With the coupling information from the circuit simulation, an EM simulation was performed

using the Computer Simulation Technology (CST) to determine the approximate range for

such a localisation method to operate. The simulation graphics and the shape of the coils are

shown in Fig. 6.6. The rectangular coil at the bottom side represents the transmit coil and the
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circular coil on top represents the receive coil. The simulation assumes the drone is hovering

at a height of 50 cm over the transmit coil while the localisation method proposed can occur.

Here, the only variable for the simulation is then the horizontal distance between the two coils.

As shown in Fig. 6.7, at a coupling of k = 0.002, the horizontal displacement between the two

coils is approximately 65 cm, which suggests that for an output voltage range of 1 V to 20 V,

the method can operate with a total range of 1.2 meters in horizontal displacement.

Figure 6.6: Coils shape and size using CST (Christopher Kwan)

6.0.3 Experimental Verification

The experimental setup can be seen in Fig. 6.9. Note that the IPT transmit and receive unit

can be swapped if there were a communication link to transmit the induced voltage information

between them. In this test, the IPT transmitter is placed under the landing pad on the lab

bench. The drone is equipped with a receive coil and the rectifier, and the output voltage was

measured with a multimeter (Fig. 6.9) on top of the drone. The vertical distance between the

transmit coil and the receive coil varies from 50 cm to 70 cm, and the horizontal displacement

ranges from 0 to 60 cm. The measured induced voltage is shown in Fig. 6.10. Note that the

data was mirred horizontally to better indicate the effective localisation range. It can be seen
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Figure 6.8: Induced Voltage vs k

that even when the drone is well outside the practical charging zone, it can still measure a

small voltage at the rectifier’s output. At such distance, the effective area for the final-stage

localisation is approximately 2.6 times larger than the original landing pad. The difference

in the voltage between the simulation and the experiment could be caused by the modelling

or instrumentation error. The output voltage of the rectifier could be further improved by

using different rectifier topologies, e.g., half-wave rectifier, voltage doubler, or by increasing the

current in the transmit coil.

6.0.4 Summary

Overall, this work proposed a localisation technique that uses an IPT system to assist in

accurate tracking for drones to automatically land on a wireless charging pad. The technique

is demonstrated experimentally using a load-independent Class EF inverter, which provides

a constant magnitude magnetic flux that induces the voltage on the wireless receiver. The

circuit simulation is used to determine the minimum coupling allowed for the IPT system to

induce enough voltage on the receiver side for it to be practically measured, and following, an

electromagnetic simulation was conducted to determine the effective range within this coupling

range. Finally, a test rig was used to verify how the proposed technique could be implemented

in a real case scenario.
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Figure 6.9: Photograph of the experimental setup

Figure 6.10: IPT induced voltage vs relative position
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Chapter 7

Conclusion

The focus of this PhD study is to help make wireless charging safe while trying to push the

boundaries of charging speed and range. Overall, this thesis focused on the safety systems design

and development for high-frequency inductive power transfer systems. This thesis started with

a brief introduction to wireless power transfer and discussed about the widely used Qi standards,

especially its limitations in terms of range, power, and safety. This thesis then introduced two

real-world HF-IPT systems to demonstrate the capability of HF-IPT, which is the primary

focus of the safety systems design and development for the FOD/LOD methods. This thesis

evaluated various possible foreign or live object detection methods, and two of them were

explored in further detail: the impedance reflection detection method and the mmWave radar

detection method. The impedance reflection method could detect objects that closely coupled

to the IPT system regardless of the existence of the IPT receiver, while the mmWave radar

FOD/LOD method can be used for a wider range of detection. A classification model based on

the heatmap data from the mmWave radar sensor was also developed to distinguish between

different types of objects. Depending on the IPT application, one or more of the suggested

FOD/LOD methods could be implemented for different safety requirements. For applications

that do not involve any live or unintended objects, a localisation system could be implemented

to achieve unmanned wireless charging instead. In chapter 6, a localisation method based on

the IPT system was introduced to help guide a drone to a wireless charging pad. Such a system

128



could reduce the risk of wireless charging by eliminating human’s involvement.

7.0.1 Main Research Outcomes

• A safety analysis of commercially available wireless chargers is presented in this thesis.

The purpose of this analyses is to stress the safety concerns while going for higher range

and power wireless charging systems. This analysis also clarifies the different types of

safety considerations for wireless power transfer.

• A 100 W high-frequency IPT system was designed and developed for a commercial quad-

copter drone. The developed system has achieved a tolerance of misalignment to the level

that could allow autonomous drone charging to be practical. The developed system could

also maintain the same charging rate as the dedicated cable charger. To the author’s best

knowledge, the developed system was the first to achieve such tolerance of misalignment

in the drone application.

• An integrated IPT receiver that includes a receive coil, rectifier, DC-DC converter, battery

management system, lithium battery cells, UWB communicate module, and additional

sensors were designed and developed. This integrated receiver allows certain sensors, e.g.,

microphones, to operate for up to a month period, and can be recharged via an IPT

transmitter equipped drone.

• Five different existing and potential FOD/LOD methods were analysed and benchmarked

in this thesis. Six different metrics including accuracy, speed, range, robustness, LOD,

integration, and cost were used to measure the capability of each FOD/LOD method for

high-frequency IPT systems. This benchmark method is also used to evaluate the newly

proposed FOD/LOD method.

• An FOD/LOD method by analysing the drain-source voltage waveform of the switch-

ing transistor was designed and developed. The proposed method could perform foreign

object detection without any additional sensors except an ADC and a microprocessor.
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Unlike the efficiency measurement FOD method used in the Qi-standard, the communi-

cation between IPT transmitter and receiver is not required for the drain-source voltage

waveform FOD method. Along with the proposed FOD/LOD method, techniques for

reducing the hardware requirement of high-speed sampling were also discussed in this

thesis, including a sub-sampling technique and a way to perform near real-time tasks on

a general purpose computer.

• FOD/LOD methods based on mmWave radar sensors were also designed and developed.

Two different approaches of implementing the mmWave radar were discussed. The first

approach is similar to most typical radar applications, and it detects objects using the

reflected point cloud data, which is objects with position data. Such a method offers

an easy way to implement without much postprocessing. The other approach, on the

other hand, not only performs object detection, it could also be trained to recognise

different types of objects to provide better accuracy. This was achieved by a combination

of mmWave heatmap data and a machine learning classification model. The trained

classification model could classify six different FO scenarios with an average accuracy up

to 96%.

• An IPT-based localisation method is also designed for applications where human opera-

tion is not needed, for example, autonomous robots or drones. The designed system is

capable of transmitting the induced voltage information from the IPT receive side to the

transmit side. The voltage values can be used to estimate the distance between the IPT

transmit and receive units.
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7.1 Author’s Contribution

This thesis showcased two real-world high-frequency IPT applications together with two for-

eign/live object detection methods. Some of the work reported were done in collaboration with

other members of the Wireless Power Lab as well as other researchers from Imperial College

London and University of Bologna. For clarity, the author’s contributions are discussed below.

The first major contribution by the author is the design and development of a real-world

application of the high-frequency IPT system. While there has been a considerable amount of

research in high-frequency IPT, few real-world demonstrations that showcased the potential of

HF-IPT were presented. The reported work in this thesis includes the design and development

of an 100 W IPT system for a commercial quad-copter drone. Real-world applications face

additional challenges that were not seen on a lab bench demo. The developed IPT system

transmit side were designed to be able to operate in different environments to avoid detuning

of the system. In addition, both the transmit side and receive side were designed to minimise

the interference of the drone’s own electronics and the remote control communication link. The

interface between the receive side unit and the battery on the drone was also taken into account

during the development. Thermal design was also carefully considered to avoid overheating

during long-period operation. To the author’s best knowledge, the developed system was the

first to achieve the reported tolerance of misalignment.

Another contribution by the author in this thesis is the design and development of an integrated

IPT receiver that includes a receive coil, rectifier, DC-DC converter, battery management

system, lithium battery cells, UWB communicate module and additional sensors. One of the

major challenges for remote sensor deployment is the sensor power source. While some sensors

could be powered by sunlight, this is not the case for some sensors that buried underground. An

integrated sensor with battery and IPT receiver could be charged by an IPT equipped drone,

when the battery is depleted. The designed integrated solution not only acts as a wireless

power receiver, it also manages the charging of the battery cell, as well as powering the sensors

and a UWB communication link to send sensor and battery status information to the drone.

The author’s major contribution is on the power electronics side of this work.
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The author also contributed in designing and developing a reflected impedance based FOD/LOD

method. Such a method detects objects by analysing the drain-source voltage waveform of the

switching transistor was designed and developed. The proposed method could perform FOD

only with an ADC and a microprocessor. Unlike the efficiency measurement FOD method used

in Qi-standard, the communication between IPT transmitter and receiver is not required for the

drain-source voltage waveform FOD method. To author’s best knowledge, the proposed FOD

method was the first implementation, and the method has been filed for a patent, which is cur-

rently under review in US (US20210203192A1), CA (CA3101405A1) , WO (WO2019229217A1),

CN (CN112534677A) AU (AU2019276285A1) and EP (EP3804083A1).

Figure 7.1: WPW2019

Another FOD/LOD method based on mmWave radar sensor was also designed and developed

by the author. Unlike traditional radar applications, the proposed method does not rely on

the point cloud data as the source to perform object detection. Instead, it uses a combination

of mmWave heatmap data and machine learning techniques to train a classification model to

perform LOD/LOD. Although object classification using mmWave radar is not first mentioned

by the author, such technique was not reported to be used for IPT applications. The trained

classification model achieved classifying six different FO scenarios with an average accuracy up
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to 96%. The author also implemented the trained model on a low-cost hardware (Raspberry

Pi) while maintaining the same classification accuracy.

The author also contributed organising the Wireless Power Week 2019 (WPW2019) as the local

organising committee co-chair. (Fig. 7.1)
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• (Patent) L. Lan, S. Aldhaher, D. C. Yates and P. D. Mitcheson, “Wireless Power Trans-
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• L. Lan et al., “Foreign Object Detection for Wireless Power Transfer,” 2018 2nd URSI At-
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7.3 Suggestions for Future Work

Although this thesis has discussed some potential solutions to ensure the safety of wireless

charging, they do have their limitations in various aspects, and a continuous effort to achieve

a better safety of wireless charging is always desired. The following suggestions are made for

future researchers interested in this topic.

• The impedance reflection FOD/LOD method discussed in this thesis has desmonstrated

some potential in becoming a standard safety system for HF-IPT applications. However,

to eventually integrate this method into a product level IPT application, many other

factors, e.g., cost, size, external interference, etc. need to be considered. One method of

reducing the cost of ADC by using sub-sampling technique is introduced in this chapter

but has not been fully integrated and tested. In addition, this impedance reflection

method was tested with an AC load at the IPT Rx side, which is perfectly tuned to the

operation frequency of the IPT system, so it reflects the minimum reactance to the Tx side.

In reality, passive rectifiers could be used instead, which could reflect a higher reactance

back to the Tx side due the capacitance in the rectifier diodes, therefore, resulting in

false-positive detection. One approach to minimise the reflected reactance from the IPT

receiver is by using synchronous rectification on the IPT receive side.

• The mmWave radar-based FOD/LOD solution has also performed well in detecting live

objects with an accurate object classification model. However, this technique was designed

and developed without the IPT system. An integrated system should be developed to

better evaluate the performance of the proposed FOD/LOD method and to see if there is

any interference between the mmWave radar sensor and the IPT system. In addition, the

classification model was trained as a proof of concept, with approximately 1000 training

data sets. In real world applications, a higher training set size can be collected to poten-

tially achieve better classification accuracy. In addition, the mmWave radar sensor chosen

in this thesis could also be outdated as the technology advances rapidly over the recent

years. More cost-effective mmWave radar sensors could be available and be implemented
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for better results.

• The IPT-based localisation introduced in chapter 6 has demonstrated the possibility of

estimating the distance between a pair of IPT transmit and receive coils. The actual

implementation of the localisation technique based on the IPT system has not been fully

tested. This is partially due to the interruptions caused by COVID-19, and partially due

to the fact that the previous localisation stage that is based on the GPS and UWB has not

been fully completed to guide the done close enough to the IPT induved votlage range.

Once the drone can be reliably guided into the IPT range, this localisation method can

then be verified with a real-world application.
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