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Abstract
Wireless power transfer (WPT) with loosely coupled coils is a promising solution to deliver
power to a battery in a variety of applications. Due to its convenience, wireless power transfer
technology has become popular in consumer electronics. Thus far, the majority of the coupled
coils in these systems are planar structure, and the magnetic field induced by the transmitter coil
is in one direction, meaning that the energy power transfer capability degrades greatly when there
is some angle misalignment between the coupled coils.
To improve the charging flexibility, a three–dimensional (3D) coils structure is proposed to
transfer energy in different directions. With appropriate modulation current flowing through each
transmitter coil, the magnetic field rotates in different directions and covers all the directions in
3D space. With omnidirectional magnetic field, the charging platform can provide energy transfer
in any direction; therefore, the angle alignment between the transmitter coil and receiver coil is no
longer needed.
Compensation networks are normally used to improve the power transfer capability of a WPT
system with loosely coupled coils. The resonant circuits, formed by the loosely coupled coils and
external compensation inductors or capacitors, are crucial in the converter design. In WPT system,
the coupling coefficient between the transmitting coil and the receiving coil is subject to the
receiver’s positioning. The variable coupling condition is a big challenge to the resonant topology

selection. The detailed requirements of the resonant converter in an omnidirectional WPT system
are identified as follows: 1). coupling independent resonant frequency; 2). load independent output
voltage; 3). load independent transmitter coil current; 4). maximum efficiency power transfer; 5).
soft switching of active devices. A LCCL-LC resonant converter is derived to satisfy all of the five
requirements.
In consumer electronics applications, Megahertz (MHz) WPT systems are used to improve
the charging spatial freedom. 6.78 MHz is selected as the system operation in AirFuel standard, a
wireless charging standard for commercial electronics. The zero voltage switching (ZVS)
operation of the switching devices is essential in reducing the switching loss and the switching
related electromagnetic interference (EMI) issue in a MHz system; therefore, a comprehensive
evaluation of ZVS condition in an omnidirectional WPT system is performed. And a design
methodology of the LCCL-LC converter to achieve ZVS operation is proposed.
The big hurdle of the WPT technology is the safety issue related to human exposure of
electromagnetic fields (EMF). A double layer shield structure, including a magnetic layer and a
conductive layer, is proposed in a three dimensional charging setup to reduce the stray magnetic
field level. A parametric analysis of the double shield structure is conducted to improve the
attenuation capability of the shielding structure.
In an omnidirectional WPT system, the energy can be transferred in any direction; however
the receiving devices has its preferred field direction based on its positioning and orientation. To
focus power transfer towards targeted loads, a smart detection algorithm for identifying the
positioning and orientation of receiver devices based on the input power information is presented.
The system efficiency is further improved by a maximum efficiency point tracking function. A

novel power flow control with a load combination strategy to charge multiple loads simultaneously
is explained. The charging speed of the omnidirectional WPT system is greatly improved with
proposed power flow control.
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General Audience Abstract
Wireless power transfer (WPT) is a promising solution to deliver power to a battery in a
variety of applications. Due to its convenience, wireless power transfer technology with loosely
coupled coils has become popular in consumer electronics. In such system, the receiving coil
embedded in the receiving device picks up magnetic field induced by the transmitter coil; therefore,
energy is transferred through the magnetic field and contactless charging is achieved. Thus far, the
majority of the coupled coils in these systems are planar structure, and the magnetic field induced
by the transmitter coil is in one direction, meaning that the energy power transfer capability
degrades greatly when there is some angle misalignment between the coupled coils.
To improve the charging flexibility, a three–dimensional (3D) coils structure is proposed to
transfer energy in different directions, also known as in omnidirectional manner. With
omnidirectional magnetic field, the charging platform can provide energy transfer in any direction;
therefore, the angle alignment between the transmitter coil and receiver coil is no longer needed.
In a WPT system with loosely coupled coils, the energy transfer capability suffers from weak
coupling condition. To improve the power transfer capability, the electrical resonance concept
between the inductor and capacitor at the power transfer frequency is adopted. A novel
compensation network is proposed to form a resonant tank with the loosely coupled coils and
maximize the power transfer at the operating frequency.

As for the WPT system with loosely coupled coils, the energy transfer capability is also
proportional to the operating frequency. Therefore, Megahertz (MHz) WPT systems are used to
improve the charging spatial freedom. 6.78 MHz is selected as the system operation in AirFuel
standard, a wireless charging standard for commercial electronics. The zero voltage switching
(ZVS) operation of the switching devices is essential in reducing the switching loss and the
switching related electromagnetic interference (EMI) issue in a MHz system; therefore, a
comprehensive evaluation of ZVS condition in an omnidirectional WPT system is performed.
The big hurdle of the WPT technology is the safety concern related to human exposure of
electromagnetic fields (EMF). Therefore, a double layer shield structure is first applied in a three
dimensional charging setup to confine the electromagnetic fields effectively. The stray field level
in our charging platform is well below the safety level required by the regulation agent.
Although the energy can be transferred in an omnidirectional manner in the proposed charging
platform, the energy should be directed to the target loads to avoid unnecessary energy waste.
Therefore, a smart detection method is proposed to detect the receiver coil’s orientation and focus
the energy transfer to certain direction preferred by the receiver in the setup. The energy beaming
strategy greatly improves the charging speed of the charging setup.
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Chapter 1

Introduction

1.1 Background of Wireless Power Transfer Technology
James Clerk Maxwell, a greatest physicist of all time, formulated the classical theory of
electromagnetic wave in 1865 [1]. Maxwell’s equations lay the foundation for the electromagnetic
wave study. About 20 years later, Heinrich Rudolf Hertz proved the existence of the
electromagnetic waves by a series of experiments [2]. Soon afterwards, the first wireless
telegraphy system was invented by Guglielmo Marconi in 1897 [3]. Instead of transmitting
information, Nicolas Telsa aimed at transferring energy through the electromagnetic wave [4]. He
invented the resonant transformer later called as the Telsa coil to transfer energy wirelessly. He
conducted several public demonstrations where he powered Geissler tubes wirelessly as shown in
[5]. He hoped to build the Wardenclyffe World Wireless system station and transmit power
wirelessly to the users. Unfortunately, the project is not finished because of lack of finance. Even
though Telsa’s pioneering work is not commercialized at the time, his idea inspired many
engineers afterwards.

Fig. 1-1. Telsa’s public demonstrations of wireless power transfer in 1891.

1

In the middle of 20th century, the wireless charging technology is evaluated for electric
vehicles. However, the technology is not commercialized because the system frequency is very
low (around 400 Hz) considering the absence of fast semiconductor devices, good ferrite material
and litz wires [6]. The low frequency operation leads to a large coil current of thousands amperes,
a heavy power supply, large pick up coils and a high construction cost, large acoustic noises and
low system efficiencies. Therefore, the wireless charging technology is not commercialized for the
electric vehicles at that time.
In late 20th century, the litz wire technology and semiconductor technology is proposed in
power electronics field [7]. With these technology, it is possible to push the system operation
frequency to kHz range with low cost. With high frequency operation, it is easier to transfer the
energy with the electromagnetic wave and therefore the wireless power technologies are re-gained
the attention of the engineers. The wireless charging technology is applied in the transcutaneous
energy systems for medical implants [8] [9] and induction heaters [10] since 1970s. Soon
afterwards, the wireless charging technology attracted much attention for portable equipment. Due
to the special water-proof requirement, wireless charging with inductive power transfer technology
for electric toothbrush is commercialized successfully in the market. In addition, the “Qi” standard
was launched by the Wireless Power Consortium to define the inductive power transfer technology
for consumer electronics. Since then, the wireless charging technology shows promising future for
portable devices applications [11].
Coming to the era of 21st century, the Internet of Things (IoT) devices are gaining popularity
in the everyday life of most people [12]. Gartner forecasts that 11.2 billion connected things will
be in use worldwide in 2018 and by 2020 will reach 20.4 billion [13]. Most of the IoT devices is
powered by a lithium battery and the battery needs to be charged periodically. Right now, the
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common method to charge the battery is using a conductive wires. The power transfer with wire
is simple; however, the wireless charging technology has demonstrated unique advantages in
consumer electronics. First of all, it is convenient to charge the devices without any plug, especially
for those devices requiring frequent charging. For example, a wireless charging for a smart phone
device can provide great convenience for the users. Secondly, the wireless charging technology is
reliable in wet, dirty and flammable environment. Thirdly, a seamless design is desired for some
IoT devices and the wireless charging technology provides such opportunity for consumer
electronics. Considering these advantages, the wireless charging technology is promising and it
could lead to a technological revolution for the power supply for portable devices application.
Therefore, the wireless charging technology has been studied intensely in recent years due to the
large market potential. The global shipments of consumer devices with wireless charging feature
according to IHS Markit report is shown in Fig. 1-2 [14]. As demonstrated in Fig. 1-2, wireless
charging technology is gaining popularity in consumer electronics applications recently. This
dissertation addresses the multiple aspects of the wireless charging technology in the low power
applications.

Global unit shipmenets
(millions of units)
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Fig. 1-2. Global unit shipments of wireless charging devices from 2014 to 2018. (Source from IHS Markit).

3

1.2 Overview of Wireless Power Transfer Technologies
Starting from Nicolas Tesla, wireless power transfer (WPT) technology has been studied
intensely in the past century. According to the transmission distance, wireless power transfer
technologies are divided in to two categories: radiative and non-radiative power transfer.
Radiative power is emitted from an antenna and the transfer region is beyond the wavelength
of electromagnetic wave [15]. According to the operation frequency, microwave beam and laser
beam can be used to transfer energy through a long transmission distance. The microwave method
has been pursued for more than 50 years. In 1960s, Brown successfully powered a helicopter by a
ground station through microwave power [16]. Afterwards, several research efforts were made on
utilizing microwave beam to transfer power from satellites to the earth since 1970s even though
the feasibility is still questionable [17]. Similarly, laser beam wireless power transfer technology
to transfer the energy from the solar farm in the outer space to the earth is also evaluated [18], [19].
The major challenges of the radiated power transfer are the low transmission efficiency and safety
issues related to human exposure to electric and magnetic field [20].

Besides, the power

transmission might be interrupted by any foreign objects in the space. Therefore, the radiated
power transfer technology is suitable for uninhabited areas, for example, the outer space [21].
Non-radiative wireless power transfer is limited in the range of the wavelength of
electromagnetic wave. In this near field region, there are two types power transfer methods:
capacitive coupling and inductive coupling. The capacitive coupling systems transfer power by
electric field between two metal plates and the system diagram is shown in Fig. 1-3. Capacitive
power transfer technology is evaluated in both consumer electronics and electric vehicles
application [22]-[24]. The power level of the system is related to the coupled capacitance value
and the capacitance value is determined by the area of the plate, the permittivity of the medium

4

between plates and the gap between plates. Due to the low permittivity of the air, it is hard to raise
the power rating of a capacitive coupling wireless power transfer system. In addition, at the same
transfer power level the safety issue related to the magnetic field is not as serious as the electric
field [20]. Therefore, near-field inductive coupling is promising in consumer electronics
application where safety issue is valued [34]-[36].

Fig. 1-3. Capacitive coupling wireless power transfer system diagram.

The near field inductive power transfer technology use the magnetic field to transfer energy.
According to the Faraday’s law, the alternating magnetic flux enclosed by a coil induces a voltage
in the coil loop. The transformer is a successful example of utilizing inductive coupling to transfer
energy. With a gapped magnetic core, the wireless power transfer is achieved. The near field
inductive power transfer is the most successful among all the wireless charging technologies due
to its safety and flexibility to increase the power level in different situations. Starting from Nikola
Telsa, the inductive power transfer was explored generation after generation. As mentioned in
section 1.1, the inductive power transfer is applied in biomedical application since 1970s. And the
research team in the Auckland university has made great contributions to apply this technology in
electric vehicles application [25]-[28] since 1990s. Soon afterwards, the research team in the
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University of Hong Kong has done lots of work to promote inductive power transfer for consumer
electronics application and led the remarkable establishment of Wireless Power Consortium for
the industry [11], [20].

1.3 Inductive Power Transfer Technology
Inductive power transfer utilizes the near field magnetic field to transfer energy from a
transmitter coil to a receiver coil. In Fig. 1-4, the excitation current (ip) flowing through the
transmitter coil induces magnetic field around it. And a receiver coil around it captures part of the
magnetic field and voltage is induced in the receiver loop. The induced voltage can supply the load
and energy is transferred wirelessly.

Fig. 1-4. Inductive power transfer concept with loosely coupled coils.

The equivalent circuit mode of the loosely coupled coils is shown in Fig. 1-5, where ip and is
are the excitation current of the transmitter and receiver coil separately; Lp and Ls are the selfinductance of the transmitter and receiver coil separately; Rp and Rs are the equivalent resistance
of the transmitter and receiver coil separately; M is the mutual inductance between the coupled
coils;  is the angular frequency of the operation frequency; RL is the ac load resistance; Vs is the
6

output voltage across the load resistance. According to the decoupled circuit model in Fig. 1-5, the
output voltage across the load resistance is derived as:
𝑉𝑠 =

𝑅𝐿
𝑗𝜔𝑀𝐼𝑝
𝑅𝐿 + 𝑅𝑠 + 𝑗𝜔𝐿𝑠

(1.1)

(a)

(b)
Fig. 1-5. The circuit model of loosely coupled coils. (a). Original circuit model. (b). Decoupled circuit model.

As illustrated by (1.1), the output voltage (Vs) is divided by the impedance of the receiver coil
and load resistance. To increase the power transfer capability, a compensation capacitor (Cs) is
normally added in series with the receiver coil as shown in Fig. 1-6 and the impedance of the
receiver coil is cancelled by the compensation capacitor. With the resonance of the compensation
capacitor and the receiver coil, the output voltage is increased as follows:
𝑉𝑠 =

𝑅𝐿
𝑅𝐿 + 𝑅𝑠 + 𝑗𝜔𝐿𝑠 +

1
𝑗𝜔𝐶𝑠

𝑗𝜔𝑀𝐼𝑝 =
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𝑅𝐿
𝑗𝜔𝑀𝐼𝑝
𝑅𝐿 + 𝑅𝑠

(1.2)

Fig. 1-6. The decoupled circuit model of the loosely coupled coils with compensation capacitor.

As shown in (1.2), the output voltage is mainly determined by the operation frequency, the
mutual inductance and the excitation current of the transmitter coil. In addition, the coil to coil
transfer efficiency is calculated as:
𝜂𝑐𝑜𝑖𝑙 =

𝐼𝑠2 𝑅𝐿
=
𝐼𝑠2 𝑅𝐿 + 𝐼𝑠2 𝑅𝑠 + 𝐼𝑝2 𝑅𝑝

𝑅𝐿
(𝑅 + 𝑅 )2
𝑅𝐿 + 𝑅𝑠 + 𝐿 2 2𝑠
𝜔 𝑀

(1.3)

where the mutual inductance between the transmitter coil and the receiver coil can be expressed
as:
𝑀 = 𝑘√𝐿𝑝 𝐿𝑠

(1.4)

Meanwhile, the coil resistance can be expressed by the coil quality factor (Qp, Qs) as:
𝑅𝑝 =

𝜔𝐿𝑝
𝜔𝐿𝑠
, 𝑅𝑠 =
.
𝑄𝑝
𝑄𝑠

(1.5)

With (1.4) and (1.5), (1.3) is organized as:
𝜂𝑐𝑜𝑖𝑙 =

𝑅𝐿
(𝑅 + 𝑅𝑠 )2
𝑅𝐿 + 𝑅𝑠 + 2𝐿
𝑘 𝑄𝑝 𝑄𝑠 𝑅𝑠

(1.6)

To achieve the optimum coil to coil efficiency, (1.7) must be satisfied.
𝑑𝜂𝑐𝑜𝑖𝑙
=0
𝑑𝑅𝐿

(1.7)
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Solving (1.7), the optimum load resistance to achieve the best coil to coil efficiency is:
𝑅𝐿_𝑜𝑝𝑡 = 𝑅𝑠 √1 + 𝑘 2 𝑄𝑝 𝑄𝑠

(1.8)

And the coil to coil efficiency at the optimum load resistance is:
𝜂𝑐𝑜𝑖𝑙_𝑚𝑎𝑥 =

𝑘 2 𝑄𝑝 𝑄𝑠
(1 + √1 + 𝑘 2 𝑄𝑝 𝑄𝑠 )

2

(1.9)

Therefore, the maximum coil to coil efficiency is determined by 𝑘 2 𝑄𝑝 𝑄𝑠 , which is defined as
the figure-of-merit for inductive coupled coils [25]. In inductive power transfer system, it is
essential to increase the coupling coefficient of the coupled coils and the quality factor of the coils.
Similarly as the compensation capacitor in the receiver side, the compensation network is also
added in the transmitter side to improve the power transfer capability. To drive the resonant tank,
an inverter is adopted in the system as illustrated in Fig. 1-7. The system is powered by a DC input
source, which comes from an adapter or a USB port in consumer electronics application. The
inverter stage changes DC power to AC power and drives the resonant tank. In the receiver side, a
rectifier stage is adopted to transfer AC power to DC power and charge the battery load. The
general system structure behaves like a conventional DC-DC resonant converter in power
electronics field and the difference is that the traditional transformer is substituted by a loosely
coupled coils. It is worth noting that the system structure in Fig. 1-7 is simplified case to illustrate
the working principles. In real application scenario, a DC-DC converter can be added after the
rectifier to regulate the output for charging a battery.

Fig. 1-7. A general system structure of a loosely coupled coils system.
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Other than two coil system, a four coil wireless power transfer system are reported by the
research team in MIT [29]. With two intermediate coils, the power transfer range is increased. A
detailed circuit analysis of four coil system is conducted in [30] and it is found that the basic
principle of four coil system is the same as two coil system. In addition, wireless domino-resonator
systems with even more intermediate coils is proposed by the research group in the University of
Hong Kong [31]-[33]. The intermediate coils can guide the near field magnetic field in certain
direction and improve the power transfer range. However, it is not practical to add these relay coil
resonator in consumer electronics application.

1.4 High Frequency Operation vs. Low Frequency Operation
Nowadays, there are two major wireless charging standards for consumer electronics
applications, including the Qi standard (100-205 kHz) and the AirFuel Standard (6.78 MHz) [20].
The power transfer capability of the WPT system is related to the operation frequency according
to (1.2). Higher operation frequency improves the induced voltage in the receiver coil. In addition,
the coil link efficiency, as shown in (1.9), is related to the magnetic coupling condition between
coupled coils and the coil quality factor (𝑄), as defined in (1.10), where 𝜔 is angular operation
frequency; 𝐿 is the self-inductance of the coil; 𝑅 is the parasitic resistance of the coil. In low
frequency system, the coil quality factor is lower; therefore, a strong coupling condition between
the transmitter coil and the receiver coil is needed to maintain good system efficiency. In other
words, good alignment between the charging pad and receiver device is required in Qi charging
pad. Two charging scenario for a smart phone in Qi charging pad is shown in Fig. 1-8. The system
cannot work when there is misalignment between the charging pad and the smart phone receiving
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device. On the contrary, it is easy to achieve high coil quality factor for the AirFuel standard
(6.78MHz). In this sense, the 6.78MHz system can achieve efficient power transfer even with a
weaker coupling condition. Therefore, high frequency operation is desired to improve the charging
spatial freedom.

𝑄=

𝜔𝐿
𝑅

(1.10)

(a)

(b)

Fig. 1-8. Two charging scenario for smart phone device of a commercial Qi charging pad. (a). There is no
misalignment between transmitter and receiver. (b). There is misalignment between transmitter and receiver.

The performance of the loosely coupled coils benefits from the high frequency operation.
However, the 6.78 MHz operation leads to design challenge for the inverter and rectifier stage.
With the traditional Si devices, the switching loss increases substantially in MHz range.
Fortunately, the emerging semiconductor devices with wide band gap material exceed the limit of
Si devices and are utilized to pursue groundbreaking high frequency, high efficiency power
conversion. With the help of Gallium nitride (GaN) devices, the system switching frequency is
selected as 6.78 MHz to achieve good spatial charging freedom in the dissertation
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1.5 From Directional WPT system to Omnidirectional WPT system
The majority of the charging coils in inductive power transfer system are planar structure [25]
[37]. The magnetic field induced by a planar charging coil is mainly in vertical direction as shown
in Fig. 1-9(a) and energy flows in one direction. For small portable devices, such as Bluetooth
earphones and wearable devices, the orientation is flexible. The receiver coil embedded in the
device receives small amount of magnetic flux when the angle of the receiver plane and the
magnetic field is very small. The angle misalignment between the transmitter coil and the receiver
coil degrades the power transfer capability for the inductive power transfer system. As
demonstrated in Fig. 1-9(b), the planar charging pad cannot provide the energy for a receiver
device standing on the charging setup.

(a)

(b)

Fig. 1-9. Two charging scenario for wearable device of a planar charging pad (a). Receiver device is in
perpendicular with the magnetic field. (b). Receiver device is in parallel with the magnetic field.

To deal with angle misalignment issue, the transmitter should has the capability to generate
the magnetic field in different directions. In another words, the omnidirectional magnetic field is
desired in the setup. Since 2010s, the omnidirectional wireless charging system becomes a hot
research topic in academia due to its charging flexibility [38]-[47]. In the dissertation, a
12

comprehensive study of the omnidirectional WPT system is conducted.

1.6 Challenges in Omnidirectional WPT system
1.6.1

Transmitter Coils Structure to Generate Omnidirectional Field Distribution

Recently, omnidirectional wireless power transfer systems have been studied intensely due to
their improved flexibility when compared with their planar counterparts. In [38], the multiple
orthogonal transmitter coils structure was proposed to enable multi-angle wireless power
transmission. In [39], [40], a bowl-shaped transmitter coils structure was proposed to provide
multiple direction magnetic field distribution. All of these works were using a 3D transmitter coils
structure and a one-dimensional receiver coil, which is denoted as a 3Tx-1Rx coils structure in this
paper. The excitation current of each transmitter coil is identical. The total magnetic field vector
is the vector sum of the field induced by each transmitter coil and is in one fixed direction. In such
system, the angular misalignment between the transmitter coil and receiver coil degrades power
transfer because the tilted planar receiver coil only captures a fraction of the vertical field induced
by the transmitter coil. Hence, there is no true omnidirectional magnetic field and it is still possible
that a small receiver coil receives a small amount of energy when it is in parallel with the field
vector.
To cope with this problem, a 3D receiver coils structure was proposed in [41], [43]. In this
way, different receiver coils can pick up different direction magnetic field and receive enough flux
with arbitrary magnetic field direction. However, the 3D receiver coil structure occupies too much
space and is not desired in consumer electronics applications. Another method to solve this issue
is to excite transmitter coils with non-identical current [44]-[47]. In a multiple transmitter coils
13

WPT system, the magnetic field at one point is the vector sum of field induced by each transmitter
coil, according to the superposition theorem. The magnetic field induced by each coil is used as
the basis vector. With a different ratio between different basis vectors, the total magnet field vector
is in a different direction and rotates in a 3D manner. Therefore, true omnidirectional WPT
capability is achieved by a 3D coils structure with modulation excitation current. The summary of
the omnidirectional WPT system in existing literature is provide in Table 1.1.
In [44], [45], a three orthogonal transmitter coils structure is adopted, and the limitation is that
omnidirectional WPT capability is only achieved near the center region of the transmitter. Freepositioning characteristic is not achieved, which is particularly important for charging mobile
devices. In [46], [47], a cross-dipole receiver coil with a ferrite core is adopted, but the drawback
is that it occupies more space than a single planar coil. In consumer electronics applications, a
novel transmitter coils structure is needed to provide free-positioning omnidirectional WPT
capability for a planar receiver coil.
TABLE 1.1 SUMMARY OF OMNIDIRECTIONAL IPT SYSTEM IN EXISTING LITERATURE
Without modulated excitation
With modulated excitation
Coils structure
current
current
3Tx-1Rx
[38][39][40]
[44][45]
3Tx-3Rx
[41]
N/A
1Tx-3Rx
[43]
N/A
2Tx-2Rx
[42]
[46][47]

1.6.2

Effective Power Transfer under Weak and Variable Coupling Condition

Compensation networks are normally used to improve the power transfer capability of a WPT
system with loosely coupled coils. The resonant circuits, formed by the loosely coupled coils and
external compensation inductors or capacitors, are crucial in the converter design.
One crucial challenge of the compensation network design in an omnidirectional IPT system
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is weak and variable coupling coefficient (k) between the transmitter coil and receiver coil. To
improve the power transfer capability at weak coupling condition, high frequency operation is
adopted. In this dissertation, a fixed operating frequency at 6.78 MHz is selected to follow AirFuel
charging standard in consumer electronics application. The characteristics of a compensation
network is related to the operation frequency and the system normally operates at the resonant
frequency of the network to maximize power transfer capability. If the resonant frequency is
dependent on k, variable frequency control against k variations might be adopted to track the
resonant frequency [49], [50], which increases the system control complexity and decreases the
reliability. However, the operating frequency is fixed at 6.78MHz according to the charging
standard. Regarding this, the resonant frequency of the compensation network had better to be
independent of coupling coefficient. Therefore, the resonant converter topology study is conducted
to find a resonate converter which has a load independent resonant frequency.
Other than the crucial challenge, the second challenge of the compensation network design in
an omnidirectional IPT system is voltage controllability under load change [51]. The lithium-ion
battery in receiver device is equivalent to different resistors at different charging stage in its
charging profile. A load-independent output voltage characteristics is preferred to reduce the
regulation complexity.
The third challenge of the compensation network design in an omnidirectional IPT system is
how to decouple multiple transmitter coils from a control point of view. In an omnidirectional IPT
system, the excitation current of each transmitter coil is controlled to induce magnetic field in
different direction [45]. The cross coupling between different transmitter coils makes the control
of the excitation current much more complicated. Considering this, a current source characteristics
of the transmitter coil is desired to simplify system control in omnidirectional IPT system.
15

The fourth challenge of the compensation network design in an omnidirectional IPT is
maximum efficiency operation due to the loosely coupling between the transmitter coil and
receiver coil. As studied in [52], the transfer efficiency in omnidirectional IPT system is not only
related to the compensation network, but also the control method of the transmitter coil current.
But these two factors are independent of each other so that current control method is not considered
in the compensation design. The coil link efficiency is only related to the compensation network
in the receiver side and it should be able to minimize the reactance in the receiver loop and
maximize the current transfer [53].
The fifth challenge of the compensation network design is zero voltage switching (ZVS) of
the switching device. Megahertz (MHz) wireless charging system is used to improve charging
spatial freedom in low power application. ZVS of the switching devices is essential to reduce the
switching loss and the switching related electromagnetic interference (EMI) issue in a MHz system.
To achieve ZVS, the inductive input impedance of the system is required [54].
These five requirements for the compensation network design in omnidirectional IPT system
is summarized as follows: (1). coupling independent resonant frequency; (2). load independent
output voltage; (3). load independent transmitter coil current; (4). maximum power transfer
efficiency; (5). inductive input impedance required by ZVS operation. Four basic types of
compensation networks depending on how the external capacitors are connected to the transmitter
and receiver coil, namely, series-series, series-parallel, parallel-series, and parallel-parallel
topologies have been studied comprehensively in [54]. None of these four compensation
topologies can satisfy all the requirements. Therefore, high order resonant circuits with more
compensation component is needed.
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1.6.3

Stray Field Reduction for Human Health

An importance concern of a WPT system with the inductive power transfer technology is the
safety issue related to stray field. The stray field distribution with the loosely coupled coils is
shown in Fig. 1-10 [48]. The stray field around the charging setup might cause adverse biological
effects to the human body exposed to it [85]. To avoid such safety issue, the stray field level must
comply with certain guideline or standards given by the government or regulation organizations
[85]-[87].
In a Qi charging system for consumer electronics application, the human exposure problems
can be mitigated by a magnetic shield [20]. However, the effectiveness of a magnetic shield is not
evaluated in a 6.78MHz system in the existing literature. Due to the available material technology,
the permeability of the magnetic material at 6.78MHz is much lower than low frequency case. It
is found that the stray field cannot comply with the human exposure regulations due to low
permeability of the magnetic material. Therefore, an effective shielding method is desired for a
6.78 MHz WPT system.

Fig. 1-10. The field distribution with loosely coupled coils [48].
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1.6.4

Intelligent Charging Strategy

In an omnidirectional WPT system, there are multiple receiving devices to fully utilize the
power transfer potential. An omnidirectional WPT system with multiple receiver devices is shown
in Fig. 1-11. The power transfer performance to a certain receiver device is related to its orientation
and the power transfer capability is maximized when the magnetic field is perpendicular to the
receiver plane. Therefore, a smart detection method to identify the orientation of the receiver
devices is desired. The simply way to predict the load information is utilizing the input power
information; however, the load information of different receiver devices is mixed up in the total
input power information. A control algorithm to decouple the load information for different
receiver devices is needed.
After the identifying the orientation of the receiver devices, the charging setup should has the
capability to point the magnetic field towards the optimum direction desired by different receiver
coils. As illustrated in Fig. 1-11, the optimum field direction for different receiver devices is not
necessarily the same. Therefore, it is difficult to charge all the receiver devices with the optimal
field direction simultaneously. Regarding this, a power allocation strategy to charge multiple
devices quickly and efficiently is desired.
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Fig. 1-11. An omnidirectional wireless charging setup with multiple receiver devices.

1.7 Proposed Dissertation Outline
Chapter 1 introduces the historical background of wireless power transfer technology.
Different available WPT technologies are reviewed and inductive power transfer is promising in
consumer electronics application. Basic theory behind the inductive power system is introduced
and the issue with planar charging system is demonstrated. To improve the charging flexibility,
omnidirectional WPT system has bright further and therefore, the state-of-the art solutions in
consumer electronics application are reviewed and the challenges in this research area are
identified. The research objectives of this work is to solve all the challenges and promote
omnidirectional WPT technology for consumer electronics application.
Chapter 2 proposes a novel transmitter coils structure to generate omnidirectional magnetic
field distribution. With the proposed coils structure, the charging platform can deliver energy in
any direction to the receiving device. Therefore, the alignment between the transmitter coil and
the receiver coil is no longer needed.
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Chapter 3 clarifies the requirements of the compensation network in omnidirectional WPT
system. A systematic way to find proper compensation network satisfying the requirement is
derived. The LCCL-LC resonant converter is selected due to its low harmonics and low extra
compensation components.
Chapter 4 illustrates a design methodology of the LCCL-LC converter at 6.78MHz. The softswitching of primary devices is realized to reduce switching loss and switching related loss.
Hardware is fabricated and tested and the performance is analyzed.
Chapter 5 evaluates the stray field reduction effect of a magnetic shielding layer in our
charging setup. It is found that a single layer shielding is not effective enough due to the low
permeability of available high frequency magnetic material. Therefore, an extra conductive layer
is added to further confine the magnetic field. Simulation and experiment result validates the
effectiveness of the double layer shielding structure.
Chapter 6 develops a smart detection method to predict the receiving device’s orientation and
focus the field direction on the optimal direction. Meanwhile, a strategy to deal with power
allocation among multiple receiving devices is illustrated.
Chapter 7 concludes the dissertation and gives the research topics that would be worked on in
the future.
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Chapter 2

Transmitter Coils Structure for

Omnidirectional WPT System
2.1 Introduction
The reported omnidirectional WPT systems in the literature can be classified into two
categories: 1). the omnidirectional WPT system with identical excitation current flowing through
different transmitter coils [38]-[42]; 2). the omnidirectional WPT system with non-identical
excitation current flowing through different transmitter coils [44]-[47]. In [38]-[42], 3D transmitter
coils structure is adopted to generate different directions field in different areas due to field
curvature. If the receiver coil is large enough, the enclosed area by the coil contains different
directions magnetic field and the energy transfer degradation issue under angle misalignment is
mitigated. However, the magnetic field at one point is still in one fixed direction, which is
determined by the vector summation of the field vector induced by each transmitter coil. Even
though there is different directions magnetic field in different areas in the first category system,
the magnetic field at one point is still limited to one direction. In another words, the
omnidirectional field is only achieved in space perspective, not in time perspective. To rotate the
magnetic field at one point, the excitation current of each transmitter coil is controlled and
therefore the basis field vector of each coil is controlled. With a different ratio of each field vector,
the total magnetic field can be directed to different directions and true omnidirectional power
transfer capability is achieved in the second category systems [44]-[47].
One example of an omnidirectional WPT platform with modulated transmitter coils excitation
current, is introduced with detail in this section [44], [45]. The transmitter coils structure is shown
in Fig. 2-1, and coils 1-3 are orthogonal with each other. The corresponding excitation current of
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the three coils (i1, i2, i3) is shown in (2.1)-(2.3), where: 0  2  6.78MHz : frequency of the ac
current; 1  2  450 Hz : modulation frequency of the current amplitude; I m : amplitude of the
current;
i1 (t )  I m sin(0t )

(2.1)

i2 (t )  I m sin(1t ) cos(0t )

(2.2)

i3 (t )  I m cos(1t ) cos(0t )

(2.3)

The magnetic field at center O induced by each coil (B1, B2, B3) is then calculated with BiotSavart law as (2.4)-(2.6) [55],

B2 

B3 

0

I m sin 0txˆ

(2.4)

I m sin(1t ) cos(0t )yˆ

(2.5)

0
I m cos(1t ) cos(0t )zˆ
2R

(2.6)

B1 

0
2R

2R

where 0 : vacuum permeability; xˆ , yˆ , zˆ : standard basis vector; R: radius of the transmitter coil.
The total magnetic field Bt at center O is the vector summation of B1, B2, B3, which is a time
varying vector. At a different time instant, the total magnetic field Bt is at a different direction.
Therefore, a single planer receiver coil can receive enough flux, even with angle misalignment
between transmitter coils.
The magnitude of Bt is calculated in (2.7), which is a constant value. If the end point of Bt is
plotted, the magnetic field trajectory at center O is on the surface of a sphere, as shown in Fig. 2-1
(b). The total magnetic field rotates in a different direction, and an omnidirectional magnetic field
is obtained.
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Bt

2

 B1  B 2  B3 
2

2

2

o2 I m2

(2.7)

4R2

The magnetic field trajectory at point A (defined in Fig. 2-1(a)), which is near the surface of
the sphere, is plotted, as shown in Fig. 2-1(c). At point A, the magnetic field induced by coil 1 and
coil 2 is much smaller than the magnetic field induced by coil 3, which means the field is mainly
in a z direction. Consequently, there is no omnidirectional magnetic field at point A. Similarly, an
omnidirectional magnetic field is also not induced at the bottom of the sphere fixture. In this
platform, the omnidirectional magnetic field distribution is only obtained near the center area.
However, it is not realistic to hang the receiver device in the center of the sphere fixture in practical
applications. Therefore, free-positioning characteristic of the receiver coil is not achieved with the
coils structure. A new coil structure with free positioning omnidirectional power transfer capability
is desired.

(a)

(b)

(c)

Fig. 2-1. Transmitter coils structure reported in [13]. (a). Transmitter coils structure. (b). The magnetic field
trajectory at point O. (c). The magnetic field trajectory at point A.

2.2 Proposed Wireless Charging Bowl
2.2.1

Magnetic Field Preference in a Charging Bowl

In a charging bowl, the field preference for different devices, such as smart phones and
wearable devices, are shown in Fig. 2-2. In most situations, a planar device is likely to lay on the
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side face of the bowl. However, due to gravity, it is difficult for small portable electronic devices,
such as hearing aids and wearable electronics devices, to stay on the side face of the bowl. They
often fall into the bottom of the charging bowl. Therefore, perpendicular magnetic field to the
surface is preferred to charge a planar device efficiently on the side face of the bowl. On the other
hand, the orientation of a small portable device is very flexible and can be placed in any direction.
Accordingly, omnidirectional magnetic field distribution is necessary at the bottom of the charging
bowl.

Fig. 2-2. Magnetic field preference for different devices in charging bowl.

2.2.2

Proposed Transmitter Coils Structure

Based on the field preference in the wireless charging bowl, a novel transmitter coils structure
is proposed, as shown in Fig. 2-3. There are five coils: coils 1-4 are wound from the bottom to the
side face of the bowl; coil 5 is placed around the bottom of the bowl.
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Fig. 2-3. Proposed transmitter coils structure for the wireless charging bowl.

The magnetic field distribution on the side face induced by coil 1, is simulated by finite
analysis element software (ANSYS MAXWELL) and is demonstrated in Fig. 2-4(a). With this
perpendicular field distribution, a planar device such as a smart phone, can be charged efficiently
when placed on the side face. As illustrated in Fig. 2-4(a), field distribution is reasonably uniform
and therefore free positioning characteristic for a smart phone receiver is guaranteed when placed
on the side face.

(a)

(b)

Fig. 2-4. Magnetic field distribution of the side coil. (a) On the side face. (b) At the base.

In addition, the magnetic field induced by coil 1 and coil 2 at the base of bowl, is mainly in y
25

direction, as shown in Fig. 2-4(b). In symmetry, the magnetic field induced by coil 3 and coil 4 is
mainly in x direction at the bottom of the bowl. The magnetic field induced by coil 5 is mainly in
z direction. With x, y, and z direction magnetic field at the base, the magnetic field can rotate in
different directions with modulated excitation current i1(t), i2(t), i3(t), defined in (2.1)-(2.3) in
Section 2.1. Here, coil 1 and coil 2 carry the same excitation current i1(t); coil 3 and coil 4 carry
the same excitation current i2(t); coil 5 carries excitation current i3(t). The magnetic field
distribution at the base of the bowl, at a different time instant, is shown in Fig. 2-5. With the
proposed coil structure, a 3D rotating magnetic field can be achieved at the bottom of the charging
bowl. If the end point of the field vector is plotted, the 3D field trajectory is obtained. Here the
field trajectory at two example points O1(-5, 5, -82mm), and O2(30,-30,-78mm) is shown in Fig.
2-6. Basically, the field trajectory is on the surface of an ellipsoid. As demonstrated in Fig. 2-5 and
Fig. 2-6, the magnetic field distribution is not uniform. Therefore, transmitter coils geometry
optimization is desired to achieve uniform omnidirectional field distribution.

(a)

(b)

(c)

Fig. 2-5. Magnetic field distribution at the base of the proposed charging bowl at different time instant. (a)

ω1t = π / 10,ω0t = π / 4 . (b) ω1t = π / 8,ω0t = 7π / 4 . (c) ω1t = 5π / 4,ω0 t = 15π / 8 .

26

(a)

(b)
Fig. 2-6. Magnetic field trajectory at two example points. (a) At O1. (b) At O2.

2.3 Transmitter Coils Optimization
The simple way to achieve uniform omnidirectional field distribution at the base of the bowl
is to make the field distribution of each set of coils is uniform. Simply put, the y-direction magnetic
field induced by coil 1 and coil 2 and so on.
Coil optimization to get uniform field distribution is addressed in this section. Due to
symmetry between coils 1 - 4, coil 1 optimization is used as an example to illustrate the

27

optimization methodology. In Fig. 2-7, the dimension of the charging bowl and design variables
of coil 1 are illustrated. The turns number of the side coil is selected as four to achieve good tradeoff between good coil efficiency and fabrication cost. The turns number selection study is reported
in [56]. The charging bowl fixture is a half sphere cut with a horizontal plane at the bottom. The
diameter of the sphere is set as 200 mm, and the height of the bowl fixture is 85 mm to
accommodate several smart phones (typical dimension 60×120 mm) and small portable devices
(typical dimension 42 × 36 mm). A Cartesian coordinate system is built to describe the position of
coil 1. The origin of the coordinate system is at the center of the sphere. Coil 1 is embedded in the
surface of the bowl fixture and is symmetrical about the y axis. The position of coil 1 can be
determined by eight points (A-D, A1-D1). Points (A - D) are on the edge of the base plane of the
bowl fixture and are described by four variables y1, y2, y3, y4, which is the y coordinate of these
points. Points (A1 - D1) are on the intersection line between the YZ plane and the side face of the
bowl. With the coordinates of these eight points, side coil 1 can be determined.

(a)
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(b)
Fig. 2-7. Geometry of the charging bowl fixture and side coil 1. (a) 3D view. (b) Side view.

The objective of the coil 1 design is to induce strong and uniform magnetic field distribution
at the base of the bowl. The target zone for the coil optimization is shown as the shaded area in
Fig. 2-8. The height of the target zone is 35 mm to accommodate typical small portable devices
in the market. In the target zone, N points with quasi-random sampling are considered for field
calculation. Normally, the finite element analysis software is utilized to get magnetic field
distribution, but it is time-consuming and not suitable for optimization. Therefore, an analytical
model to calculate magnetic field distribution based on the Biot-Savart law as (2.8) [55], is built
in this paper. The magnetic field vector at N sample points is calculated by the numerical integral
of the Biot-Savart law. Then, the y component of the field vector at each sampling point is obtained
as (2.9). The average (Bavg) and the standard variation (Bstd) of (By1…ByN) is calculated in (2.10).
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Fig. 2-8. Target zone of the charging bowl for the side coil 1 optimization.

To achieve strong and uniform y direction field distribution, the average (Bavg) of (By1…ByN)
should be high and the standard variation (Bstd) of (By1…ByN), as, should be small.

Bavg 

0
4

Ids  r
r3

(2.8)

B y  B  (0, 1, 0)

(2.9)

B



1 N
1 N
B yi , Bstd 

 ( Byi  Bavg )2
N i 1
N  1 i 1

(2.10)

In the optimization problem, the position of A1, B1, C1, D1 is not critical to field distribution
at the target zone since these four points are far away from the target zone. Therefore, only the
positions of A, B, C, D are optimized to achieve a strong and uniform y direction magnetic field
in the target zone. As previously mentioned, the positions of points (A, B, C, D) are described by
their y coordinates (y1, y2, y3, y4). The design optimization problem is formulated as (12-13):
Design objective: Maximize Bavg = f1(y1, y2, y3, y4) and
minimize Bstd = f2(y1, y2, y3, y4)
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(2.11)

Design constraints: -Rb < y1, y2, y3, y4 < Rb
(Rb: radius of the base plane, defined in Fig. 2-8)

(2.12)

Given the nature of this optimization problem, a genetic algorithm is applied to locate the
global or near-to-global optimal solution with reasonable computation cost [57]. The parameter
optimization is implemented in MATLAB with a genetic algorithm function. At first, the coil
geometry with different sets of (y1, y2, y3, y4), within the design constraints is generated as
candidates. Then, the magnetic field at 100 sampling points is calculated by the numerical model.
Thereafter, the standard deviation and average value of By at 100 sampling points is calculated,
and the Pareto front of Bstd and Bavg is plotted by the genetic algorithm [58]. Finally, an appropriate
design parameter set (y1, y2, y3, y4) is selected, based on the tradeoff of Bavg and Bstd.
In the design, the coordinates of A1-D1 are set as A1(0, -99.9 , -2 mm); B1(0, -99.7, -7 mm);
C1(0, -99.3, -12 mm); D1(0, -98.5, -17 mm). These data is based on the coil optimization result
reported in [56]. The Bavg - Bstd Pareto front obtained by the genetic algorithm is demonstrated in
Fig. 2-9. In Fig. 2-9, the turning point of the Pareto front is selected to achieve good tradeoff
between field strength and uniformity. At the right side of the selected point, the side coil is more
concentrated on the base plane, and field uniformity is scarified. At the left side, field strength is
scarified by more distributed coil at the base. The selected design parameter set (y1, y2, y3, y4 = 4.5, -15.5, -27.4, -44.3 mm) can achieve a strong field distribution with good uniformity. The coils
spacing between different turns of the selected design increases gradually. In this way, the field
distribution is uniform.
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Fig. 2-9. Bavg - Bstd Pareto Frontier result for the side coil 1 optimization.

The magnetic field distribution at the base plane (z=-85 mm) with the optimized coil 1 and
coil 2 is shown in Fig. 2-10. When comparing with a non-optimized case in Fig. 2-4(b), the
magnetic field is more uniform. The magnitude of By distribution at the base plane, before and
after the optimization, is provided in Fig. 2-11. The field distribution is much more uniform with
the proposed coil design methodology.

Fig. 2-10. Field distribution at the base plane after the optimization.

32

(a)

(b)

Fig. 2-11. |By| distribution at the base plane. (a) Before the coil optimization. (b) After the coil optimization.

After addressing side coil design, the bottom coil 5 (defined in Fig. 2-3) design is evaluated. The
design methodology is almost the same: select proper geometry parameter of the transmitter coil
to achieve strong and uniform field distribution at the base area. Different from the side coil, coil
radius (R1, R2, R3, R4) is adopted to describe the bottom coil geometry as illustrated in Fig. 2-12.
Similarly to side coil design, genetic algorithm is applied to obtain the µ- σ Pareto front and the
result is shown in Fig. 2-13. Then the turning point in the Pareto front is chosen to achieve tradeoff
between field uniformity and strength. The final optimized coil geometry is shown in Fig. 2-14
and the magnetic field distribution at the base with the bottom coil excited is shown in Fig. 2-15.
As illustrated inFig. 2-15, uniform z direction magnetic field distribution is achieved.
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Fig. 2-12. Geometry of the bottom coil 5 in the charging bowl.

Fig. 2-13. µ- σ Pareto Frontier of the bottom coil optimization
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Fig. 2-14. The transmitter coils structure after the optimization.

Fig. 2-15. Field distribution at the base with the optimized coil 5.

After the coil optimization, the magnetic field distribution of each transmitter coil is uniform
in the target area. With a uniformly distributed x, y, z direction field, the 3D uniform rotating field
can be achieved with modulated excitation current i1(t), i2(t), i3(t), defined in (2)-(4) in section 2.1.
The magnetic field distribution at a different time instant at base is shown in Fig. 2-16. Compared
with the non-optimized case in Fig. 2-5, the field distribution at a different time instant is more
uniform. Similarly to the previous case, the 3D field trajectory at two example points O1(-5, 5, -82
mm), O2(30,-30,-78 mm) is obtained in Fig. 2-17. Compared to the non-optimized case in Fig. 2-6,
the magnetic field trajectory after optimization is much more uniform. Therefore, free positioning
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characteristics of the receiver unit with arbitrary orientation is achieved at the base of the bowl.
With this characteristic, a small portable device can be charged flexibly at the base.

(a)

(b)

(c)

Fig. 2-16. Magnetic field distribution at different time instant with optimized coils structure. (a)

ω1t = π / 10,ω0t = π / 4 . (b) ω1t = π / 8,ω0t = 7π / 4 . (c) ω1t = 5π / 4,ω0 t = 15π / 8 .

(a)

(b)

Fig. 2-17. Magnetic field trajectory at two example points after the coil optimization. (a) At O1. (b) At O2.

2.4 Experiment Verification
To validate the previous analysis, a 3D omnidirectional WPT system is built, as shown in Fig.
2-18. To precisely control the geometry of the coils, an Ultimaker 2 Go 3D printer is utilized to
print the bowl fixture with grooves cut in the inner surface of the bowl fixture. Litz wire is adopted
to fabricate the coils, and it consists of 450 strands of AWG 48 wires. The litz wire is manually
placed in the groove.
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Fig. 2-18. Experiment setup of proposed omnidirectional WPT system.

In the hardware, three sets of circuits are built to drive three sets of coils with modulated
excitation current. The detailed implementation of the modulation will be discussed in Chapter 6.
Coil 1 and coil 2 are connected in series and the experiment excitation current waveform is i1, as
shown in Fig. 2-19. Coil 3 and coil 4 are connected in series and experiment excitation current
waveform is i2. The current waveform of bottom coil 5 is i3. Here, the carrier frequency of the
excitation current is 6.78 MHz and the modulation frequency is 450 Hz.

Fig. 2-19. Experiment waveform of modulated transmitter coils excitation current in proposed omnidirectional
WPT system.
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A.

Magnetic Field Measurement

When the modulated excitation current flows through the transmitter coils, the magnetic field
inside the bowl is measured by a near field probe. In the experiment, a Langer EMV near field
probe is utilized to measure the magnetic field trajectory. The magnetic field trajectory at point O1
(defined in Fig. 2-16) during two small periods (Ta and Tb) is shown in Fig. 2-20. The blue line is
the magnetic field trajectory calculated by the analytical model. The red line is the measured
magnetic field trajectory. As demonstrated by Fig. 2-20 (a) and (b), there is little difference
between calculation and measurement result. Therefore, the analytical model to calculate magnetic
field, built in this paper, is verified. As demonstrated in Fig. 2-20, the magnetic field trajectory is
in a ring shape during Ta and Tb. In one modulation period, the ring shape magnetic field trajectory
forms a surface on an ellipsoid, as shown in Fig. 2-21. Therefore, an omnidirectional magnetic
field is achieved at point O1 with the proposed coil structure. The magnetic field trajectory at O2
is also measured and is shown in Fig. 2-21. With the measurement result, uniform omnidirectional
magnetic field distribution at base is verified.

(a)

(b)

Fig. 2-20. The magnetic field trajectory at point O1. (a) During Ta. (b) During Tb.
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(a)

(b)

Fig. 2-21. The magnetic field trajectory measurement result. (a) At O1. (b) At O2.

B.

Testing Result for Charging Wearable Device Receiver
A 35 x 35mm square receiver coil (3.7 uH, 0.7 Ω) for an Apple Watch is fabricated to verify

free positioning and omnidirectional powering characteristics. The turns number of the receiver
coil is designed to satisfy the output voltage requirement of the receiving device. The receiver coil
can either lay on the base (receiver in horizontal plane) or stand on the base of the bowl (receiver
in vertical plane), as shown in Fig. 2-22. When the receiver coil lays on the base, the orientation
is fixed, and the position is characterized by the coordinate (x, y, z) of the center point O. The
output voltage test results for different positions shown in Fig. 2-23(a). Due to the symmetry of
the transmitter coils structure, only the test result in one quarter of the base area is plotted. When
the receiver coil stands on the base, the orientation is flexible and is characterized by yaw rotation
angle θ, as defined in Fig. 2-22. The output voltage test results for different orientations for two
positions (30, 10, -65 mm) and (5, 5, -65 mm) are shown in Fig. 2-23(b).
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Fig. 2-22. Possible positioning of a receiver coil for wearable devices.

(a)
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(b)
Fig. 2-23. Output voltage measurement results for an apple watch receiver. (a) When laying on the base. (b)
When standing on the base.

According to the measurement results, the output voltage is 4.2 ~8V for all possible
positioning and orientations of a smart watch receiver in the setup. Free positioning and
omnidirectional powering characteristics are verified. There is no longer a need to align a small
portable device receiver unit with the transmitter coils, making it more convenient for customer
use. The power transfer efficiency is related to the number of excited transmitter coils. For example,
when a receiver coil lays on the base of the bowl, only the bottom coil should be excited to charge
the device. In this case, the system efficiency is around 60 % at 2.5 W output. When the receiver
coil stands on the base of the charging bowl, two side coils are excited, the system efficiency is
around 50 % at 2.5 W output.
C.

Testing Result for Charging Smart Phone Receiver
A 65 x 50 mm rectangular receiver coil (4.7 uH, 0.6 Ω) for a typical smart phone is fabricated.

The turns number of the receiver coil is designed to satisfy the output voltage requirement of the
receiving device. To describe the receiver coil positioning in the charging bowl, θ1 and θ2 are
adopted as shown in Fig. 2-24. Here, θ1 is the angle between the receiver center line and transmitter
center line, and θ2 is the vertical slope of the receiver coil plane. With (θ1, θ2), the smart phone
receiver position in the bowl is determined.
In the charging test, only the side coil which is near the receiver coil is selectively excited,
and other transmitter coils are not excited. The output voltage, system efficiency, as well as coil to
coil efficiency for different receiver positioning, is shown in Fig. 2-25. The system efficiency
accounts for the loss in the transmitter circuit, coil conduction loss, and rectifier loss. The coil to
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coil efficiency only accounts for coil conduction loss. Due to the symmetry of the transmitter coils
structure, test results in only one quarter of the charging bowl are plotted. As shown in Fig. 2-25,
the system efficiency is 68~80 % and coil to coil efficiency is 85~95 % at 5 W output for all
possible receiver positioning.

Fig. 2-24. Smart phone receiver positioning description parameter (θ1, θ2).

(a)
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(b)
Fig. 2-25. Output voltage and efficiency measurement result for smart phone receiver with different
positioning. (a). Output voltage; (b). Efficiency.

In summary, a planar smart phone device is charged efficiently with free positioning
characteristics in the proposed charging receptacle. For a small portable device, which is inclined
to stay on bottom of charging bowl due to gravity, uniform omnidirectional magnetic field
distribution is utilized to charge it. This is regardless of arbitrary positioning or orientation.

2.5 Conclusion
In this chapter, omnidirectional WPT systems reported in current literature are reviewed and
compared, and a novel bowl-shaped transmitter coils structure is proposed. An analytical model to
calculate magnetic field distribution of a 3D transmitter coils structure is built and verified by
measurement result. The design methodology for the transmitter coils is also proposed. With the
design methodology, strong uniform omnidirectional magnetic field distribution is achieved, and
free positioning of a receiver device with arbitrary orientation is enabled. A 6.78MHz
omnidirectional WPT system is built. Both free positioning and omnidirectional power transfer
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capability are verified by the magnetic field measurement result. The system efficiency for a smart
phone dimension receiver is 68~80 % at 5 W output. The maximum system efficiency for a
wearable device dimension receiver is 60 % at 2.5 W output. The proposed wireless charging bowl
offers both spatial freedom and good efficiency, making it a promising charging solution for
mobile devices [90].
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Chapter 3

6.78MHz Resonant Converter for

Omnidirectional WPT System
3.1 Introduction
Compensation networks are normally used to improve the power transfer capability of a
wireless power transfer system with loosely coupled coils. The requirements of the compensation
networks in an omnidirectional wireless power transfer system are identified as follows: 1).
coupling independent resonant frequency; 2). load independent output voltage; 3). load
independent transmitter coil current; 4). maximum efficiency power transfer; 5). soft switching of
active devices.
The series-series (SS) compensation scheme, shown in Fig. 3-1, is widely adopted for a WPT
system due to the simplicity and its coupling-independent resonance characteristics [53]. Herein,
Lp and Ls are the self-inductances of the transmitter coil and receiver coil. k is the coupling
coefficient between the transmitter coil and receiver coil. Cp and Cs are the compensation capacitors
in primary side and secondary side and they are designed to resonate with Lp and Ls respectively at
the same frequency:
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Fig. 3-1. The series – series compensated converter.

1

Lp C p

1
Ls Cs

(3.1)

The frequency characteristics of the input to output voltage gain of a SS compensated converter
is analyzed with only fundamental component of the input voltage source considered. Herein, the
resistance of switching devices, the coupled coils and the rectifier bridge is neglected for simplicity.
Two typical voltage gain curves with different load conditions under different coupling coefficients
are shown in Fig. 3-2.

(a)

(b)

Fig. 3-2. Voltage gain curves of a SS compensated converter under different coupling condition. (a) k = 0.4.
(b) k = 0.2.

As demonstrated by Fig. 3-2, there are three resonant frequencies in the SS compensated
converter: one parallel resonant frequency fp, and two series resonant frequencies fs1, fs2. At the
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parallel resonant frequency fp, the output voltage is proportional to the load resistance. In other
words, the output current is irrelevant to the load condition. The load-independent output current
characteristic at fp is achieved by the parallel resonant tank (Lp, Cp) and fp is determined by
f 

1
2 Lp C p

(3.2)

As illustrated by (3.2), the requirement I (coupling independent resonant frequency) is satisfied
when operated at fp. However, the output voltage has a significant fluctuation at fp and the
requirement II (load independent output voltage) is not satisfied, which leads to too much burden
for the voltage regulation circuit. Therefore, it’s not desired to operate at the parallel resonant
frequency fp.
At two series resonant frequencies fs1 and fs2, the output voltage is independent of load condition.
The load independent output voltage characteristic is achieved by the series resonance between
leakage inductances and the compensation capacitor. Assuming the transmitter coil is identical with
the receiver coil, the equations for fs1 and fs2 are simplified as
f s1 

1
2 (1  k ) Lp C p

f s2 

1
2 (1  k ) Lp C p

(3.3)
(3.4)

Here, two series resonant frequencies are related to the coupling coefficient and cannot satisfy
the requirement I. In summary, the SS compensated converter cannot even satisfy requirement I
and II at the same time.
Other than series-series resonant converter, LLC resonant converter, which is very popular in
power electronics society, is also evaluated in this section [60]. The coupled coil is represented by
cantilever model in LLC circuit diagram as shown in Fig. 3-3 [61]. LLC voltage gain characteristics
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in different coupling condition with variable load resistance is shown in Fig. 3-4, with only
fundamental component of input voltage source considered.

Fig. 3-3. The LLC resonant converter.

(a)

(b)

Fig. 3-4. Voltage gain curves of a LLC converter under different coupling condition. (a) k = 0.4. (b) k = 0.2.

There is two resonant frequency fo, f1 in the LLC gain characteristics as shown in Fig. 3-4:
fo

f1

1
2 Lk C p

(3.5)

1
2 ( L p  Lm )C p

(3.6)

In LLC resonant converter, resonant frequency fo is the most efficient operation point with zero
voltage switching in wide load range [60]. In WPT application, this optimal point is sensitive to
coupling change because it’s determined by leakage inductance. And leakage inductance is subject
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to coupling change. Therefore, it’s difficult to operate at this point in variable coupling case. As for
resonant frequency f1, there is no constant voltage output characteristics although it is independent
of coupling. It’s difficult to control the output voltage in such large fluctuation to charge the battery.
Therefore, LLC resonant converter cannot satisfy all the requirement either.
As for series-series resonant converter and LLC resonant converter, the resonant frequency with
good voltage controllability is dependent of coupling. Therefore new resonant converter topology,
which has coupling independent resonant frequency with voltage source output characteristics, is
studied in next section.

3.2 Synthesis of Multiple Element Resonant Converter
The general ac circuit model of a wireless power transfer system, with only the fundamental
component considered, is shown in Fig. 3-5. The coupled coils are represented by the mutual
inductance model. Herein, Lp and Ls are the self-inductances of the transmitter coil and receiver
coil; M is the mutual inductance of the coupled coils. Ip and Is are the transmitter coil current and
receiver coil current in phasor domain. The transmitter coil is driven by an ac voltage source (vac)
with a primary compensation network. The receiver coil is followed by a compensation network
and the loading circuit. Here, Re is the fundamental equivalent ac loading resistance of the system.

Fig. 3-5. The general ac circuit model of a wireless power transfer system.
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To satisfy the third criteria listed above (load independent transmitter coil current Ip), the
primary compensation network should change the input voltage source to a current source. The
parallel resonant tanks, shown in Fig. 3-6, are the simplest network to achieve this goal [59]. The
Norton’s equivalent circuit of one parallel resonant tank, as an example, is illustrated in Fig. 3-6(b).
A voltage source in series with the inductor Lr is equivalent to a current source in parallel with the
inductor Lr. The phasor (Iac) of the equivalent current source is calculated by the Norton’s Theorem:

I ac 

Vac
j Lr

(3.7)

At the resonant frequency of Lr and Cr, the parallel resonant tank has an infinity impedance,
and the equivalent current source is directly connected to the transmitter coil; therefore, the
primary coil current Ip equals Iac, which is irrelevant to the load and coupling condition at the
resonant frequency of Lr and Cr. Moreover, the resonant frequency is also independent of the
coupling condition. Therefore, the first and third criterion are satisfied when parallel resonant tanks
are adopted as the primary compensation network.

Fig. 3-6. Parallel resonant tank and its equivalent circuit with the Norton’s equivalent circuit.
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With load independent primary coil current Ip, the voltage ( j MI p ) induced within the receiver
coil is also irrelevant to the load condition. If the secondary compensation network canceled the
reactance of Ls, the voltage source would be directly applied on the equivalent resistance Re. The
simplest compensation network to achieve this goal is a capacitor (Cs) which is in series with the
receiver coil. Meanwhile, the coil to coil efficiency is also maximized by cancelling the reactance
in the receiver loop [53].
In a MHz converter, the ZVS operation for switching devices is essential to reduce the
switching loss and switching related EMI problem. The necessary condition for ZVS of primary
side devices is the input impedance must be inductive, which means the input current lags the input
voltage, and ZVS is naturally achievable [54]. However, the inductive input impedance results in
some reactive power flowing in the system and the associated circulating power losses. Therefore,
the input impedance must be controlled precisely to minimize the circulating energy. To allow
more design freedom, a capacitor (Cp) is added in the converter to tune the angle of the input
impedance [62]. Due to the current source characteristic of the transmitter coil current, Cp does not
impact the system operation if it is in series with the transmitter coil.
Considering these requirements, two resonant converters, named as the LCCL-LC resonant
converter and the CLCL-LC resonant converter, are derived in Fig. 3-7. It is worth noting that the
proposed synthesis methodology is a systematic way to generate different compensation topologies
and these two converters are the simplest. Compared with the CLCL-LC resonant converter, the
resonant capacitor Cr in the LCCL-LC converter can bypass the high frequency harmonics of the
input voltage source. Therefore, the transmitter coil current contains the lower harmonics
component in the LCCL-LC resonant converter. The harmonics component decreases the load
independency of the transmitter coil current and may interfere with the communication chips in
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the receiver device. Considering this, the LCCL-LC resonant converter is desired and evaluated in
detail in this work.

(a)

(b)
Fig. 3-7. Two resonant converter candidates. (a) LCCL-LC resonant converter. (b) CLCL-LC resonant
converter.

(a)

(b)
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Fig. 3-8. Voltage gain curves of the LCCL-LC converter under different coupling coefficient. (a) k = 0.4. (b)
k = 0.2.

The voltage gain characteristics of the LCCL-LC resonant converter under different coupling
conditions are shown in Fig. 3-8. Herein, the resistance of the switching devices, the coupled coils,
and the rectifier bridge in the converter are neglected for simplicity. The resonant frequency fo is
determined by:

fo 

1
2 Lr Cr



1
2 Ls Cs

 6.78MHz .

(3.8)

As illustrated by (3.8) and Fig. 3-8, the resonant frequency fo is irrelevant to the coupling
condition, i.e. the system can operate at the optimal point with a variable coupling coefficient.
Therefore, the first criterion is satisfied with this topology. The output voltage is independent of
load condition at this resonant frequency, satisfying the second criterion. By the resonance of Lr
and Cr, the primary coil current is constant, making the third criterion satisfied. Furthermore, the
efficiency is maximized by the resonance of Ls and Cs, which is the fourth criterion. Lastly, the
ZVS operation of primary devices can be achieved with proper tuning of Cp, fulfilling the fifth
criterion. The design methodology to achieve the ZVS operation of the LCCL-LC resonate
converter is proposed in Chapter 4. Therefore, all five criteria are met with the LCCL-LC resonant
converter.

3.3 Experiment Verification
A 6.78 MHz LCCL-LC resonant converter for the one transmitter and one receiver case is
built to verify the previous analysis. The specifications of the system for a smart phone receiver
are shown in Table 3.1.
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TABLE 3.1 SPECTIFICATIONS OF THE WPT SYSTEM
Specifications

Symbol

Practical Value

Input voltage
Output voltage range
Output power
Switching frequency
Transmitter coil self-inductance

Vin
Vo
Po
fo
Lp

24V
10~20V
5W
6.78MHz
3.09uH

Transmitter coil resistance
Receiver coil self-inductance
Receiver coil resistance
Coupling coefficient range
Compensation inductor
Compensation capacitor
Compensation capacitor
Compensation capacitor

Rp
Ls
Rs
k
Lr
Cr
Cp
Cs

0.6Ω
4.7uH
0.6Ω
0.12~0.25
560nH
980pF
160pF
118pF

The toroid core with Fair-Rite material 67 (Part number: 5967000201), which has very low loss
in MHz, is adopted to build the inductor Lr. To reduce the winding ac resistance, 450/AWG48 Litz
wire is utilized to wind around the toroid core. To operate at 6.78MHz, the low voltage GaN device
(EPC8004) is used for primary devices. According to the circuit parameters in Table I, the
experimental setup is built as Fig. 3-9. In the receiver circuit, four discrete DFLS130 diodes are
adopted for the rectification due to their small conduction voltage drop. A simple resistor after the
rectifier bridge is manually adjusted to emulate the function of the battery charging chip. In the
experimental setup, the TI microcontroller TMS320C28346 demo board is used to give the PWM
signals to the half bridge of the LCCL-LC circuit and the system is powered by an Agilent E3631A
DC power source. The experimental input voltage and current waveform with only one transmitter
coil (coil 1), excited to power the receiver coil, is first shown in Fig. 3-10. In the test, the coupling
coefficient between coil 1 and the receiver coil is 0.12, and the load resistor is 20 Ω. As illustrated
by Fig. 3-10, ZVS of the primary device is well achieved, and the waveform is clean at 6.78 MHz.
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Fig. 3-9. The physical setup of the omnidirectional IPT system.

Fig. 3-10. Experimental waveform of switching node voltage and current.

Fig. 3-11 shows the comparison of the experimental and calculated rms value of the coil 1a
excitation current (Ip_rms) as a function of the load resistance under k = 0.12 and k = 0.2. The load
resistance range for two coupling conditions is adjusted to make sure that the output power is 5 W.
The calculated results for Ip_rms fit well with the experimental results, validating the load and
coupling independence of the transmitter coil current. The measured output voltage (Vo) of the
LCCL-LC circuit is also plotted in Fig. 3-11 with another vertical axis. There is some mismatch
between the calculated results and experimental results since the loss of the converter and the
reactance of the rectifier bridge are not considered in the theoretical analysis. This mismatch
becomes smaller when load resistance increases, since the voltage drop on each component
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reduces with a lower current level. As illustrated by the experimental results, the output voltage
is independent of the load condition, and good voltage controllability is achieved with the LCCLLC resonant converter.

(a)

(b)
Fig. 3-11. Experimental and calculated results of the rms current of transmitter coil and the output voltage.
(a) k = 0.12. (b) k =0.2.
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3.4 Conclusion
The special challenges in resonant converter for omnidirectional WPT system are identified.
A systematic synthesis strategy to find suitable resonant converter topology is proposed. The
LCCL-LC and CLCL-LC resonant converters are derived to satisfy all the requirements with
lowest compensation components. Due to the low harmonics content, the LCCL-LC converter is
promising in consumer electronics applications because of strict EMI regulation. A 6.78MHz
LCCL-LC converter is built to validate all the benefit of the LCCL-LC converter in
omnidirectional WPT system.
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Chapter 4

Soft-switching Realization of the 6.78MHz
LCCL-LC Converter

4.1 Introduction
In consumer electronics applications, MHz WPT systems are used to improve the charging
spatial freedom [63]. 6.78 MHz is selected as the system operation frequency, according to the
AirFuel standard, a wireless charging standard for commercial electronics [64]. The zero voltage
switching (ZVS) operation of the switching devices is essential in reducing the switching loss and
the switching related electromagnetic interference (EMI) issue. In omnidirectional WPT systems,
the LCCL-LC resonant converter topology is selected due to its benefits as mentioned in Chapter
3. In [65], ZVS analysis in an LCCL-LC circuit is conducted without considering the rectifier
reactance and the dead-time period. In a MHz system, the rectifier reactance caused from junction
capacitance of the diode can no longer be neglected [66], [67]. However, an analytical model of
the full bridge rectifier reactance is lacked and the impact of the rectifier reactance on the ZVS
operation of the LCCL-LC converter is not evaluated [66], [67]. Therefore, a comprehensive
design methodology of a 6.78MHz LCCL-LC resonant converter to achieve ZVS operation, with
considering the rectifier reactance and dead-time period, is proposed in this chapter.
In omnidirectional WPT systems, there is multiple transmitter coils and ZVS analysis is much
more complicated. It has never been conducted in the existing literature. Therefore, in this chapter,
the ZVS analysis is extended to the case of multiple transmitter coils. Besides, there are different
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excitation current control for the transmitter coil to achieve omnidirectional power transfer
capability [68]. Based on the analytical model, the ZVS condition is evaluated with different
excitation current control methods for the first time in the literature.

4.2 Reactance of Full Bridge Rectifier at 6.78MHz
The LCCL-LC resonant converter, composed of a half bridge, resonant tank and a full bridge
Schottky rectifier is shown in Fig. 4-1. At 6.78MHz, the impact of the diode junction capacitance
(Cj) can no longer be neglected [66], [67]. The voltage and current waveform at the input port of
the full bridge rectifier is shown in Fig. 4-2. When the current flowing through D1 and D4 goes to
zero, D1 and D4 are not turning off immediately. The negative current continues to flow through
the junction capacitances of D1 and D4 and build a reverse voltage across the diodes. Therefore,
the rectifier voltage vrec lags the current is, due to the commutation of diodes, which leads to
capacitive loading effect. Regarding this, an equivalent capacitance Ceq is added in the ac
equivalent circuit of the LCCL-LC converter with the fundamental approximation, as shown in
Fig. 4-3. In Fig. 4-3, Uin is the fundamental component of the switching node voltage; Req, Ceq are
utilized to model the rectifier impedance at the fundamental frequency. During the diode
commutation period, the rectifier current (is) needs to remove the output junction charge (2Qj)
stored in diodes. The charge balance equation is
2 /o



I s sin(ot )dt  2Q j .

0

where Is is the amplitude of the current flowing through the receiver loop.
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(4.1)

Fig. 4-1. The LCCL-LC resonant converter.

Fig. 4-2. Voltage and current waveform at the input port of the rectifier.

Fig. 4-3. Equivalent circuit of the LCCL-LC converter with fundamental approximation.
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With fundamental approximation, the voltage and current waveform of the rectifier bridge is
shown in Fig. 4-4. The phase angle between the voltage and current waveform is θ. The real and
imaginary part of the admittance seen from the rectifier input terminal is calculated as
Is
1
,
cos  
Vrec
Req
Is
sin   o Ceq .
Vrec

(4.2)
(4.3)

where Vrec is the amplitude of the fundamental component of the rectifier voltage
Vrec 

4 sin(2 )
Vo .
 2

Fig. 4-4. The voltage and current waveform of the rectifier with the fundamental approximation.

According to (4.3), Vo and Is are needed to solve the equivalent capacitance Ceq. In steady
state, the average current flowing through the output capacitor would be zero. Therefore, the
average current flowing after the rectifier (irec) equals the load current (Io) as defined in Fig. 4-1.
T /2

V
T
[  I s sin(ot )dt  2Q j ] / ( )  I o  o .
2
R
0
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(4.4)

Combing (4.1)-(4.4), there is no simple analytical solution for Ceq. When the discharging period
(2θ) is less than 15% of the whole charge period, some approximation is made:
sin(2 )
 1.
2

(4.5)

The approximation error is below 10% according to Fig. 4-5. With the approximation, the
analytical solution of Ceq and Req is obtained as

Ceq 

where:  

4 R(cos(2 )  1)
 2 sin 
, Req 
.
 2 cos 
4o R(cos(2 )  1)

4 RQ j
4 RQ j  VoT

(4.6)

, Qj is the junction charge stored at the diode junction cap.

Fig. 4-5. The relationship of sin()/ () versus / .

4.3 ZVS Achievement in One Transmitter Coil Case
4.3.1

Parameter Design for ZVS Operation

The resonant frequency of the LCCL-LC converter is designed at the system frequency (6.78
MHz) as follows:
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fo 

1
1

 6.78MHz .
2 Lr Cr 2 Ls Cs

(4.7)

At the resonant frequency of Lr and Cr, the equation of the transmitter coil current Ip in phasor
diagram is shown in (4.8), which is independent of the coupling and load conditions [62].
U in
.
jo Lr

Ip 

(4.8)

According to the Faraday’s Law, the transmitter coil current induces a controlled voltage source
in the receiver loop, as shown in Fig. 4-3. With the resonance of Ls and Cs, the voltage source
directly applies to the input port of the rectifier. The amplitude of the fundamental component of
the rectifier voltage at the resonant frequency (fo) is derived as

Vrec  jo MI p  jo M

2 /  Vin 2k Lp Ls
.

jo Lr
 Lr

(4.9)

As shown in Fig. 4-2, the rectifier voltage waveform is trapezoidal in approximation, and the
value of the upper plateau is the DC output voltage Vo. The phase angle of the diode commutation
period is 2. According to the Fourier series expansion of a trapezoidal signal, the amplitude of the
fundamental component of the rectifier voltage is

Vrec 

4 sin(2 )
4
Vo  Vo .
 2


(4.10)

The diode commutation period is less than 15% of the whole switching period in a practical
system (); therefore, some approximation is made in (4.10). Combing (4.9) and (4.10), the
output voltage of the converter is solved as

Vo 

k L p Ls
2 Lr

Vin .
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(4.11)

Here, k, Lp, and Ls are determined by the coil design; therefore, Lr is designed to satisfy the
output voltage requirement. After Lr is determined, Cr can be determined according to (3).
Meanwhile, the compensation capacitor Cs is designed to resonate with Ls at 6.78 MHz. Therefore,
Lr, Cr, Lp, Ls, and Cs are determined, and there is only Cp left in the parameter design for the
resonant tank in the LCCL-LC converter.
As for Cp, it is tuned to achieve ZVS with minimum circulating energy in the system. The
typical input voltage, input current, and capacitor Cr voltage waveforms in the LCCL-LC resonant
converter are shown in Fig. 4-6. To achieve ZVS, the turn off current must be high enough to fully
discharge the junction capacitor of the switching devices during a predetermined dead-time period
(td). Herein, Ioff is defined as the instant value of the input current at the middle point of the deadtime period (t = T/2=1/2fo).

Fig. 4-6. The voltage and current waveform of the rectifier with the fundamental approximation.

4.3.2

Turn-off current Calculation

To calculate Ioff, the equivalent circuit of the converter referred to the primary side is shown
in Fig. 7, where Zref is the reflected frequency-dependent impedance of the receiver side circuit.
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In the equivalent circuit, vin is a trapezoidal-wave voltage signal and is decomposed to different
frequency components by Fourier series as

vin (t ) 


Vin
sin(n f otd ) 2Vin
 
sin(2n f ot ) .
2 n 1,3,5... n f otd
n

(4.12)

Fig. 4-7. Equivalent circuit of the LCCL-LC converter with secondary side circuit reflected to primary side.

If the input current component at each frequency is calculated correspondingly, Ioff is the sum
of the instant value of each component at t = T/2. To better visualize this process, the
decomposition of the input current is shown in Fig. 4-8. The input current (iin) is decomposed to
its fundamental component (if) and harmonics component (ih). Furthermore, the fundamental
component is decomposed to two parts: sine (if_sin) and cosine (if_cos). The sine part is in phase with
the input voltage and impacts the active power transfer of the system. On the contrary, the cosine
part has a 90° phase difference with the input voltage and impacts the reactive power flowing in
the system. As illustrated by Fig. 4-8, if_sin equals zero at t = T/2 and does not contribute to Ioff;
however, if_cos equals its amplitude at that time instant and contributes to Ioff when the input
impedance is inductive. Also, the harmonics component of the input current contributes to Ioff and
must be considered carefully.
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Fig. 4-8. Decomposition of the input current waveform in time domain.

With the equivalent circuit in Fig. 4-3, the KVL equation in the receiver loop is derived as



1
1
jo MI p  I s  jo Ls 
 ( Req / /
)  0 .
joCs
joCeq 


(4.13)

Then, the reflected impedance of the receiver circuit Zref at the fundamental frequency is
calculated as

Zref 

jo MI s o2 M 2

(1  joCeq Req ) .
Ip
Req

(4.14)

According to the equivalent circuit in Fig. 4-7, the complex input impedance at the
fundamental frequency is derived as

Zf 

Lr
Cr


1
1 
/  Zref  j (o Lp 

) .
oC p oCr 


(4.15)

The fundamental component of the input current in phasor domain (If) is then calculated by
the fundamental component input voltage (Vf) divided by the input impedance
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Vf
Vf o2 M 2
Vf
1
1

j
(

 o Lp  o3 M 2Ceq ) ,
Zf Lr / Cr Req
Lr / Cr oC p oCr

If 

where Vf 

(4.16)

sin( f otd ) 2Vin
0 . In (4.16), there are two terms: the first term represents if_sin,
 f o td


which is in phase with Vf, and the second term represents if_cos. As previously mentioned, only if_cos
contributes Ioff, and its amplitude is derived as

I f _ cos

o Lp  1/ oC p  o3 M 2Ceq
sin( f otd ) 2Vin 1

(1 
).
 f o td
 o Lr
o Lr

(4.17)

The high order harmonics of input current in the LCCL-LC converter are actually trapped in
the Lr, Cr loop, due to the low pass filter characteristics of the LC filter comprising of Lr and Cr.
Similar to the fundamental component, the high order harmonics in phasor domain (Ih) are
calculated as

Ih 

where Vh_n 



Vh_n

n 3,5...

Zh









n 3,5...

Vh_n
jno Lr  1/ jnoCr

.

(4.18)

sin(n f otd ) 2Vin
0 .
n f otd
n

At t = T/2, the harmonics components are at its peak value due to the 90° phase delay with the
input voltage, and the instant value (Ih) is derived as
Ih 

sin(n f otd ) 2Vin
1
.
n f otd
n o Lr (n  1/ n)
n 3,5,7...




(4.19)

There is no direct closed form analytical solution for (4.19). Therefore, MATLAB software is
utilized to calculate the harmonics up to 101st component. With a reasonable dead-time range
(2~15ns) in 6.78 MHz system, the total high order harmonics can be approximated as
I h  0.2 

sin( f o td ) 2Vin 1
.
 f otd
 o Lr
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(4.20)

Then, the total turn off current Ioff, is the sum of If_cos and Ih:

I off

o Lp  1/ oC p  o3 M 2Ceq
sin( f otd ) 2Vin 1
 I f _ cos  I h 
(1.2 
).
 f o td
 o Lr
o Lr

(4.21)

In (4.21), the turn off current is not only related to the value of Cp, but also the equivalent
capacitance (Ceq) caused by the rectifier bridge. As illustrated by (4.6), Ceq is a function of the
coupling and load condition, which makes the ZVS condition complicated. To demonstrate the
quantitative impact of Cp and Ceq on the turnoff current, an example 6.78MHz LCCL-LC converter
for charging a smartphone device is designed. The specification of the example system is shown
in Table 4.1.
TABLE 4.1 SPECTIFICATIONS OF THE WPT SYSTEM
Specifications

Symbol

Practical Value

Input voltage
Output voltage range
Output power
Switching frequency

Vin
Vo
Po
fo

24V
10~20V
5W
6.78MHz

Transmitter coil self-inductance
Transmitter coil resistance
Receiver coil self-inductance
Receiver coil resistance
Coupling coefficient range

Lp
Rp
Ls
Rs
k

3.09uH
0.6Ω
4.7uH
0.6Ω
0.12~0.25

According to (4.11), the output voltage of the LCCL-LC circuit at fo is proportional to k. A
commercial Li-Ion battery charging chip, such as the TI BQ25703, can be cascaded after the
resonant converter to charge the battery with a certain profile [69]. The typical input voltage range
of the charging chip is 4~24V. To reduce the conduction loss of the rectifier, a higher output
voltage and lower current are preferred; therefore, the output voltage of the LCCL-LC converter
is designed as 10~20V. The value of Lr is designed to output 10V at the worst coupling case (k =
0.12):
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Lr 

kmin L p Ls Vin
2Vo min

 549nH .

(4.22)

With Lr determined, the values of Cr and Cs are calculated according to (4.7). In summary, the
designed values for the passive components in the LCCL-LC converter are listed in Table III. In
the receiver circuit, four discrete DFLS130 diodes are adopted for the rectification, due to their
small conduction voltage drop. After the rectifier bridge, a simple resistor is manually adjusted to
maintain the output power.
TABLE 4.2 PASSIVE COMPONENT VALUES IN THE LCCL-LC CONVERTER
Component
Practical value

Lr
549nH

Cr
980pF

Cs
118pF

With the specifications in Table II and Table III, the turn off current in different coupling
coefficient and output power conditions under Cp = 160pF, is shown in Fig. 4-9. As shown in Fig.
4-9, Ioff reduces when the coupling coefficient (k) increases. An increase of coupling coefficient
leads to large reflected impedance, so the impact of Ceq increases and the turn off current reduces,
according to (4.21). On the other hand, Ceq decreases as the output power decreases, due to the
increase of the load resistance, according to (4.6). Regarding this, the turn off current increases as
the output power decreases, according to (4.21). In summary, the worst case for the turn off current
is the strong coupling and heavy load case. Therefore, Cp should be designed to achieve enough
turn off current to achieve ZVS at the worst case.
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Fig. 4-9. Turn off current of the designed system under different coupling coefficient and output power
information.

4.3.3

Considering effect of the dead-time period

To realize ZVS, the turn off current must be able to fully discharge the equivalent junction
capacitor (Coss) of the switching devices during the dead-time period (td):

Q

(T  td )/2



ioff (t )dt  2CossVin .

(T td )/2

(4.23)

The turn off current changes during td, and the previously calculated Ioff is the instant value at
t = T/2. To calculate ioff(t), the simplified equivalent circuit during td is derived in . Since the voltage
of Cr does not change much during td, as shown in Fig. 6, Cr is replaced by a voltage source Vcr.
The fundamental component of the voltage of Cr in phasor domain is calculated as

Vcr 

 2o2 M 2
Vf
1
( jo Lp 

).
jo Lr
joC p
8R

(4.24)

Then, the instant value of vcr at t = T/2 is approximated by

1  M 2
Vcr  (  o
)Vin .
2 4 RLr
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(4.25)

The second order differential KVL equations in the equivalent circuit shown in Fig. 4-10, with
the initial conditions, are derived as the following:

2 Lr Coss

d 2u (t )
 u (t )  Vcr  0;
dt

2Coss

du (t )
 ioff (t ) ;
dt

u (0)  Vin ; 2Coss

(4.26)

du (td / 2)
  I off .
dt

Therefore, ioff(t) is solved, and the discharge during td is calculated as
ioff (t )  I1 sin(1t   ) ,

Q  2Coss (Vin  Vcr ) 

where

1 

I1 

[ I off  sin(1t d / 2)(Vin  Vcr )1Coss ]
2

cos ( 2 t d / 2)

I1

1

(4.27)

cos(1td   ) .

(4.28)

2
2

2

2

 (Vin  Vcr ) 1 Coss

,

  arc cos

Vin  Vcr
1Coss
I1

,

1
.
2 Lr Coss

Fig. 4-10. Simplified equivalent circuit for the discharging of the junction cap of the switching devices during
the dead-time period.

To realize ZVS with minimum circulating energy, Cp is tuned so that the discharge (Q) during
td is the same as the charge stored in the output junction capacitor (Coss) of the primary devices for
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the worst case. Due to the complicacy of the model, an iterative program to solve Cp is built in
MATLAB.

4.4 ZVS Analysis in Multiple Transmitter Coils Case
In a multiple transmitter coils system, the ZVS condition is more complicated, due to the
uncertain circulating energy incurred by different coils. To simplify the analysis, the ZVS
condition with two transmitter coils is first evaluated in this paper. As shown in Fig. 4-11, when a
wearable device receiver stands on the base of the charging bowl, coil 1a and coil 2a should be
excited to provide the energy. It’s worth noting the orientation and position of the receiver coil in
Fig. 4-11 is just an example and different transmitter coils should be excited according to
positioning of the receiver coil.

(a)

(b)

Fig. 4-11. Transmitter coils and a receiver coil in an omnidirectional WPT system. (a). 3D view. (b). Top
View.

The LCCL-LC circuit diagram with two transmitter coils is shown in Fig. 4-12. Herein, Lp1,
Lp2, and Ls are the self-inductances of the two transmitter coils and receiver coil respectively. M1
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and M2, are the mutual inductance between the receiver coil and two transmitter coils; M3 is the
mutual inductance between the two transmitter coils. The decoupled circuit model at the
fundamental frequency is shown in Fig. 4-13.

Fig. 4-12. Two phase LCCL-LC circuit diagram with two transmitter coils.

Fig. 4-13. Equivalent decoupled circuit at fundamental frequency.

The input voltage of each channel (Vin1, Vin2) is controlled by the front buck stages to
implement transmitter coil excitation current amplitude modulation. The KVL equation of the
receiver circuit in phasor domain is derived as

jo M1Ip1  jo M 2Ip2  ( jo Ls 

1
1
 Req / /
)I s  0 .
joCs
joCeq

At the resonant frequency of Ls and Cs, the receiver coil current is solved as follows:
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(4.29)

Is 

( jo M 1I p1  jo M 2 I p2 )(1  jo ReqCeq )
Req

.

(4.30)

The complex reflected impedance in each transmitter circuit is derived as follows:

Zref1 

Zref2 

jo M 1I s  jo M 3I p2
I p1
jo M 2 I s  jo M 3I p1
I p2

,

(4.31)

.

(4.32)

Substituting (4.30) in (4.31) and (4.32) , the reflected impedance in each transmitter circuit is
solved as follows:

Zref1  (

Zref2  (

o2 M 12
Req

o2 M 22
Req



o2 M 1M 2 I p2



o2 M 1M 2 I p1

Req

Req

I p1

I p2

)(1  jo Req Ceq )  jo M 3

I p2

)(1  jo Req Ceq )  jo M 3

I p1

I p1

I p2

,

(4.33)

.

(4.34)

After obtaining the reflected impedance for each transmitter circuit, the transmitter circuits
are decoupled from one another. Then, the process to calculate the turn off current for the one
transmitter and one receiver case can be applied for the two transmitter case. The final turn-off
current equations for each transmitter circuit are derived as

I off 1 

o Lp1  1/ oC p1  Im(Zref1 ))
sin( f otd ) 2Vin1 1
(1.2 
),
 f o td
 o Lr1
o Lr1

(4.35)

I off 2 

o Lp 2  1/ oC p 2  Im(Zref2 ))
sin( f otd ) 2Vin 2 1
(1.2 
).
 f o td
 o Lr 2
o Lr 2

(4.36)

where: Im(Zref1,2) are the imaginary part of the complex reflected impedance for two transmitter
circuits:

Im(Zref1 )  Ceqo3 M 12  Im[(

o2 M 1M 2
Req
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 jCeqo3 M 1M 2  jo M 3 )

I p2
I p1

],

Im(Zref2 )  Ceq M  Im[(
3
o

2
2

o2 M 1M 2
Req

 jCeqo3 M 1M 2  jo M 3 )

I p1
I p2

].

It is worth noting, that the turn off current equation becomes much more complicated
compared to the one transmitter coil case. The excitation current of two transmitter coils has a
significant impact on the turn off current. In [44] and [45], the coil excitation current control
methods are divided into two categories: there is phase difference among (i1, i2); there is no phase
difference among (i1, i2).
Method I: Ip1  I m0 , Ip2  I m90

(4.37)

Method II: Ip1  m1I m0 , Ip2  m2 I m0 .
(4.38)
where m1, m2 are variables to control field direction.
Substituting (4.37) and (4.38) in (4.33) and (4.34) , the imaginary part of the complex reflected
impedance is derived as follows:
Method I:

Im(Zref1 )  Ceqo3 M 12 

Im(Zref1 )  Ceqo3 M 12 

o2 M 1M 2
(4.39)

Req

o2 M 1M 2
(4.40)

Req

Method II:

Im(Zref1 )  Ceqo3 M 12  (Ceqo3 M 1M 2  o M 3 )

m2
m1

(4.41)

Im(Zref2 )  Ceqo3 M 22  (Ceqo3 M 1M 2  o M 3 )

m1
m2

(4.42)

Therefore, the turn off current for each channel is different for two current control methods.
To achieve the ZVS operation in the operation range, the worst case for designing Cp is identified
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as follows.
4.4.1

Identify the worst case for method I

The key advantage of an omnidirectional WPT system is that it can deal with angular
misalignment of the receiver. The top view of a receiver device standing on the base of the bowl
is shown in Fig. 4-11(b). Herein, the yaw rotation angle is defined as y. The mutual inductance
between the receiver coil and two transmitter coils coil 1 set and coil 2 set for different y is shown
in Fig. 4-14.

Fig. 4-14. Mutual inductance between receiver coil and transmitter coils 1a, coil 2a (M1, M2) versus under
different yaw angle y of the receiver.

With the mutual inductance curve in , the turn-off current for the two transmitter coils circuit
versus the different yaw rotating angles for modulation method I is shown in Fig. 4-15. There is
large fluctuation in the turn-off current curve, and the turn off current is smallest when Im(Zref1,2)
is at the maximum value, based on (4.35) and (4.36). Similar to the one transmitter coil case, the
worst case is the strong coupling and heavy load case, according to (4.39), (4.40). The coupling
condition refers to the product of M1 and M2 in the two transmitter coils case.
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Fig. 4-15. Turn off current of two transmitter circuits versus different yaw angle y of the wearable receiver for
modulation method I.

4.4.2

Identify the worst case for method II

As for the current control method II, a buck stage is added before the LCCL-LC converter, to
modulate the input voltage of the LCCL-LC converter and control the amplitude of the excitation
current. According to [70]-[72], the best ratio between the amplitude of two transmitter coils
current under the assumption that two coils’ equivalent resistance is the same is
m1 M 1
.

m2 M 2

(4.43)

Therefore, the input voltage of each channel in our system is controlled by the front buck as
Vin1 

M1
 Vin ;
M1  M 2

(4.44)

Vin 2 

M2
Vin .
M1  M 2

(4.45)

Substituting (4.43)in (4.44) and (4.45), the reflected impedance for (Zref1,2) method II is
simplified as follows:
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Im(Zref1 )  Ceqo3 ( M 12  M 22 )  o M 3

M2
M1

(4.46)

Im(Zref2 )  Ceqo3 ( M 12  M 22 )  o M 3

M1
M2

(4.47)

As shown in (4.46) and (4.47), the mutual inductance between two transmitter coils (M3) also
impacts the reflected impedance and influences the turn off current for each channel. In a multiple
coils system, it is desired to reduce the circulating energy between different transmitter coils as
much as possible. In other words, the mutual inductance between different transmitter coils should
be minimized in the coil design stage. In this sense, the mutual inductance M3 = 0 case is first
studied. With the mutual inductance curve in Fig. 4-14, the turn off current of the two channel
circuit is shown in Fig. 4-16.

Fig. 4-16. Turn off current of two transmitter circuits versus different yaw angle y of the receiver for
modulation method II when M3 = 0.

As shown in Fig. 4-16, turn off current Ioff1 reduces as M1 decreases. Meanwhile, the input
voltage Vin1 also reduces according to (4.44). With a smaller Vin1, the required turn off current to
achieve ZVS operation also reduced proportionally. To better compare the turn off current between
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the two modulation methods, the turn off current for each channel in method II is normalized to
full input voltage level. The normalization algorithm is as follows:

I off 1_ N  I off 1 

Vin
V
, I off 2 _ N  I off 2  in
Vin1
Vin 2

.

(4.48)

The normalized turn off current curve versus y for each channel in method II for the M3 = 0
case is shown as a dashed line in Fig. 4-16. Compared with method I, the turn off current does not
significantly change, which is beneficial for the ZVS operation. The physical reason behind this is
the reflected impedance Zref1, 2 in method II is determined by M12 + M22 according to (40) and (41).
In a general omnidirectional WPT system, M12 + M22 does not significantly change as the angle
misalignment changes. Therefore, the normalized turn off current does not change much in method
II. However, the reflected impedance Zref1, 2 in method I is related to M1M2, which has large
fluctuation for different angle misalignment.
The transmitter coils in an omnidirectional WPT system are normally symmetric structure, as
reported in [44]-[47]. The mutual inductance between different transmitter coils in such a system
is zero theoretically. However, there might be some weak crossing coupling due to the coil
fabrication and terminations. Beside, in some multiple transmitter coils systems, such as systems
reported in [56], [70], [73], the cross-coupling between different transmitter coils also exists.
Therefore, the impact of the cross-coupling on the turn-off current is evaluated as follows.
The normalized turn off current curve for each channel is shown in Fig. 4-17 when the crosscoupling coefficient between two transmitter coils is 0.05. Here, there is a large glitch in the turn
off current curve for channel 2. The glitch exists at the red shaded zone, as plotted in Fig. 4-17. At
the red zone, M2 is small, and the cross-coupling term o M 3
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M1
will dominate the reflected
M2

impedance Zref2, according to (4.47). This results in large fluctuation in the turn off current curve.
The ZVS operation can no longer be achieved when the turnoff current is negative. A similar
phenomenon is also observed for the channel 1 case when M1 is very small. In summary, the crosscoupling between different transmitter coils deteriorates the ZVS condition when the ratio M2/M1
or M1/M2 is very large.

Fig. 4-17. Normalized turn off current of two transmitter circuits versus different yaw angle y of the receiver
for modulation method II when M3 ≠ 0 (k3 = 0.05).

To solve this issue, channel 2 can be shut down in the glitch zone. The energy provided by
channel 2 in the glitch zone is much smaller compared to channel 1, since M2 is much smaller than
M1. Meanwhile, the operation efficiency also improves by shutting down one channel. As an
example, the boundary condition to shut down channel 2 is M1/M2 > 5. Similarly, the boundary
condition to shut down channel 1 is M2/M1 > 5. With this channel shading mechanism, the worst
case for the turn off current is at the boundary condition, as shown in Fig. 4-17. Therefore, Cp1
should be designed to achieve enough turn off current to achieve ZVS for channel 1 when M2/M1
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= 5. Similarly, Cp2 should be designed to achieve enough turn off current to achieve ZVS for
channel 2 when M1/M2 = 5.

4.5 Experiment Verification
In this section, an omnidirectional wireless charging bowl is built, as shown in Fig. 4-18. In
the experimental setup, there are two channel LCCL-LC circuits to drive the transmitter coils (coil
1a and coil 2a), separately. The TI microcontroller TMS320C28346 demo board is used to give
the PWM signals to the half bridge of the LCCL-LC circuit, and the system is powered by an
Agilent E3631A DC power source.

Fig. 4-18. The physical setup of the omnidirectional WPT system.

4.5.1

One transmitter coil case

As shown in Fig. 4-18, when a smart phone receiver device rests on the side face, coil 1a
should be enabled to charge the receiver. The system is simplified to the case of one transmitter
and one receiver, and the specifications for this case are shown in Table II and Table III. In the
transmitter side, the EPC8004 is adopted to operate at 6.78 MHz. The dead-time period is set as 5
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ns. In the receiver circuit, four discrete DFLS130 diodes are adopted for the rectification due to
their small conduction voltage drop. After the rectifier bridge, a simple resistor is manually
adjusted to emulate the function of the battery charging chip.
To realize ZVS operation at the worst case (strong coupling and heavy load), Cp is calculated
as 160pF, based on the analytical model in section 4.3. The turn off current measurement results
under different conditions are shown in Fig. 4-9. The measurement result matches very well with
the analytical model. The switching node voltage and current waveform under three example
conditions are shown in Fig. 4-19. The turn off current is smallest at the strong coupling and heavy
load case, which verifies the worst-case analysis. With the proposed designed methodology, the
turn off current is high enough for different conditions, and ZVS operation is guaranteed, as
illustrated by Fig. 4-19. The efficiency of the LCCL-LC circuit under different conditions is shown
in Fig. 4-20.

(a)
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(b)

(c)
Fig. 4-19. Experimental switching node voltage and current waveform for one transmitter (coil 1a excited) and
one receiver case (smart phone receiver Rx). (a). k = 0.24, Po = 5W (Worst case). (b). k = 0.12, Po = 5W. (c). k =
0.24, Po = 2W.

Fig. 4-20. Efficiency of the LCCL-LC converter in one transmitter case.
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To evaluate the impact of ZVS operation on the system efficiency, two experimental cases are
conducted under one transmitter coil case. Herein, the coupling coefficient between transmitter
coil 1a and receiver coil is 0.2. The output power is 5W. In the first case, Cp in the LCCL-LC
circuit is designed to achieve enough turn off current to achieve ZVS operation at the worst case
as demonstrated in the manuscript. The switching node voltage and current waveforms under this
case are shown in Fig. 4-21(a). Then Cp in the LCCL-LC circuit is purposely increase to 180pF so
that the input impedance of the LCCL-LC circuit is resistive. And the turn off current reduces to
zero and ZVS operation cannot be achieved any more. The switching node voltage and current
waveforms under this case are shown in Fig. 4-21(b). The system efficiency under ZVS case and
non-ZVS case are 80.5% and 77.2% separately. Regarding this, the ZVS operation can improve
the converter system efficiency. The loss breakdown under these two cases is provided in Fig. 4-22.
As demonstrated by Fig. 4-22, the device switching loss reduces a lot with the ZVS operation.
On the other hand, the device conduction loss and inductor loss increases a little bit in ZVS case
since there is extra circulation energy to realize ZVS. As for coil conduction loss and rectifier,
there is no difference between two cases. The transmitter coil current in the LCCL-LC circuit is
determined by the input voltage and the impedance of Lr. Therefore, the transmitter coil current is
the same for two cases. The secondary coil loss and rectifier loss is determined by the output
voltage and output power level, which is the same for both cases. Therefore, the ZVS operation
increases the system efficiency by 3.2% by reducing the switching loss with a small sacrifice of
the device conduction loss and compensation inductor loss.
Other than improving system efficiency, the ZVS operation also reduces the circuit noise level.
As demonstrated in Fig. 4-21, the dv/dt during switching transient for non-ZVS case is much larger
84

than the ZVS case. This high dv/dt will induce high noise in the circuit, causing large interference
to other circuit.

(a)

(b)

Fig. 4-21. Experimental switching node voltage and current waveforms under k = 0.2, Po =5W. (a) ZVS case.
(b). Non ZVS case.

Fig. 4-22. Loss breakdown of the converter for ZVS and non-ZVS case. (Unit: W)

4.5.2

Two transmitter coil case

As shown in Fig. 4-11, when a wearable device like smart watch device stands on the base of
the charging bowl, coil 1a and coil 2a should be excited to provide the energy. In the test, a 35 ×
35 mm square receiver coil (7.5 μH, 1.1 Ω), which is different from previous smart phone receiver
coil, is fabricated to emulate an Apple watch receiver in the charging bowl. The two transmitter
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circuits to drive coil 1a and coil 2a are exactly the same, and the circuit specifications are shown
in Table II and Table III.
As mentioned by Section 4.4, the turn off current is related to the transmitter coil excitation
current. As for current control method I, Cp1 and Cp2 are calculated as 155 pF to achieve ZVS
operation at the worst case based on (4.23) and (4.36). The turn off current measurement results
under different yaw angles of the receiver are shown in Fig. 4-15. The measurement results match
with the calculation results very well. The experimental switching node voltage and current
waveform for two channel LCCL-LC circuits, under three example receiver angles, are shown in
Fig. 4-23. As demonstrated by Fig. 4-23, the turn off current is high enough to achieve ZVS
operation for different orientations of the receiver devices.

(a)
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(b)

(c)
Fig. 4-23. Experimental switching node voltage and current waveform for two transmitter and one receiver
case with excitation current method I. (a). y = 0°, Po = 2.5W. (b). y = 45°, Po = 2.5W (worst case for channel
I). (c). y = 135°, Po = 2.5W (worst case for channel II).

As for excitation current method II, Cp1 and Cp2 are calculated as 162 pF to achieve ZVS
operation at the worst case based on (4.23) and (4.36). Then, the normalized turn off current
measurement results under different yaw angles of the receiver are shown in Fig. 4-17. The
measurement results match with the calculation results very well. The experimental switching node
voltage and current waveform for two channel LCCL-LC circuits, under three example receiver
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angles, are shown in Fig. 4-24. As demonstrated by Fig. 4-24, the turn off current is high enough
to achieve ZVS operation for the different cases.

(a)

(b)

(c)
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Fig. 4-24. Experimental switching node voltage and current waveform for two transmitter and one receiver
case with excitation current method II. (a). y = 100°, Po = 2.5W (M1/M2 = 5,worst case for channel II). (b). y =
135°, Po = 2.5W. (c). y = 170°, Po = 2.5W (M2/M1 = 5, worst case for channel I).

With the proposed design methodology, ZVS operation is well achieved under different
conditions. The system efficiency at 2.5 W, (defined as the load power divided by the input power
of the dc input source), for two current control methods are shown in Fig. 4-25. The system
efficiency in method II is better than method I. In method I, the input voltage of two channel
LCCL-LC circuits is always 24 V and the rotating field is achieved by the phase difference between
the two channels. However, the input voltage is adaptive according to the receiver’s angle in
method II. With lower input voltage, the switching loss and coil conduction loss in the transmitter
side are smaller. Therefore, the system efficiency for method II is better.

Fig. 4-25. System efficiency versus different yaw angle of the receiver for two transmitter and one receiver case.

4.6 Conclusion
In this chapter, an analytical model of the full bridge rectifier input impedance including the
effect of diode junction charge, is built in a MHz system. After considering the rectifier reactance,
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input impedance of the LCCL-LC circuit is dependent on the loading and coupling condition. The
strong coupling, heavy load case is identified as the worst case for ZVS achievement. A passive
component parameter design methodology is proposed to achieve ZVS operation at the worst case.
Then, the ZVS analysis is extended to a two transmitter coils case. The worst case for different
excitation current control methods is identified in the two transmitter coils case, and ZVS operation
is guaranteed in different scenarios with the proposed design methodology. With the ZVS
operation for primary switching devices, the total system efficiency of our system is in 62 % – 82 %
[79].
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Chapter 5

Stray Field Reduction for Human Health

5.1 Introduction
Nowadays, there are two major wireless charging standards for consumer electronics
applications, including the Qi standard and the AirFuel Standard [64], [81]. The Qi standard
defines the system operation frequency from 100 ~ 205 kHz; however, the operation frequency of
the AirFuel standard is selected at 6.78MHz. Herein, the proposed system is designed to operate
at 6.78 MHz to have better spatial charging freedom based on the study in section 1.4. An important
design issue of a wireless charging system with inductive coupling is the safety issue related to
human exposure of electromagnetic fields (EMF). In a Qi charging system, the human exposure
problems can be mitigated by a magnetic shield [64]. However, the effectiveness of a magnetic
shield is not evaluated in a 6.78 MHz system in the existing literature.
In an omnidirectional wireless charging system, 3-dimensional transmitter coils structure is
normally adopted [38]-[46]. The omnidirectional wireless charging bowl concept is proposed and
implemented in previous chapter. However, it is very difficult to apply a shield layer to a curved
surface with a half-sphere bowl structure. Regarding this, a square-shaped charging bowl concept
is explored in this chapter. With square-shaped bowl fixture, it is much easier to attach the
commercial shielding sheet in terms of the manufacturability. Other than that, it is also found that
the coupling between a smart phone receiver device and transmitter coil can be enhanced with
square-shaped bowl.
The impact of the available 6.78MHz magnetic shield on the field distribution of the squareshaped charging bowl is evaluated by the Finite Element Analysis (FEA) simulation in this chapter.
Due to the available material technology, the permeability of the magnetic material at 6.78 MHz
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is much lower than low frequency case. It is found that the stray field cannot comply with the
human exposure regulations due to low permeability of the magnetic material. To further reduce
the stray field, a double-layer shield structure is first utilized in a 3D charging setup. The shield
consists of a magnetic layer and a conductive layer, and it was first proposed for a PCB transformer
in [82]. However, the impact of different thickness and permeability/conductivity of each layer
has not been discussed yet [83], [84]. In this paper, a comprehensive parametric analysis of the
double layer shield is first disclosed.
In section 5.2, a square-shaped wireless charging bowl is introduced. Then the shielding study
to reduce the stray field is conducted in section 5.3. Finally, a hardware is built with some
commercial available double layer shield sheets to verify the effectiveness of the shield structure
in section 5.4 and the power transfer efficiency with and without the double layer shield is
compared.

5.2 A Square-shaped Wireless Charging Bowl
To achieve the omnidirectional power transfer capability, a novel wireless charging bowl is
proposed in chapter 2. The transmitter coils structure is shown Fig. 5-1. There are five coils: coils
1-4 are wound from the bottom to the side face of the bowl, and coil 5 is placed around the bottom
of the bowl. In most situations, a planar device, such as a smart phone, is likely to lay on the side
face of the bowl. To describe the positioning of the receiver device precisely, θ1 and θ2 are
introduced in the top view and side view in Fig. 5-2. A typical receiver coil for a smart phone is
adopted and the dimension of the receiver coil is 55 x 65 mm. The receiver coil’s turns number is
6. θ1 is defined as the angle between the center line of the receiver coil and the center line of
transmitter coil 1 and θ2 is defined as the angle between the receiver plane and the horizontal plane.
Due to the symmetry among coils 1-4, coil 1 is selected to excite for charging the receiver device
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when -45°< θ < 45°; coil 3 is selected to excite when 45°< θ < 135° and etc. The coupling
coefficient (k) between transmitter coil 1 and the receiver coil in different positioning is shown
Fig. 5-3 (θ < 0° part is neglected due to the symmetry of coil 1). As illustrated in Fig. 5-3, k
decreases a lot when θ increases from 0° to 45°, which leads to small transfer energy and bad
efficiency.

Fig. 5-1. The transmitter coils structure.

Fig. 5-2. Smart phone receiver positioning description parameter (θ1, θ2).
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Fig. 5-3. Coupling coefficient (k) between transmitter coil 1 and the receiver coil under different positioning
of the receiver coil.

To apply the shielding sheet to the charging bowl, a square-shaped charging bowl is proposed.
The structure is shown in Fig. 5-4 and the operation principle is the same as previous sphereshaped charging bowl. When a smart phone lay on the side face inside the bowl, side coil should
be excited to provide the energy. The 3D sketch of side coil 1 and a typical receiver coil is shown
in Fig. 5-5. The red line represents transmitter coil 1; the blue rectangle (55 x 65 mm) line
represents a typical receiver coil for a smart phone, and the black rectangle (60 x 120 mm)
represents the profile of the phone. Herein, the distance (d) between the center line of receiver coil
and the center line of transmitter coil 1 is used to describe the misalignment. The maximum
misalignment between transmitter coil 1 and receiver coil is defined as dmax. The coupling
coefficient between transmitter coil 1 and the receiver coil in different positioning in the setup is
shown in Fig. 5-6. As illustrated in Fig. 6, k is high even with some misalignment; therefore, a
square-shaped transmitter coils structure can uniformly charge a planar device in the side face.
Compared with the sphere charging bowl, the proposed square-shaped charging bowl is better in
terms of charging smart phone device in the side face.
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Fig. 5-4. The proposed coils structure in a square-shaped charging bowl.

Fig. 5-5. Receiver positioning index d definition.
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Fig. 5-6. Coupling coefficient (k) between transmitter coil 1 and the receiver coil under different positioning of
the receiver coil.

5.3 Shielding Study of the Wireless Charging Bowl
One big concern of an IPT system is the safety issue related to human exposure of
electromagnetic fields (EMF). There are several guiding regulation documents to prevent
established adverse health effects due to the EMF: 1). the ICNIRP Guidelines [85]; 2). IEEE
standard C95.1-2005 [86]; 3). FCC part 1 [87]. The limits for maximum permissible exposure in
FCC part 1 is shown in Table 5.1. In an IPT system, the magnetic field is the dominate EMF and
the limits at 6.78MHz is H = 0.32 A/m (or B = 0.4 uT for the magnetic flux density in air) according
to Table 5.1.
TABLE 5.1 FCC PART 1 FIELD LIMINTATION
Electric field

Magnetic field strength

Power

strength(V/m)

(A/m)

Density(mW/cm2)

0.3-1.34

614

1.63

100

1.34-30

824/f

2.19/f

180/f2

30-300

27.5

0.073

0.2

Frequency range f (MHz)
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A 3D FEA simulation software, ANSYS MAXWELL, is utilized to evaluate the magnetic field
distribution of the charging bowl. The simulated field distribution in YZ plane (referring Fig. 5-4)
is shown in Fig. 5-7 when coils 1-5 are excited with 0.6A 6.78MHz ac sinusoidal current. In Fig.
5-7, the amplitude of the magnetic field outside the charging bowl is stronger than 0.4uT. Therefore,
stray field must be attenuated to comply with the FCC part 1.

Fig. 5-7. Field distribution in YZ plane in the square-shaped charging bowl.

5.3.1

Single Layer Magnetic Shield

A ferromagnetic shield is widely used in a low frequency planar Qi charging system to reduce
the stray field level and increase the coupling coefficient. However, this shield technique is not yet
studied in a 6.78 MHz omnidirectional WPT system; therefore, it’s evaluated carefully in this
section. In the proposed 3D charging setup, the shield layer is wrapped around the charging bowl
to confine the magnetic field. And the top shield cover is removable to allow receiver devices
being dropped in the bowl by users.
The field distribution in YZ plane with a 0.3mm ur = 100 magnetic shield layer is shown in
Fig. 5-8. To evaluate the impact of the shield layer quantitatively, the magnetic field strength along
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z = -0.05 m line in YZ plane is demonstrated in Fig. 5-9. Herein, the magnetic field strength inside
the bowl increases after applying the shield, but the stray field outside the bowl decreases. The
field attenuation outside the bowl is related to the permeability of the shield layer. In Fig. 5-9, the
field attenuation is not sensitive to the y coordinate since the field distribution curves for different
permeability are almost in parallel with each other. In this sense, the field strength at one
observation point (0, 0.12 m, -0.05 m) is plotted in Fig. 5-10 with different permeability and
thicknesses of the shield layer.

Fig. 5-8. Field distribution in YZ plane with single layer ferromagnetic shield.
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Fig. 5-9. Field distribution along z = -0.05m for different ur.

Fig. 5-10. Bpk at (0, 0.12m, -0.05m) v.s. different ur and thickness.

In Fig. 5-10, the magnetic field strength at the example point decreases when the relative
permeability increases. However, there is diminishing return effect when permeability is high
enough. This phenomenon is also valid when the thickness of the shield increases from 0.3mm to
2mm. Due to the diminishing returning effect, the stray field strength after applying the shield
cannot comply with the FCC part 1. Meanwhile, the maximum ur at 6.78MHz of the current ferrite
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material with small core loss is around 180 (TDK FJ7 material), to the best of author’s knowledge
[88]. And the maximum thickness of the shield sheet available in the market is around 1mm.
Regarding the limitations of current material technology, the stray field outside bowl cannot
comply with the safe limits with this single layer magnetic shield.
5.3.2

Double Layer Shield Structure

To further reduce the stray field outside the charging bowl, a conductive layer is added outside
the magnetic layer. The field distribution in YZ plane with a 0.3mm ur = 180 ferrite layer and a
0.1mm copper layer is shown in Fig. 5-11. Herein, the stray field is greatly reduced outside the
charging bowl and it is below the safe limit (0.4uT). According to the simulation, the conduction
loss in the copper layer is only 1mW. The magnetic field at the boundary of the ferrite layer and
the copper layer would come back to coils through the ferrite layer since it cannot penetrate a good
conductor. The conductor layer behaves like a wall to the magnetic field; however the ferrite layer
is like a highway to the magnetic field. When the magnetic field traverse to the boundary of the
conductive layer and ferrite layer, the magnetic field tends to go through ferrite layer due to low
reluctance. This leads to very small residual field in the conductive layer and therefore the eddy
current loss is small. Regarding this, the double layer shield structure is promising for a 6.78MHz
omnidirectional charging system. Thus far, the parametric study and the impact of the each layer
is lacked in current literature; therefore, it is discussed in detail in this section.
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Fig. 5-11. Field distribution in YZ plane with a double layer shield.

At first, the impact of material types and thickness of the conductive layer on the field
distribution is studied. The field s along z = -0.05m line for different cases is shown in Fig. 5-12.
Herein, the green curve represents field distribution with only one ferrite layer shield; the other
four curves represents field distribution after adding a conductive layer. By adding a conductive
layer, the stray field outside the bowl decreases dramatically while the field inside the bowl only
drops a little bit. This is important to the power transfer capability since the magnetic field inside
the bowl is used to transfer energy. In Fig. 5-12, the field distribution with the copper and
aluminum layer are almost the same. The conductivity of copper is 5.8x107S/m while that of
aluminum is 3.8x107S/m. Both of them are considered as good conductor and therefore the
attenuation are similar. Meanwhile, the effectiveness of the conductive layer on the field
distribution is also not sensitive to the thickness as demonstrated in Fig. 5-12. The stray field
outside the bowl is well below 0.4uT for 0.1mm case and 0.3mm case.
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Fig. 5-12. The impact of conductive layer on field distribution.

Secondly, the impact of ur and thickness of the ferrite layer on the field distribution is
evaluated. The field strength along z = -0.05m line for the 0.3mm ferrite layer with different ur is
shown in Fig. 5-13. Herein, the black curve is the original case without any shield; the orange
curve represents field distribution with only one aluminum layer. If there is no ferrite layer, the
magnetic field inside and outside bowl both decreases dramatically and the power transfer
capability suffers a lot. By adding a ferrite layer, the field inside the bowl is improved significantly
while the stray field outside the bowl decreases slightly. And the field enhancement inside is
dependent on ur and is not sensitive to the y coordinate since the field distribution curves for
different ur are almost in parallel with each other. In this sense, the field strength at an example
point (0, 0.05 m, -0.05 m) versus ur and thickness of the ferrite layer is plotted in Fig. 5-14. As
shown in Fig. 5-14, ur must be higher than a certain value to guarantee the field inside the bowl
doesn’t decrease and this critical value is related to the thickness of the ferrite layer. Therefore, the
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permeability and thickness of the ferrite layer in the double layer must be selected carefully to
make sure the field inside the bowl doesn’t decrease.

Fig. 5-13. The impact of the ferrite layer on field distribution.

Fig. 5-14. Bpk at (0, 0.05m, -0.05m) v.s. different ur and thickness.
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5.4 Experimental Verification
To verify the effectiveness of the double layer shield, an experiment setup is built, as shown
in Fig. 5-15(a). A 3D printer is utilized to print the square bowl with grooves for transmitter coils
cut in the inner surface. Litz wire is manually placed in the groove. Several double layer shield
sheets from TDK are attached on the outer surface of the charging bowl and the top cover shield
is not shown in Fig. 5-15(a). The double layer sheet consists of a 0.3mm FJ7 (ur = 110) layer and
a 0.1mm aluminum layer. The transmitter coils are driven by three 6.78MHz LCCL-LC resonant
converters. The detail of this converter and design can be referred in Chapter 5. The parameter of
the transmitter and receiver coils with and without the double layer shield is provided in Table 5.2.
To measure the magnetic field, a near field probe from LANGER EMV-Technik is utilized [89].
The picture of the measurement setup is shown in Fig. 5-15(b) and the field probe is placed under
the center point A (0, 0, -0.09 m) of the bottom plane of the charging bowl.

(a)
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(b)
Fig. 5-15. The picture of the measurement setup. (a). Top view; (b). Side view with near field probe.

TABLE 5.2 THE PARAMETER OF THE COUPLED COILS IN THE SYSTEM

Transmitter coil 1 self-inductance
Receiver coil inductance
Coupling coefficient

Without shield

With shield

6.0uH
4.7uH
0.23

6.4uH
5.5uH
0.2

The measurement field strength at point A for with and without the double layer shield cases
is shown in Table 5.3. With the double layer shield, the magnetic field at point A is attenuated
effectively. In Table 5.3, the measurement result matches with the simulation result well for
without shield case. However, there is some mismatch for with shield case. The mismatch is caused
by the gaps between different shield sheets in the measurement setup as shown in Fig. 5-15(b).
The magnetic field can leak through these gaps, and the stray field level increases. But in the
simulation, the charging bowl is seamlessly covered by the double layer shield. To reduce the
mismatch, these gaps are covered by some small shield patches. The field strength at point A
reduces to 1uT afterwards, but it is still larger than the simulation result. One possible reason is
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that the termination wire, which connects the transmitter coils to the driver board, would lead to
some leakage field. To further reduce the stray field of the termination wire, the double layer shield
is wrapped around these wire. And the field strength at point A reduces to 0.32uT, which is below
the safe limit 0.4 uT. Therefore, the effectiveness of the double layer shield structure is verified
with the measurement.
TABLE 5.3 THE MAGNETIC FIELD STRENGTH AT POINT A

Simulation
Measurement

Without shield

With shield

90uT
85uT

0.1uT
4uT

To evaluate the impact of the double layer shield on power transfer efficiency, a 55 x 65 mm
rectangular coil (4.7uH, 0.4Ω) is placed on the side face of the square bowl as shown in Fig. 5-15(a).
The system efficiencies at 5W output for with and without the double layer shield are 78% and
82% respectively. The efficiency drop is mainly caused by the core loss in the ferrite layer, which
is around 0.3W according to the FEA simulation.

5.5 Conclusion
In this chapter, a square-shaped wireless charging bowl is proposed. The coupling coefficient
between the transmitter and receiver coil is spatially uniform, and free-positioning wireless
charging is enabled in the square-shaped charging bowl. To reduce the stray field level outside the
bowl, a magnetic shield is applied and it is found that the attenuation of the stray field is limited
due to low permeability of the available high frequency ferrite material. Therefore, a double layer
shield structure, which consists of a ferrite layer and a conductive layer, is proposed to reduce the
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stray field effectively. The impact of the properties of each layer on the field distribution is
evaluated carefully to provide the design guideline of the double layer shield. Finally, a squareshaped charging bowl with the double layer shield is built and the effectiveness of stray field
attenuation is verified by measurement results. The system efficiency of charging a smart phone
receiver drops from 82% to 78% at 5W output after applying the double layer shield [91].
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Chapter 6

Intelligent Charging Strategy

6.1 Introduction
To improve the charging flexibility, omnidirectional WPT systems have been reported for low
power applications recently in [44]-[47]. In [44] , an omnidirectional WPT system comprising of
three spatially distributed orthogonal transmitter coils and a planar receiver coil is proposed. The
magnetic field induced by three transmitter coils is mainly in x, y, and z direction in 3D space and
is regarded as the basis vector. The total magnetic field at any point is the vector sum of three
magnetic field basis vector. The resultant magnetic field vector can be in different directions with
a different ratio among different basis vectors by controlling the excitation current of three
transmitter coils. Therefore, the angular misalignment is not an issue any more with an
omnidirectional power transfer capability. In [56], [74], a modified three transmitter coil structure
is implemented in a cubic shape or a bowl shape. In [75], three transmitter coils structure in a
planar form is proposed to generate the magnetic field in different directions for a planar receiver
coil. The crossed dipole transmitter coils and receiver coils is reported to generate omnidirectional
power transfer capability in [46]. In [76], the resonators in receiver devices are tuned at different
frequencies so that three transmitter coils can selectively transfer energy to certain receiver coil by
changing the operation frequency.
As pointed out in [44], non-identical current control is necessary for true omnidirectional
systems. Either amplitude modulation or phase modulation can be adopted for the transmitter coil
current in omnidirectional systems [44]-[47]. It is reported that phase modulation among different
transmitter coils results in circulating energy in the system in [77]. Regarding this, amplitude
modulation control of the transmitter coil current is preferred. However, the amplitude control of
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the ac current is implemented with a power amplifier in [44] and [76], the real circuit
implementation has not been discussed in the literature for the best knowledge of the author.
Therefore, a system circuit structure to implement the amplitude control of the transmitter coil
current is proposed in this chapter.
Non-identical current control is further improved to identify the orientation of the receiver
device and focus the power flow towards the load in [52]. When the orientation of the receiver
device is determined, the directional power flow directly to the load is more efficient than
omnidirectional power flow that involves magnetic field towards unnecessary directions without
any load. However, the orientation detection algorithm is evaluated under the single load condition
in [52]. In [45], a power flow control based on a weighted time sharing scheme for multiple loads
is developed to deliver the power to the appropriate directions based on the load requirement. The
orientation of receiver coils is not identified in such algorithm; therefore, it cannot directly focus
the magnetic field towards the preferred direction by each receiver device.
In this chapter, a novel control algorithm that can detect the orientation of the receiver coil
and focus the power flow towards each receiver is proposed in an omnidirectional WPT system
with multiple receiver devices. The system structure is introduced in Section 5.2 and the proposed
control algorithm is presented in Section 5.3. In section 5.4, the proposed scheme is verified by
experimental tests. Section 5.5 concludes the chapter.

6.2 Omnidirectional Wireless Charging Bowl System Structure
The omnidirectional WPT system is gaining attention due to its charging flexibility as
compared with its planar counterpart. The transmitter coils structure is re-drawn in Fig. 1. There
are three sets of coils: coil 1a and coil 1b, coil 2a and coil 2b, and coil 3. Herein, coil 1a and coil
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1b is connected in series, similarly for coil 2a and coil 2b.

Fig. 6-1. Transmitter coils structure of an omnidirectional WPT system.

To generate magnetic field in an omnidirectional manner, non-identical current control must
be adopted [44]. The three sets of coils are fed with ac current sources i1, i2, and i3. The equations
for three current are shown in (6.1)-(6.3) [44]. However, it is pointed out that the phase difference
among the carrier component (6.78 MHz) of i1, i2, and i3 will cause non-resistive reflected
impedance and circulating energy in the system in [77]. Therefore, a double amplitude modulation
control for the excitation current is adopted in this chapter. The excitation current in three sets of
transmitter coils is illustrated in (6.4)-(6.6).

i1  I m sin(0t )

(6.1)

i2  I m sin(1t )cos(0t )

(6.2)

i3  I m cos(1t )cos(0t )

(6.3)

where: 0  2  6.78MHz ; frequency of the ac current; 1  2  450Hz modulation frequency of the
current amplitude; I m amplitude of the current.

i1  I m sin(1t )sin(0t )
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(6.4)

i2  I m cos(2t )cos(1t )sin(0t )

(6.5)

i3  I m sin(2t )cos(1t )sin(0t )

(6.6)

where: 2  2 1kHz , 1  2 100kHz , 0  2  6.78MHz .
The angular frequency 0 is the system operation frequency, and is 6.78MHz to follow the
AirFuel wireless charging standard; 1 and 2 are the modulation frequency to control the
amplitude of excitation current. By varying the amplitude of three transmitter coils current, the
resultant magnetic field can scan in different directions covering all the directions in 3D manner.
The receiving coil always can pick up certain magnetic flux regardless of its orientation. Therefore,
there is no angle misalignment issue in the charging setup and the charging flexibility is greatly
improved.
In an omnidirectional WPT system, the coils excitation current is controlled to induce the
magnetic field in different directions. The cross-coupling among different transmitter coils and the
receiver loading effect make the control of the excitation current much more complicated.
Therefore, a current source characteristics of the LCCL-LC resonant converter is desired in such
systems. As mentioned in Chapter 3, the LCCL-LC resonant converter is a good candidate to drive
the transmitter coils at 6.78 MHz in our system. In omnidirectional WPT systems, the amplitude
of the transmitter coil excitation current is modulated to scan the magnetic field in different
direction. To implement the modulation function, a front buck stage for each transmitter channel
is proposed. The proposed system structure is shown in Fig. 6-2. The system input is a dc power
source. There are three channel transmitter coil circuits to drive three sets of transmitter coils. The
front buck stage controls the input voltage of the LCCL-LC resonant converter stage. The LCCLLC resonant converter composed of a half bridge, resonant tank and full bridge Schottky rectifier.
The down-stream buck charging chip is utilized to charge the device battery with a certain profile.
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There are multiple receiver devices in the system.

Fig. 6-2. Proposed system structure for the omnidirectional WPT charging bowl system.

As studied in Chapter 4, the amplitude of the excitation current flowing through the transmitter
coil in the LCCL-LC converter at the resonant frequency is:
Ii 

Vbucki
.
0 Lti

(6.7)

where: Ii is the excitation current in the ith transmitter coil; Vbucki is the output voltage of front buck
stage in the ith transmitter coil circuit;  is the system resonant frequency; Lri is the compensation
inductance in the ith transmitter coil circuit. In (6.7), the transmitter coil excitation current is only
determined by output voltage of the front buck stage and the impedance of the compensation
inductance, which is independent of the coupling and load conditions. The output voltage of the
synchronous buck stage is related to the duty cycle of the top switch (Di) in steady state:

Vbucki  DV
i in .

(6.8)

where: Vin is the system input voltage.
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According to (6.7) and (6.8), the amplitude of the excitation current of the transmitter coil can
be controlled by the duty cycle of the front buck stage. A digital micro-controller (MCU) is utilized
to give the PWM signal to the front buck stage and control the duty cycle for each transmitter coil
circuit. The amplitude modulation function in (6.4)-(6.6) is implemented with a look-up table in
the MCU. Meanwhile, the MCU also provide 6.78MHz symmetric complementary PWM signals
for the half bridge of the LCCL-LC converter.
In (6.4)-(6.6), the modulation component of the excitation current can be negative; however,
the output voltage of the front buck stage is always positive. To achieve negative modulated
amplitude, the gate signal of the half-bridge of the LCCL-LC converter need to be delayed 180°.
The switching node voltage waveforms and the transmitter coils current waveforms under positive
and negative modulation component are demonstrated in Fig. 6-3.

(a)

(b)

Fig. 6-3. Switching node voltage and transmitter coil current waveforms under different modulation
components. (a). Positive modulation component; (b). Negative modulation component.

In the proposed system structure, the MCU controls the excitation current flowing through
three sets of transmitter coils. With the modulated excitation current, the magnetic field scans in
different directions covering all the directions in 3D manner. When the receiver coil picks up
enough magnetic flux, the induced voltage in the receiver coil will be large enough to enable the
charging chip embedded in the device. Then, the down-stream charging chip provided a regulated
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charging power for the battery.
There are three sets of transmitter coils and multiple receiver coils in the proposed
omnidirectional WPT system. The coupled coils system is described by the matrix equation in
(6.9).
 j0 L1
 U1   j0 M 21
 U  
 2   j0 M 31
 U3  

  j0 M 1r1
 U rec1  

 


 U recj   j M
0
1rj


j0 M 12
j0 L2

j0 M 13
j0 M 23

j0 M 1r1
j0 M 2 r1

j0 M 32

j0 L3

j0 M 3 r1

j0 M 2 r1

j0 M 3 r1

j0 M 2 rj

j0 M 3rj

j (0 Lr1 

1
)
0 C r 1

j0 M rj1

j0 M 1rj
j0 M 2 rj


I 
 1 
  I2 
j0 M 3 rj
 
  I3 
j0 M r1 j
 I r1  .
 
 
1   I rj 
j (0 Lrj 
)
0 Crj 

(6.9)

In (6.9), Li is the self-inductance of the ith transmitter coil; Lrj is the self-inductance of the jth
receiver coil; Mik is the mutual inductance between the ith transmitter coil and the kth transmitter
coil; Mirj is the mutual inductance between the ith transmitter coil and the jth receiver coil; Mrjk is
the mutual inductance between the jth receiver coil and the kth receiver coil; Crj is the compensation
capacitance for the jth receiver coil; U1, U2 and U3 are the voltages across the transmitter coils in
phasor domain; I1, I2 and I3 are the current flowing through the transmitter coils in phasor domain;
Urecj is the ac voltage fed to the rectifier bridge in jth receiver circuit in phasor domain; Irj is the
current flowing through the jth receiver coil. At the resonant frequency, the reactance of Lrj is
cancelled by the reactance of Crj:
j (0 Lrj 

1

0 Crj

) 0.

(6.10)

In the proposed charging bowl system, the receiver devices are intended to be scattered. In
other words, there is no overlapping among different receiver coils. Regarding this, the cross
coupling between different receiver coils is neglected in the system analysis. Therefore, the ac
voltage fed to the rectifier bridge can be calculated as:
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Vrecj 


4

0 ( M1rj I1  M 2 rj I 2  M 3rj I 3 ) .

(6.11)

where: Ii is the amplitude of the excitation current in the ith transmitter coil.
In (6.11), the rectifier voltage in the receiver device is determined by the product of the mutual
inductance and the corresponding transmitter coil excitation current, which represents the
magnetic flux received by the receiver coil. By modulating the amplitude of the transmitter coil
current, the magnetic field rotates in 3D manner and covers all the possible directions. When the
magnetic field direction is paralleled with the receiver coil plane, the total magnetic flux picked
by the receiver coil is zero and the rectifier voltage will be zero. Then the down-stream charging
chip cannot be enabled and the battery is not connected to the system. There is no energy transfer.
When the angle between the magnetic field and the receiver coil plane is large enough, the received
magnetic flux is large enough to generate a rectifier voltage exceeding the threshold voltage of the
charging chip. Then the charging chip is enabled, the battery is connected to the system. The output
power is determined by the battery status and the charging profile.
With the rotational magnetic field, the receiver can always pick up energy from the charging
bowl in certain period. However, there is energy waste period when the received magnetic flux is
small. To improve the charging speed, a detection algorithm to find the receiver’s location and
orientation is desired. With the knowledge of the receiver’s positioning information, the charging
bowl can freeze the field rotation and focus the energy transfer to the receiver.
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6.3 Control Algorithm for the Omnidirectional WPT System
6.3.1

Review of State-of-Art Control Algorithm

The orientation of the receiver coil impacts the mutual inductance between the receiver coil
and each transmitter coil. And the optimal transmitter coil distribution to focus on the energy
transfer towards the receiver coil is derived in [52], [70] as (6.12):
I1 R1 I 2 R2 I 3 R3


.
M1
M2
M3

(6.12)

where R1, R2, R3 stand for the equivalent serial resistance of these three transmitter coils; M1, M2,
M3, stand for the mutual inductance between the receiver coil and each transmitter coil; I1, I2, I3
stand for the excitation current for each transmitter coil. If the transmitter coil current follows
(6.12), the coil to coil efficiency can be maximized. Therefore, the mutual inductance estimation
is the key to identify the positioning and angle information of the receiver coil and the MCU can
control the transmitter coil current to focus the energy towards the receiver coil according to (6.12).
Some dynamic mutual inductance estimation algorithms have been proposed in [72], [78].
However, only coil conduction losses are accounted in the coil to coil transmission efficiency
in [52], [70]. In practice, other converter losses are also significant as demonstrated in Fig. 4-22 in
chapter 4. After considering this, the optimal condition for the transmitter coil current distribution
in (6.12) cannot hold. Besides, it is assumed that there is just one receiver coil in the setup in [52],
[70]. In practice, the number of the receiver coils is flexible and it is very hard to estimate the
mutual inductance information under such condition.
In [45], a control algorithm focusing the power requirement is proposed without directly
detecting the orientation of the receiver coils. The input power information of each magnetic field
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is sensed and recorded while scanning the magnetic field in discrete steps. The input power
increases if the magnetic field is good enough to charge certain receiver coil. The input power
information is used to predict the load information. Then a power flow control based on a weighted
time sharing scheme for multiple loads is developed to deliver the power to the appropriate
directions based on the load requirement. In such algorithm, the orientation of receiver coils are
not identified; therefore, it cannot directly focus the magnetic field towards the preferred direction
of each receiver device. Regarding this, a detection algorithm with multiple scanning process to
find the receiver coils’ orientation in multiple loads scenario is proposed in this chapter.
6.3.2

Proposed Smart Detection Algorithm

As shown in Fig. 6-2, Rx 1 is placed in the charging zone of the coil 1. Therefore, the Rx 1
will be charged as long as the excitation current flowing through coil 1 (i1) is large enough. When
the excitation current is modulated as (6.4)-(6.6) in discrete steps, the input power increases as
long as i1 is large enough. Therefore, the output power transferred to Rx 1 appears in the input
power information multiple times while the magnetic field is scanning in different direction. If the
synthesized magnetic field is good enough charges other receiver devices other than Rx 1, the load
power of Rx 1 and other receiver devices will be added up in the total system input power
information. Unfortunately, the MCU cannot identify this load power overlapping phenomena with
single field scanning process; and therefore receiver devices cannot be identified accurately.
To solve this problem, the MCU excites three transmitter coils one by one at first and identify
all the receiver coils which can be charged by single transmitter coil. The MCU sets the duty cycle
of the three front buck stage as (D1, D2, D3) = (1, 0, 0) for certain period and senses the input
current and voltage information as shown in Fig. 6-2. The input power is calculated and stored in
array Pin_I[1] when the transmitter coil 1 set is excited only. If the input power Pin_I[1] is larger
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than the stand-by power, there is a receiver device which can be charged by the transmitter coil 1
individually. It is worth noting that it is possible there are multiple receiver devices physically
under such condition; however, they are identified as one receiver device electronically since they
can be charged simultaneously and there is no need to differentiate them in terms of the transmitter
coil excitation way. And the MCU sets the load flag array FI [1] = 1; otherwise, FI [1] = 0. Then
the MCU repeats the process for the transmitter coil 2 and 3. The load information is stored in FI
[2] and FI [3]. This process is illustrated with the waveforms in Fig. 6-4. In the example receivers’
positioning scenario as shown in Fig. 6-2, FI = [1, 0, 1]; therefore, receiver devices Rx 1 and Rx 3
are identified in the first step.

Fig. 6-4. The waveforms under exciting three transmitter coils one by one in the example receiver positioning
scenario of Fig. 6-2 .

Secondly, the MCU excites two transmitter coils simultaneously and identify all the receiver
coils which can be charged by two transmitter coils. The waveform with the transmitter coil 1 and
coil 2 excited with modulated excitation current is shown in Fig. 6-5. The transmitter coil
excitation current equation is
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Fig. 6-5. The waveforms under exciting the transmitter coil 1 and coil 2 together with modulated excitation in
the example receiver positioning scenario of Fig. 6-2 .

i1  I m sin(1t )sin(0t )

(6.13)

i2  I m cos(1t )sin(0t )

(6.14)

i3  0 .

(6.15)

With the excitation current in (6.13)-(6.15), the magnetic field rotates in xy plane covering all
the directions in the plane as shown in Fig. 6-8 [79]. With digital implementation in this paper, the
magnetic field rotates in 20 directions discretely. The input power information for each field
direction is stored in an array named Pin_II_12. Herein, the input power information contains load
power of the receiver devices which can be charged by only one transmitter coil. In the example
receivers’ positioning scenario shown in Fig. 6-2, Pin_II_12 contains load power transferred to Rx 1
as long as i1 is large enough. It is difficult for the MCU to differentiate receiver devices according
to Pin_II_12 since the load power of Rx 1 appears multiple times. To identify the load power
transferred to Rx 1, the MCU disables transmitter coil 1 and senses the input power information.
The load information transferred to Rx 1 is then identified in Pin_II_1 as shown in Fig. 6-6. By
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subtracting Pin_II_1 from Pin_II_12, the input power transferred to receiver devices other than Rx 1 is
obtained as

Fig. 6-6. The waveform for identifying the load information transferred to Rx 1 in two transmitter coil 1 and 2
excitation case.

Fig. 6-7. The input power information for transmitter coil 1 and coil excitation case after subtracting load
power transferred to Rx 1.

PII_12  Pin_II_12  Pin_II_1 .

(6.16)

Each plateau area in PII_12 waveform indicates that a receiver device is charged during such
period. It is worth noting that it is possible there are multiple receiver devices physically in each
plateau period; however, they are identified as one receiver device electronically. In Fig. 6-7, there
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are two symmetric plateaus with the same amount of input power. The receiver’s orientation and
field directions in xy plane for the example case is illustrated in Fig. 6-8. The black arrows
represent 20 different magnetic field directions. When the magnetic field is in the shaded period,
the receiver coil receives enough flux. The induced voltage is high enough to enable the charging
chip and therefore the system transfers certain energy to the battery based on the charging profile
and battery status. A plateau is formed in PII_12 waveform during such period. Due to symmetry,
there would be two plateaus for one receiver device: one with field flowing into the receiver plane;
the other one with field flowing out of the receiver plane. The magnetic field direction to charge
the receiver is selected as the blue arrow in the middle of the shaded period. The MCU calculates
the transmitter coils excitation current vector for charging Rx 2 as follows

I Rx_2  (

I1[m]  I1[n] I 2 [m]  I 2 [n]
,
, 0) .
2
2

(6.17)

where (I1[m], I2[m],0) is the current amplitude of each transmitter coil when the input power rises
to the plateau; (I1[n], I2[n],0) is the current amplitude of each transmitter coil when the input power
falls from the plateau. The MCU records the excitation current set and ends the detection process
for the case of transmitter coil 1 and coil 2 excited simultaneously. Then the MCU repeats the
process for transmitter coil 2 and coil 3 and identifies all the receiver devices which can be charged
by these two coils. Similar process is also conducted for transmitter coil 1 and coil 3.
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Fig. 6-8. The magnetic field directions in xy plane when the transmitter coil 1 and coil 2 are excited
simultaneously in step II.

Thirdly, the MCU excites all three set of transmitter coils together according to (6.4)-(6.6).
The magnetic field rotates in 3D manner and the input power information for each field direction
is recorded in an array named Pin_III. Similarly as two coils excitation case, the load information
of receiver devices detected in previous step appears multiple times in Pin_III. Therefore, the MCU
identifies all these load information by disabling certain transmitter coils. Then the MCU subtracts
these information from Pin_III. The plateau in the resultant input power information indicates a
receiver device is charged during such period. In this step, receiver devices which can only be
charged when three transmitter coils excited are identified.
In summary, the MCU identifies all the receiver devices which can be charged by at least one
transmitter coil in the first step by exciting three transmitter coils sequentially. In the second step,
the MCU identifies all the receiver devices which can be charged by at least two transmitter coils.
Finally, the MCU identifies the receiver devices which can be charged by three transmitter coils.
The excitation current vector for each identified receiver device is recorded in the MCU as:
I Rx_j  ( I1_ Rx _ j , I 2 _ Rx _ j , I3_ Rx _ j )
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(6.18)

where: j represents the jth receiver device; I1_Rx_j, I2_Rx_j, and I3_Rx_j are the excitation current
amplitude of each transmitter coil preferred by the jth receiver device.
6.3.3

Maximum Efficiency Tracking Function

As mentioned in section 6.3.2, the MCU selectively excites three transmitter coils sequentially
and identify the receiver devices which can be charged by one transmitter coil in the first step. If
there is a receiver device in a certain transmitter coil charging zone, the transmitter transfers energy
to the receiver coil and the circuit schematic under such case is shown in Fig. 6-9. In the detection
phase, the duty cycle of the front buck stage (D) is set as 100% to make sure the excitation current
of the transmitter coil is large enough to enable the charging chip embedded in the receiver device.
However, 100% duty cycle is not necessarily the optimum duty cycle in terms of the system
efficiency. Therefore, a maximum efficiency tracking function to find the optimum duty cycle is
implemented in our system.

Fig. 6-9. The circuit diagram under one transmitter and one receiver case.

When the duty cycle decreases, the output voltage of the front buck stage reduces and
therefore the transmitter coil excitation current decreases according to (6.7). The transmitter coil
conduction loss and the switching loss of the half bridge devices also reduces. On the other hand,
the rectifier voltage in the receiver side also decreases according to (6.11). Since the output power
is determined by the battery status and the charging profile, it can be regarded as constant during
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a short period. Therefore, the current flowing through receiver coil becomes larger and the
conduction loss of the receiver coil and rectifier diodes increase. Regarding this, there is an
optimum duty cycle to achieve the minimum total loss. Since the output power is constant, the
input power will be smallest at the optimum duty cycle. A perturbation and observation algorithm
is adopted in this paper to search the optimum duty cycle based on the sensed input current
information. The upper boundary of the duty cycle is set as 100%. The lower boundary is the duty
cycle where the input power decreases rapidly because the induced voltage in receiver coil is not
large enough to enable the charging chip when the duty cycle is too small.
After the maximum efficiency tracking process, the excitation current vector IRx_j for such
receiver device is updated with the optimum excitation current amplitude to achieve efficient
operation.
6.3.4

Power Flow Control

After identification of all the receiver devices, the MCU controls the power flow towards the
receiver devices by pointing the magnetic field to the receiver coil. A time division multiplex
strategy can be adopted in the system [80]. Herein, the MCU excites the transmitter coils according
to IRx_j in a time sharing manner. Therefore, the magnetic field only rotates to the required area
and the charging speed is improved.
To further improve the charging speed, different receiver devices are powered simultaneously
if possible. The general load combination algorithm is described by
When Ii _ Rx _1  Ii _ Rx _ 2 

I i _ Rx _ j  0

I com _ i  max( I i _ Rx _1 , I i _ Rx _ 2 ,... I i _ Rx _ j ) , I com _ i  Ii _ Rx _ j  0 .
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(6.19)

where Icom_i is the final amplitude of the excitation current flowing through the ith transmitter coil
after the load combination; Ii_Rx_j is the amplitude of the excitation current flowing through the ith
transmitter coil required by the jth receiver device. If the transmitter coil excitation current required
by different receiver devices has no phase conflict, these loads can be combined together by
exciting the transmitter coil with the maximum amplitude required by the receiver devices.
According to (6.11), the rectifier voltage in the jth receiver device under preferred excitation
current vector is:

Vrecj 


4

0 ( M 1rj I1_ Rx _ j  M 2 rj I 2 _ Rx _ j  M 3rj I 3_ Rx _ j ) .

(6.20)

After the load combination strategy, the rectifier voltage in the jth receiver device is:

Vcom _ recj 


4

0 ( M1rj I com _1  M 2 rj I com _ 2  M 3rj I com _ 3 ) .

(6.21)

Subtract (6.20) from (6.21), (6.22) is obtained as

Vcom _ recj  Vrecj 

3

0  M irj ( I com _ i  I i _ Rx _ j )  0 .
4 i 1

(6.22)

Therefore, the rectifier voltage will not decrease after the load combination strategy under the
circumstance of (6.19). The system still charges the receiver as long as the rectifier voltage exceeds
the threshold voltage of the charging chip.
I i _ Rx _1  I i _ Rx _ 2 

I i _ Rx _ j  0 can

Regarding this, all the receiver devices under

be charged simultaneously with the load combination strategy.

As mentioned in section 6.2, the negative amplitude of the transmitter coil excitation current
is implemented by delaying the gate signal of the 6.78MHz half bridge. Therefore, different phase
relationship of the gate signal is required if the sign of Ii_Rx_j is different; and load combination
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strategy cannot be implemented due to phase conflict of the LCCL-LC half bridge. In such
condition, the time-division multiplex strategy is adopted.
In the example receiver positioning in Fig. 2, the excitation current vector for three receiver
devices are: IRx_1 = (0.75, 0, 0); IRx_2 = (0.7, 0.7, 0); IRx_3 = (0, 0, 0.9). According to the load
combination strategy, the final excitation current vector is (1, 0.7, 1) to charge three devices
together. It is worth noting that the load combination strategy is under the assumption that the
transmitter circuits are capable to provide the required energy by the receiver devices. Otherwise,
the overcurrent protection circuit in the transmitter circuit is enabled. To avoid this, the load
combination strategy increases one by one until the overcurrent limitation is reached.
In summary, a smart scanning algorithm with multiple steps is firstly executed to identify the
preferred excitation current vector for each receiver device. Then the MCU focuses the power flow
towards the receiver devices by the proposed load combination strategy. The system stays at the
energy transfer phase for a certain period. The load demands might change as the users take some
receiver devices away or some devices are fully charged. Therefore, a re-scanning process is
enabled periodically to guarantee that power is delivered to receiver devices efficiently.

6.4 Experimental Verification
An omnidirectional wireless charging bowl system is built and the picture of the experiment
setup is shown in Fig. 6-10. The system structure is already shown in Fig. 6-2. The system is
powered by an Agilent E3631A DC power source at 24 V. The TI microcontroller TMS320C28379
demo board is used to give the PWM signals for the front buck stage and the half bridge of the
LCCL-LC circuit. Meanwhile, the MCU senses the dc input voltage and current information and
calculates the input power information. Three synchronous front buck stages in the transmitter side
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operate at 500 kHz with the EPC2007. The EPC8004 devices are adopted in the half bridge to
operate at 6.78 MHz. The parameter of the passive components is present in Table 6.1. In the
receiver side, four discrete DFLS130 diodes are adopted for the rectifier bridge. After the rectifier
bridge, a close loop regulated buck converter (TPS5410) is utilized to give 5V regulated output for
the resistor. This regulated buck converter emulates the downstream battery charging chip in the
real application scenario. The output power for three receiver devices are set as 2.5 W, 1.25W,
1.25W.

Fig. 6-10. The picture of the experiment setup.

TABLE 6.1 PARAMETER OF PASSIVE COMPONENTS IN THE SYSTEM
Specifications

Symbol

Practical Value

Compensation inductance

Lt1, Lt2, Lt3

531nH, 560nH, 549nH

Compensation capacitance

Ct1, Ct2, Ct3

1.1nF, 980pF, 1.0nF

Compensation capacitance

Cp1, Cp2, Cp3

92pF, 89pF, 160pF

Self-inductance of each transmitter coil

L1, L2, L3

6.2uH, 6.4uH, 3.5uH

Self-inductance of receiver coil Rx 1, Rx 2, and Rx 3

Lr1, Lr2, Lr3

4.7uH, 7.5uH, 7uH

Compensation capacitance for Rx 1, Rx 2, and Rx 3

Cr1, Cr2, Cr3

118pF, 74pF, 78pF

Mutual inductance between Rx 1 and each transmitter coil

M1r1, M2r1,M3r1

550nH, 30nH, 50nH

Mutual inductance between Rx 2 and each transmitter coil

M1r2, M2r2,M3r2

248nH, 267nH, 32nH
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Mutual inductance between Rx 3 and each transmitter coil

6.4.1

M1r3, M2r3,M3r3

20nH, 35nH, 345nH

Smart Detection Algorithm Verification

The smart detection algorithm is implemented in the MCU. The experiment waveforms to
illustrate the detection process is demonstrated in Fig. 6-11. As mentioned in section 6.3, there are
three steps in the detection process: step 1: one coil excitation phase; step 2: two coils excitation
phase and step 3: three coils excitation phase. In step 1, three transmitter coils are selectively
excited sequentially and the input current rises as transmitter coil 1 and transmitter coil 3 is excited
separately as shown in the zoom in picture in Fig. 6-11. Therefore, Rx 1 and Rx 3, which are
located in coil 1 and coil 3 charging zone, are identified. In step 2, two different transmitter coils
are excited at the same time. It is worth noting that only half cycle of the modulation period is
excited in the test since the magnetic field is symmetric as shown in Fig. 8. In this step, the load
power of previous detected receiver devices (Rx 1, Rx 3) in step 1 is identified and subtracted from
the input power information. In this step, Rx 2, which standing on the base of the charging bowl,
is identified when transmitter coil 1 and coil 2 are excited together. The horizontal magnetic field
induced by transmitter coil 1 and coil 2 at base area synthesizes a magnetic field preferred by Rx
2. In step 3, three transmitter coils are excited at the same time. The load power transferred to
previous detected receiver devices in step 1 and 2 are identified and subtracted from the input
power information. In the example receiver positioning case, there is no plateau in the input power
information after the subtraction in step 3, indicating there is no more receiver devices in the setup
other than Rx 1, Rx 2 and Rx 3. Finally, the MCU outputs the excitation current vector for these
receiver devices as shown in Fig. 6-11. The smart detection result matches the real scenario very
well.
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Fig. 6-11. Experimental waveforms for smart detection algorithm.

6.4.2

Maximum Efficiency Tracking Function Verification

After identification of the receiver devices, maximum efficiency tracking function can be
implemented to improve the system efficiency. The experimental waveforms for the maximum
efficiency tracking for Rx 1 is shown in Fig. 6-12. Vo, Vbuck and Iin are defined as the system output
voltage, the output voltage of the front buck and the input current in Fig. 6-9. The MCU sweeps
the duty cycle of the front buck stage and controls the bus voltage Vbuck. Herein, the bus voltage
Vbuck decreases gradually from 24V to 10V, where the sensed input current drops substantially.
There is no need to further reduce Vbuck after 10V due to rapid drop of the input power. Meanwhile,
the MCU records the input current and input voltage information and calculates the input power
information for each operation point. Then the MCU finds the optimum point with the minimum
input power. In the example case for Rx 1, the optimum operation point for Vbuck is at 18 V and
the system efficiency improves from 64 % at Vbuck = 24 V to 66 % at Vbuck = 18 V. The optimum
excitation current vector (I1, I2, I3) for Rx 1 will be (0.75, 0, 0).
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Fig. 6-12. Experimental waveforms for the maximum efficiency tracking function for Rx 1.

6.4.3

Power Flow Control Verification

After the smart detection algorithm with maximum efficiency tracking function, the preferred
excitation current vector for three receiver devices are: IRx_1 = (0.75, 0, 0); IRx_2 = (0.7, 0.7, 0);
IRx_3 = (0, 0, 0.9). According to the load combination strategy, the final excitation current vector
is (0.75, 0.7, 0.9) to charge three devices together. The load implementation strategy is
implemented in the MCU and the experimental waveforms to demonstrate the algorithm is shown
in Fig. 6-13.

Fig. 6-13. Experimental waveforms for the load combination strategy.
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Up to now, the smart detection algorithm and power flow control is verified under one
example receiving devices positioning case. To further verify the control scheme, several tests are
conducted under different receiving positioning cases. The receiving positioning scenario under
four different tests is shown in Fig. 6-14. The test results are summarized in Table 6.2 and the
MCU successfully finds all the receiving devices under different cases. The detailed experimental
waveforms under different cases is provided in Fig. 6-15.
It is worth noting that only two receiving devices are identified in case II although there are
three physical receiving devices in the setup. Herein, two receiving devices at the base of the bowl
can be charged simultaneously by coil 3 and are identified as one receiving device electrically. In
addition, Rx 2 and Rx 3 in case III require different phase relationship of the gate signals of the
LCCL-LC half bridge and therefore these two receiving devices cannot be combined together.
Regarding this, a time sharing strategy is implemented to charge Rx 2 and Rx 3 in different periods.

(a)

(b)
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(c)

(d)

Fig. 6-14. The picture of receiver positioning under different test scenarios. (a). Case I. (b). Case II. (c). Case
III. (d).

TABLE 6.2 SUMMARY FOR TEST RESULST UNDER DIFFFERENT CASES

Case I
Case II
Case III

Case IV

Excitation current vector for each
receiving device
IRx_1: (0.65, 0, 0)
IRx_2: (0, 0 , 0.7)
IRx_1: (0, 0.7, 0)
IRx_2: (0, 0, 0.8)
IRx_1: (0, 0, 0.9)
IRx_2: (0.6, 0.8, 0)
IRx_3: (0.8, -0.6, 0)
IRx_1: (0.7, 0, 0)
IRx_2: (0, 0.7, 0)
IRx_3: (0, 0, 0.9)
IRx_4: (0.9, 0.4, 0)

Final excitation current vector
after load combination

System efficiency

IRx: (0.65, 0, 0.7)

55%

IRx: (0, 0.7, 0.8)

60%

IRx: (0.6, 0.8, 0.9) &
(0.8, -0.6, 0.9)

50%

IRx: (0.9, 0.7, 0.9)

52%
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(a)

(b)
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(c)

(d)
Fig. 6-15. Experimental waveforms for smart detection algorithm under different cases. (a). Case I. (b) Case II.
(c). Case III. (d). Case IV.
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6.5 Conclusion
The chapter provides a comprehensive discussion on the control principles of omnidirectional
WPT systems. A front buck stage is added before resonant converter to implement the current
amplitude control and maximum efficiency point tracking. A smart scanning process identifies the
load positioning gradually based on the input power information of each magnetic field vector.
The self-learning process enables the identification of multiple loads in the system. Then a load
combination algorithm is proposed to transfer energy to multiple loads simultaneously as many as
possible. A time-multiplexing strategy is adopted to charge the loads which cannot be powered
simultaneously. With proposed power flow control, the omnidirectional WPT system focuses
energy towards targeted loads and maximize the power transfer capability of the transmitter circuit.

135

Chapter 7

Summary

First, a three–dimensional (3D) coils structure is proposed to transfer energy in
omnidirectional manner to improve the charging flexibility compared with the planar coils
structure for consumer electronics application. A modulated excitation current scheme is adopted
to rotate the magnetic field in different directions and covers all the directions in 3D space in the
setup. With omnidirectional magnetic field, the charging platform can provide energy transfer in
any direction; therefore, the angle alignment between the transmitter coil and receiver coil is no
longer needed. Meanwhile, the transmitter coils geometry is optimized to achieve free-positioning
of the receiving devices and the energy transfer efficiency.
Second, the LCCL-LC resonant converter is derived to drive the transmitter coils at 6.78 MHz.
In WPT system, the coupling coefficient between the transmitting coil and the receiving coil is
subject to the receiver’s positioning. The variable coupling condition is a big challenge to the
resonant topology selection. The optimal operating point of the LCCL-LC converter is independent
of coupling condition. Therefore, the energy transfer is guaranteed in different receiving
positioning scenarios. As mentioned, the transmitter coil current should be controlled tightly to
achieve the rotation of the magnetic field in the omnidirectional WPT system. The transmitter coil
current of the LCC-LC converter is independent of coupling and load condition. With this special
merit, the LCCL-LC converter achieves the transmitter coil current control easily in the
omnidirectional WPt system.
Thirdly, a design methodology of the LCCL-LC converter to achieve ZVS operation is
proposed the omnidirectional WPT system. In consumer electronics applications, Megahertz
(MHz) WPT systems are used to improve the charging spatial freedom. The zero voltage switching
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(ZVS) operation of the switching devices reduces the switching loss and the switching related
electromagnetic interference (EMI) issue in a MHz system. With the proposed design methodology,
over 75% system efficiency is achieved for smart phone charging scenario.
Fourthly, a double layer shield structure, which consists of a ferrite layer and a conductive
layer, is proposed to reduce the stray field effectively. The impact of the properties of each layer
on the field distribution is evaluated carefully to provide the design guideline of the double layer
shield. Finally, a square-shaped charging bowl with the double layer shield is built and the
effectiveness of stray field attenuation is verified by measurement results. The system efficiency
of charging a smart phone receiver drops from 82% to 78% at 5W output after applying the double
layer shield.
Lastly, a smart detection algorithm for identifying the positioning and orientation of receiver
devices based on the input power information is presented. A smart scanning process identifies the
load positioning gradually, based on the input power information of each magnetic field vector.
The self-learning process enables the identification of multiple loads in the system. Then a load
combination algorithm is proposed to transfer energy to multiple loads, simultaneously, and to as
many as possible. A time-multiplexing strategy is adopted to charge the loads which cannot be
powered simultaneously. With the proposed intelligent charging strategy, the omnidirectional
WPT system focuses energy towards targeted loads and maximizes the power transfer capability
of the transmitter circuit.
In this dissertation, a complete battery charging solution for the consumer electronics
application is proposed. The energy transfer efficiency is as good as commercial charging pad;
however, the charging spatial freedom and orientation freedom is greatly improved with the
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omnidirectional power transfer capability. And the safety concern is well addressed with the
double layer shielding. With the proposed charging setup, the users can simply drop their devices
in the bowl and don’t need to worry about the alignment and health issue any more. The authors
believe that the proposed system is a promising solution for the battery charging in the consumer
electronics application.
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Appendix: A Planar Omnidirectional Wireless Power
Transfer System
A.1 Introduction
In previous chapter, a three dimensional wireless charging setup is proposed. However, the
three dimensional structure might not be favorable for certain application. For example, it is
difficult to integrate the charging setup within a desk. Considering this, a planar charging setup is
desired for certain applications. For the conventional planar charging pad, there are two main
limitations as shown in Fig A. 1 and Fig A. 2: 1. the energy transfer range is limited in short range;
2. the energy transfer is directional. To solve limitation 1, a large spiral transmitter coil with high
frequency operation should be adopted as illustrated in Chapter 1.4. To deal with limitation 2,
omnidirectional magnetic field distribution is desired above the charging pad. In [46] and [75],
planar transmitter coils structure is proposed to generate two dimensional rotating magnetic field;
however, the two dimensional rotating field cannot provide fully orientation insensitive charging
for a planar receiver coil. Therefore, a planar transmitter coils structure with omnidirectional field
in three dimensional manner is proposed in the appendix.
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(a)

(b)

Fig A. 1. Two charging scenario for smart phone device of a commercial Qi charging pad. (a). There is no
misalignment between transmitter and receiver. (b). There is misalignment between transmitter and receiver.

(a)

(b)

Fig A. 2. Two charging scenario for wearable device of a planar charging pad (a). Receiver device is in
perpendicular with the magnetic field. (b). Receiver device is in parallel with the magnetic field.

A.2 Proposed Planar Transmitter Coils Structure
As illustrated by Chapter 2, it is essential to generate three orthogonal magnetic field vector
basis with the transmitter coils structure in an omnidirectional WPT system. A planar transmitter
coils structure shown in Fig A. 3(a) is proposed to induce three orthogonal magnetic field vector
basis. There are three sets of transmitter coils: coil x1 and coil x2; coil y1 and coil y2; coil z in the
proposed coils structure. As shown in Fig A. 3(b), (c) and (d), the magnetic field induced by coil
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x, coil y and coil z at point A is in x, y and z direction separately. The total magnetic field at point
A is the vector summation of three magnetic field vector:

B  f (i1 )Bx  f (i2 )By  f (i3 )Bz

(a)

(b)

(c)

(d)

Fig A. 3. The proposed planar transmitter coils structure. (a). Three sets of transmitter coils. (b). Transmitter
coil x set. (c). Transmitter coil y set. (d). Transmitter coil z.

By controlling the excitation current flowing through three transmitter coils set, the total
magnetic field can be directed in any direction. With the modulated excitation current, the total
magnetic field vector induced at point A for different time instants is shown in Fig A. 4, which is
obtained by 3D finite element analysis software. As demonstrated by Fig A. 4, the omnidirectional
field is achieved at point A with the proposed transmitter coils structure in a time perspective.
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Fig A. 4. The total magnetic field vector induced at point A for different time instants.

Similarly, the magnetic field distribution above the planar charging surface at different time
instants is shown in Fig A. 5. As illustrated by Fig A. 5, the omnidirectional field distribution is
induced in the region above the charging setup. Therefore, there is no need to align the receiver
coil with the transmitter coil anymore. The transmitter can transfer energy in any direction and the
charging orientation freedom is greatly improved.
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Fig A. 5. The magnetic field distribution above the proposed transmitter coils structure.

A.3 Reduce Parasitic Capacitances
The mature PCB fabrication technology can be adopted to implement the proposed planar
transmitter coils structure in a low-cost manner. There are three different transmitter coils sets in
the proposed structure and different transmitter coil sets will be printed in different layers of the
PCB. For a standard 4 layer PCB implementation, the distance between layer 1 and layer 2 is only
0.3mm. The small distance increases the parasitic capacitance between different transmitter coils
set. The capacitance matrix of the proposed coils structure in a standard 4 layer PCB board with
FR4 substrate is shown in Fig A. 6. Herein, the transmitter coil set x is in layer 1; the transmitter
coil z is in layer 2 and the transmitter coil set y is in layer 4. In the capacitance matrix, there are
two types parasitic capacitance: inter-coil capacitance between two different coils and equivalent
parallel capacitance (EPC) of single coil. The equivalent parallel capacitance is in the diagonal
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position of the matrix. For example, the EPC of z coil is 72pF. Since the self-inductance of z coil
is 3uH, the self-resonance frequency of z coil is 10.8MHz. To follow the Airfuel wireless charging
standard, the operating frequency is selected as 6.78MHz. Therefore, the EPC is so large that the
self-resonance will happen near the operating frequency, which means large electric field and extra
dielectric loss. In addition, the large inter-coil capacitance leads to unnecessary circulation energy
flowing among different transmitter coils and the circulating energy also results in extra loss.
Considering this, it is essential to reduce the parasitic capacitances.
To reduce the parasitic capacitance, the transmitter coils structure is modified to minimize the
overlapping among different transmitter coils as shown in Fig A. 7. Compared with Fig A. 6, the
width of coil x, y decreases to reduce overlapping between coil x and coil y in the corner region
of the PCB board. Meanwhile, z coil is modified to circular shape from square shape to reduce
overlapping with coil x and coil y. After the modification, the parasitic capacitance matrix is shown
in Fig A. 7. As demonstrated by the capacitance matrix, the parasitic capacitance reduces more
than 50% for most cases. The self-resonance frequency of z coils now moves to 20MHz with the
modified design, which is away from the operating frequency 6.78MHz.

Fig A. 6. The capacitance matrix among different transmitter coils before modification.
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Fig A. 7. The capacitance matrix among different transmitter coils after modification.

To further reduce the parasitic capacitances, the distance among different layers is increased.
There are three sets of coils in the proposed coils structure and one PCB layer is wasted when it is
implemented with a standard four layer board. Regarding this, a customized three layer PCB with
larger distance among different layers is utilized to implement the proposed coils structure. The
stack up of two different implementations is shown in Fig A. 8. The capacitance matrix with the 3
layer PCB implementation is demonstrated in Fig. A. 9 and the parasitic capacitance is further
reduced after the distance between different layers increases.

(a)

(b)

Fig A. 8. The stack up of 4 layer standard PCB and 3 layer customized PCB. (a). 4 layer standard PCB. (b).
3layer customized PCB.
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Fig A. 9. The capacitance matrix among different transmitter coils with 3 layer customized PCB.

A.4 Experimental Results
A 200 x 200 mm planar charging platform with the proposed transmitter coils structure is built
with three layer PCB as shown in Fig A. 10(a). A 65 x 50 mm rectangular receiver coil (4.7 uH,
0.6 Ω) for a typical smart phone is fabricated. To describe the receiver coil positioning in the
charging platform, a planar coordinate system is built as shown in Fig A. 10(b). Therefore, the x,
y coordinate of the center of the receiver coil is utilized to describe the positioning of the receiving
device.

(a)

(b)

Fig A. 10. The picture of the planar charging pad. (a). Without smart phone receiver device. (b). With smart
phone receiver device.
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In the charging test, only z coil is selectively excited since the smart phone receiver lay down
on the charging surface, and other transmitter coils are not excited. The z coil is driven by the
LCCL-LC resonant converter in chapter 3. The output voltage and system efficiency under
different receiving positioning, is shown in Fig A. 11 and Fig A. 12. Due to the symmetry of the
transmitter coils structure, test results in only one quarter of the charging pad are plotted. As shown
in Fig A. 12, the system efficiency is 80~87 % at 5 W output for all possible receiver positioning.

Fig A. 11. The measured output voltage for the smart phone receiver under different positioning.

Fig A. 12. The measured system efficiency for the smart phone receiver under different positioning.
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A 35 x 35mm square receiver coil (7.0 uH, 1.1 Ω) for an Apple Watch is fabricated to verify
free positioning and omnidirectional powering characteristics. When the receiver coil stands on
the base, the orientation is flexible and is characterized by yaw rotation angle θ, as defined in Fig
A. 13. To generate horizontal magnetic field for the standing receiving device. The x and y coil
are both excited with 6.78 MHz sinusoidal current and the excitation current has 90° phase
difference with each other to generate rotating field. With the modulation excitation current, the
output voltage and system efficiency test results for different orientations for two positions (0,
0mm) and (30, 30mm) are shown in Fig A. 14 and Fig A. 15.

(a)

(b)

Fig A. 13. The picture of the testing setup for a wearable device. (a). 3D front view. (b). Top view.

Fig A. 14. The measured output voltage for the small wearable device with different orientations under different
positioning.
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Fig A. 15. The measured system efficiency for the small wearable device with different orientations under
different positioning.

According to the measurement results, the output voltage is 4.8 ~7.5V and the system
efficiency is 38 ~52% for different orientations of a smart watch receiver under different
positioning in the setup. Free positioning and omnidirectional powering characteristics are verified.
There is no longer a need to align a small portable device receiver unit with the transmitter coils,
making it more convenient for customer use. Compared with the charging bowl structure in chapter
2, the proposed planar charging platform is much easier to integrate with the common furniture at
home.
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