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Preface

In today’s fast-evolving technological landscape, the realm of power electronics, radio
frequency (RF), and microwave engineering stands as a cornerstone of modern inno-
vation. The remarkable expansion of power converter technology has ushered in a new
era, where its influence permeates through an extensive spectrum of low-, medium-,
and high-power applications. The intrinsic ability to efficiently manage electrical
energy has catalyzed this surge, revolutionizing industries and redefining possibilities.

Central to this transformation is the high penetration of cutting-edge microprocessors
with the capacity to implement high-performance nonlinear digital controllers. These
dynamic controllers, coupled with recent strides in the development of high-frequency
switching power electronic devices, have ushered in a paradigm shift. The reduction

in on-state loss and consequential switching loss of power semiconductors has sig-
nificantly bolstered the efficiency of modern power converters. Consequently, these
advancements have not only shrunk the size of power converters but also mitigated
heat generation, making these devices more efficient in the energy conversion process.

Amidst this scenery, a multitude of novel power converter topologies has surfaced

in recent literature, each tailored to emerging applications. These innovative designs
encompass diverse criteria and intricacies, often intricately intertwined with the
digital control systems they employ. This book provides readers with a comprehen-
sive overview of the prevailing state of the art, covering topics ranging from design
principles to the realm of emerging applications, and delving deep into the nuances
of control systems. Our intention is to provide a coherent narrative that encapsulates
recent breakthroughs in topics such as power electronics, RF, and microwaves while
concurrently fostering an environment of exploration and innovation on these topics.

We extend our gratitude to the contributors who have shared their knowledge, and
we are confident that this volume will serve as a useful resource for researchers,
practitioners, and enthusiasts alike. It is our sincere hope that Power Electronics, Radio
Frequency and Microwave Engineering sparks new ideas, fosters collaboration, and
continues to propel the evolution of this captivating field.

Sincerely,

Raul Gregor

Faculty of Engineering,

Department of Electronic and Mechatronic Engineering,
National University of Asuncién,

San Lorenzo, Paraguay
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Chapter 1

Introductory Chapter: Wireless
Power Transmission — An Overview

Kim Ho Yeap

1. Introduction

Wireless power transmission (WPT) refers to the process of transferring and
harvesting electrical energy without the use of wires and cables. Although this tech-
nology has only started to gain traction in about a decade or two ago, the idea of
realizing WPT is not new and can be dated back to the turn of the twentieth century,
about 150 years ago. Inspired by the experimental observations reported indepen-
dently by André-Marie Ampeére, Michael Faraday, and Carl Friedrich Gauss, James
Clerk Maxwell established the unified theory of electricity and magnetism and
published his formulations in his textbook “A Treatise on Electricity and Magnetism”
in 1873 [1]. These four sets of notable equations outline the fundamental principles of
electromagnetism and have contributed significantly toward the development of
technology based on electromagnetic fields and waves. In the late 1800, Heinrich
Hertz conducted a series of experiments, which successfully verified the presence of
electromagnetic waves theorized by Maxwell. In one of his experiments, Hertz
showed the propagation of waves in air. In 1886 to 1889, Hertz proved that the electric
and magnetic field vectors are perpendicular to each other and to the propagating
direction [1]. The discoveries of these scientists have laid the cornerstone that sparked
the exploration of wireless technology. Nikola Tesla was the first scientist to demon-
strate experimentally the feasibility of transferring power wirelessly via inductive and
capacitive couplings. In 1881, Tesla invented the Tesla coil, viz. a resonant transformer
with the coils separated by air-gap, which could be used to generate low-current,
high-voltage, and high-frequency electricity. By connecting the Tesla coil to a coupled
oscillatory circuit with a spark gap driven by a low-frequency alternating-current
(AC) or direct current (DC) source, he showed that light could be generated by the
strong electric field when it was passing through a rarefied tube [2]. Tesla’s continuous
relentless study on this matter gave him the epiphany that the technology could one
day be used to drive motors and switch lamps at considerable distance from the
source. Following this discovery, Tesla gave a series of lectures and demonstrations on
his wireless technology in 1892 and 1893 and among the gist of his lectures was his
speculation of using wireless technology to transmit information and power. Wireless
telecommunication and wireless power transmission are ubiquitous to mankind today;
however, these concepts were flabbergasting when it was first suggested by Tesla
more than a century ago. Tesla lit light bulbs across the stage when demonstrating
before the American Institute of Electrical Engineers and at the 1893 Columbian
Exposition in Chicago [3]. In 1899, he used a 108 V high-frequency power to wire-
lessly turn on Geissler tubes [4, 5]. He further showed in his Colorado Springs labora-
tory in 1899 to 1900 that his experimental setup was able to lit three incandescent
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lamps at a distance of about 30.5 m [3]. In March 1901, Tesla obtained $150,000 from
J. P. Morgan to build the 57-m tall Wardenclyffe tower in Shoreham, New York. The
Wardenclyffe tower was intended to be used as a power plant to transfer electrical
energy through the ionosphere, over large distances. It was indeed unfortunate
enough, though, the project ended in vain in 1905. Tesla had no choice but to abandon
it when he failed to secure investments to support the Wardenclyffe tower project.
Due to his bold idea on wireless power transmission at his time and his discovery on
wireless communication, nevertheless, Nikola Tesla was regarded as the “Father of
Wireless Technology” today [6].

The daily lives of mankind today are interwoven seamlessly with electrical and
electronic (E&E) devices. Wherever we are and whatever we are doing, there are
certainly E&E devices that we rely on. This is to say that E&E products have become
an indispensable commodity to mankind. The variability of these E&E products is
wide and may range from telecommunication gadgets such as cell phones, to living
accessories such as toothbrushes and razors, to transports such as electric cars and
scooters. It is to be noted that E&E devices could only operate with the supply of
electrical power. One way to empower these devices is to tether them to the power
grid. Although it is immaculately fine to do so, fettering an E&E device with wires
actually restricts its portability and mobility, rendering it cumbersome to be used and
limiting the distance of its usage. Take for instance, a vacuum cleaner or a phone that
can only operate when it is connected to the source using wires. The functional
distance of the device is significantly bounded by the effective length of the wire. The
inconvenience caused by wires can be overcome if the devices are modified to operate
wirelessly, using batteries. The advent of the wireless technology provides the flexi-
bility for users to use the E&E devices remotely, without the worries of the limitation
imposed by distance. Even so, however, a wireless device such as a cellular phone or
an unmanned aerial vehicle (UAV) is, strictly speaking, not entirely “wireless” after
all. Despite the prevailing advancement of wireless technology, there still comes a
time where a wireless device has to be connected by wires to the power grid for
battery recharging. An E&E device could only become completely portable and
mobile when it is disentangled from this last cut of wires. To do so, the batteries
attached to the device have to be facilitated with the function of being wirelessly
charged. The hope to realize a fully wireless E&E device has prompted the scientific
community to devote vigorous researches related to wireless power transmission [7].
This chapter presents a brief overview of different wireless power transmission
(WPT) methods. Like a wireless telecommunication system, the energy radiated from
a WPT system attenuates along with distance. To improve the effective distance of
power transmission, parasitic wires can be integrated into the system. An elaboration
of this method is described at the later part of the chapter.

2. Wireless power transmission mechanisms

Based on the separation distance d between the transmitting and receiving
antennas, the mechanisms are employed to transfer power wirelessly bifurcate into
those used in the (i) near- and (ii) far-field regions. As can be seen in Figure 1,
when both the antennas are placed in close proximity, within the distance of a
wavelength (1), the WPT system is said to be operating in the near-field region. In
this region, both reactive and radiative fields exist. Fields close to the transmitting
antenna (i.e., d < £ ~0.161) are literally reactive and the phases between the
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Transverse electromagnetic wave.

electric and magnetic fields differ by 90°. In the reactive near field, the energy
exchanges periodically between the reactive loads and the source, resulting in zero
average power. Ats- <d <4, and the fields start to radiate; but the intensity of the
fields decays at a fast rate, which is inversely proportional to d° and, likewise, the
power density is inversely proportional to d°. When the distance between both
antennas is at least two wavelengths (24) apart, the system is said to operate in the
far field. Owing to propagation delay, the electric and magnetic fields are
orthogonal, but in phase with each other in this region, both fields polarize
perpendicularly to the direction of propagation. This type of wave is known as the
transverse electromagnetic or TEM wave and is graphically depicted in Figure 2 [8].
At the far-field region, the fields decay as 7, which is relatively slower than the case of
the radiative near field, while the power density decays as %. As can be seen in

Figure 1, the transition zone lies between the near and far fields. Both near and far
fields fade into each other here. Hence, the transition zone exhibits the characteristics
of both fields in this region.

2.1 The near-field mechanism

The near-field mechanism transmits power wirelessly from the source to the
load based on the inductive or capacitive coupling. In inductive or magnetic
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coupling, power is generated at the load via the variation of magnetic flux. The
operational concept of this type of energy transfer is rather similar to how a
transformer works. Figure 3 depicts the circuit schematic used for inductive
coupling. As can be seen in figure, the AC source at the transmitter creates magnetic
flux at the coils. The total magnetic flux can be classified into two parts—the individ-
ual flux induced in the transmitter and receiver coils and the flux induced by the
transmitter coil that interlinks to the receiver coil, and vice versa. According to
Faraday’s law, when the magnetic flux density B varies with time ¢, voltage V is
induced, that is, [8]

0B
V= —LE-dS 1)

where S is an arbitrary surface in space. Hence, by virtue of this law, power is
delivered from the transmitter source to the receiver load, without the physical need
of connecting the transmitter and receiver circuits together [6]. When power is
transferred from the primary coil to the secondary, a fraction of it tends to be lost in
air. To minimize the loss, it is advisable to place the circuits at the same plane and at
close proximity. The coupling between the coils can also be increased using wide and
flat coils. Like the case of a transformer, the intensity of the magnetic field and current
is directly proportional to the number of turns of the coil #. Hence, by increasing #,
the efficiency of inductive coupling can be improved accordingly. Some of the avail-
able WPT systems that work based on the inductive coupling concept are rechargeable
toothbrushes and razors.

Since the fields in this region are non-radiative in nature, the energy decays
rapidly. The effective distance of the power transferred using the inductive
coupling method is not more than the size of the antenna. To increase the
effective distance, the transmitter and receiver circuits can be modified into
resonant circuits. This type of WPT method is known as resonant inductive
coupling (RIC). To enable power transmission, the primary and secondary coils
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have to resonate at the same frequency. The resonance frequency f, can be deter-
mined using Eq. (2) below

1

Jr = 5nvic @)

where L is the inductance of the coil and C the capacitance in the circuits. By
employing RIC, the effective distance can be extended by 10 times of that obtained by
the conventional inductive coupling method. Charging pads for cell phones and other
handheld devices are examples of WPT systems, which operate using RIC. Some
implantable medical devices (IMDs), such as the implantable glucose sensors used
mostly by diabetes patients and pacemakers for patients with irregular heart palpita-
tions, are remotely charged using the RIC method as well.

The capacitive or electric coupling method makes use of the variation electric
flux to generate power at the load. Figure 4 illustrates the different types of
circuit configurations used for capacitive coupling [9, 10]. Upon inspection on the
figure, it can be observed that pairs of electrodes are commonly found in all
configurations. The electrodes are usually made of metallic plates. With air
sandwiched in between the plates, capacitors are formed. According to Maxwell,
the time rate of change of electric flux density D leads to a displacement current I,
[11], that is,

oD
Ip = > (3)

Hence, when the electric flux imposed on the coupled plate varies with time
(due its connection to the oscillating voltage source), a displacement current is
generated to deliver power from the transmitter to the receiver [12]. Since the plates
act as capacitors, the efficiency of power transfer can be enhanced by increasing the
area of the plates and reducing the intervening air gap. Some charging pads and
IMDs also operate based on capacitive coupling. Like the case of its inductive
counterpart, the effective distance of capacitive coupling is rather limited.

Hence, resonant circuits can also be introduced into it to ameliorate its performance.
Figure 5 depicts the schematic of a resonant capacitive coupling circuit [13]. The
transmitter circuit in the figure is supplied with a V;,, source with an internal
resistance of R;, embedded in it and the energy generated is to be transferred to

the R;,,, resistor at the receiver circuit. The transmitter and the receiver circuits
are capacitively coupled through capacitances C; and C,4. Capacitor C; and
inductor L, are incorporated into the transmitter circuit to generate the resonance
effect. Likewise, C; and L, serves the same purpose as C; and L, at the receiver
circuit. The resistors R; and R, account for the losses experienced, respectively, by
Lqand L,.

2.2 The far-field mechanism

To realize wireless power transmission in the far-field region, the energy
carried by the electromagnetic waves has to be radiated from the transmitting
antenna, propagates in air for a distance, and is finally coupled to the receiving
antenna.
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Figure 4.
Different types of capacitive coupling structures, that is, the (a) stack array structure, (b) the conventional two-
plate structure, and the modified two-plate structuves proposed by (c) Zhang et al. [9] and, (d) Han et al. [10].
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Figure 5.
Circuit model of a resonant capacitive coupling circuit.
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For an electromagnetic wave to propagate, it has to satisfy Helmholtz’s
equation. Since air is lossy and homogeneous in nature and assuming that it is also
source free, Helmholtz’s equations for the electric E and magnetic H fields can be
written as

VZE+EE=0 (4)
VH+EH=0 (5)

where k& = f — ja is the wavenumber in air and f and a are, respectively, the phase
and attenuation constants, which, for a TEM wave, can be expressed as [14],

oa= %- 1+(£>2—1- (6)
B=o “{_ 1+(i)2+1_ @)

where o is the angular frequency, and o, € and y are, respectively, the electrical
conductivity, electrical permittivity, and magnetic permeability of air. It is worth-
while noting that air is usually assumed lossless in most textbooks because its con-
ductivity is very small. In reality, however, the conductivity of air ranges from 3 to 8
fS/m, depending on the humidity of air [15]. The solutions of (4) and (5) represent
waves propagating with a velocity of \/% ~3 x 10%m/s.

The efficiency of wireless power transmission is essentially determined by the
designs of the transmitting and receiving antennas. To ensure that the signal is effec-
tively delivered by the transmitting antenna, the following performance indicators are
used for design assessments [14]:

i. Radiation pattern

The radiation or antenna pattern is a graphical representation of the field
intensity or power density in terms of spatial distribution, when the field
radiated from the antenna.

ii. Radiation intensity
The radiation intensity refers to the power radiated by the antenna at a unit
solid angle.

iii. Directive gain
The directive gain shows the concentration of the radiated power at a specific

direction. It compares the radiation intensity in that direction with the
average radiation intensity.

Since waves tend to diffract as they propagate, spill over loss is inevitable. To
minimize such loss, high-directivity antennas capable of exhibiting radiation patterns
in the shape of a pencil beam are preferred.
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When collecting the power from the radiation, the effective area of the receiving
antenna is to be optimized. The effective area dictates the ability of the receiving
antenna in coupling energy scattered to it. The effective area A, is given as

Gy A2
A, = 8
e =4 (8)

where G, denotes the directive gain. In 1946, the Danish-American engineer,
Harald Trap Friis modified the effective area equation in (8) so as to relate the power
received by the receiving antenna P, from the transmitting antenna P, at far field. The
equation, which is more commonly called the Friis transmission formula these days, is
mathematically described in (9) below,

3% 10%\*
Py = GgGar (W> P ©)

where f is the operating frequency and G, and G, are, respectively, the directive
gains of the receiving and transmitting antennas. Friis formula comes in handy when
designing the receiving antenna since the relationship between both the transmitting
and receiving antennas can be easily found, without the need to figuring out the
effective area. Upon inspection of (9), it can also be observed that the received power
P, drops with the square of the signal frequency f. This is to say that, although signal
with higher frequency has the advantages of carrying higher energy and that the size
of the system that supports it can be greatly miniaturized, it suffers the drawback of
high path loss. The loss is particularly conspicuous when the distance of energy
transfer is far. Hence, for a system to transfer energy wirelessly to a reasonably long
distance, Rosa et al. [16] recommended f = 900 MHz to be the best trade-off.

Since both the WPT and telecommunication systems radiate and collect electro-
magnetic signal, their theory of operations is rather similar. Figure 6 depicts the block
diagram of a general WPT system. As can be seen from the transmitter module, the
AC sourece is first rectified to produce DC signal. The signal is then modulated to radio
frequencies (RF) and emitted to air. The RF wave is harvested by the rectenna at the

;.))

AC Source Rectifier Oscillator
()
Matchi Low Pass Voltage R
#ChINg L pCBlock [ — Rectifier |— -‘\Mf—_L
Network Filter Regulator L
(b)
Figure 6.

Block diagrams for the (a) transmitter and (b) receiver civcuits.
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receiver. The rectenna constitutes the receiving antenna and a rectifier circuit, which
is used to convert the RF signal into DC power. As can be seen in Figure 6, the output
of the rectenna is connected to the load resistor. Upon coupling the incident RF signal
to the receiving antenna, the energy is fed to a matching network such as an open-
ended single stub tuner [17]. The purpose of the matching network is to provide
impedance matching, so that wave reflections can be minimized [18]. A DC block is
connected between the matching network and the rectifier circuit to filter any DC
signal from passing to the rectifier circuit. The rectifier circuit constitutes nonlinear
devices such as diodes. Various spectral components are produced at the output of the
nonlinear devices, including the DC component, the AC fundamental frequency and
its harmonics, and the intermodulation mixing products [19]. The low-pass filter
connected in cascade with the rectifier circuit is used to filter the unwanted compo-
nents, so that only the DC signal remains, and to recover the efficiency degradation
caused by the junction capacitance of the diodes [17]. The last block before the DC
signal reaches the load resistor Ry, is the regulator, which can be easily constructed
using a parallel-connected capacitor and Zener diode. The regulator suppresses the
ripples so that a smoothened DC signal is received at the output.

3. Optimization using parasitic wires

As mentioned in the preceding section, the power density of the waves attenuates
rapidly along with the propagation distance. This phenomenon is corroborated by the
experimental findings by Kurs et al. in [20]. When sending a 9.9 MHz signal to
remotely light up a light bulb, the researchers found that the efficiency of the RIC
system dropped more than 50% at a distance above 2 m, which corresponds to about
0.0664. The result will, of course, be worse for a nonresonant WPT system.

One way to improve the effective distance of wireless power transmission is to
introduce parasitic wires into the system [7, 21, 22]. As shown in Figure 7, the
parasitic wire, which could be in the form of circular or rectangular geometry, is
inserted in between and along the same axis as the transmitting and receiving

Transmitting g Rectangular  Transmitting 9 Circular
Antenna Parasitic Wire Antenna Parasitic Wire
Receiving ) A B Receiving
Antenna Antenna

(a) (b)

Figure 7.
A wireless power transmission system integrated with a (a) rectangular and a (b) circular parasitic wire.
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(a) ) (b)

Figure 8.
Experimental setup of a wireless power transmission system integrated with a (a) rectangular and a (b) circular

parasitic wire.
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Figure 9.
The power efficiency of a conventional wireless power transmission system (dashed line) and those with a circular
(dotted line) and square (solid line) parasitic wire.

antennas. Measurements were taken from the experimental setups based on the image
of theory, as depicted in Figure 8. In the experiment, a 1 GHz signal was transferred
between the 0.15-m transmitting and receiving antennas, with a square- or circle-
shaped parasitic wire inserted between them. Despite having different geometries,
both parasitic wires in the figures constitute an identical size of 0.3 m. The comparison
between the efficiencies of the systems with and without the parasitic wires is given in
Figure 9 [7]. The efficiencies of the system with parasitic components, as seen in the
figure, increase along with distance and reach their crests at approximately 0.451
away from the transmitting antenna. The efficiencies subsequently decrease expo-
nentially at distance beyond the crests. Even so, it can be observed that, the efficien-
cies of the systems with parasitic components are consistently higher than that
without. This phenomenon can be attributed to the additional energy scattered from
the parasitic wires. Besides the direct electromagnetic energy radiated from the trans-
mitting antenna, the receiving antenna also collects the additional scattered energy.
Unlike their conventional counterparts that suffer from path losses at the instant
waves radiate from the antenna, the WPT systems with parasitic components is
clearly more effective in conserving the energy carried by the waves.
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4. Conclusion

In this chapter, a general overview of near- and far-field wireless power transmis-
sion (WPT) system is presented. By sparing the physical need of wire attachment, the
WPT technology inculcates portability and mobility in E&E devices. Although both the
near- and far-field mechanisms allow energy to be wirelessly transferred, their under-
lying principles differ. In the near-field mechanism, the electrical energy harvested at
the load is generated from the variations of electric or magnetic fields at the intervening
space between the transmitter and receiver. The far-field mechanism, on the other
hand, exploits wave radiation to carry the energy. Nonetheless, the efficiency of both
mechanisms deteriorates along with distance. The distance of effective power trans-
mission can be extended if parasitic wires are integrated into the system.
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Chapter 2

New Electronic Devices for Power
Converters

Moufu Kong

Abstract

Power electronic devices are crucial components of power converter systems. The
evolution of power devices drives the development of power converters, including
improvements in performance, reliability, and power capacity. In this chapter, the
author expounds the structure, working principle, and static and dynamic character-
istics of the conventional PN junction diode. And the silicon carbide (SiC) Schottky
barrier diode (SBD), junction barrier Schottky (JBS) diode, trench JBS (T-JBS) diode,
and sidewall-enhanced trench JBS (SET-JBS) diode are also discussed and compared.
Also, the structures and properties of the gallium oxide (Ga,O3) SBD and
heterojunction diode are also summarized. Next, the author gives a detailed analysis
and discussion of the silicon power metal-oxide-semiconductor field-effect transistor
(MOSFET), superjunction MOSFET, and the SiC MOSFET and JFET, and the Ga,0;
MOSFET. Then, the device structure and operating principle, switching characteris-
tics, and current tailing mechanism of the insulated gate bipolar transistor (IGBT) are
also analyzed and summarized in detail. Finally, the energy band structure, working
principle, and switching characteristic of the gallium nitride (GaN) high-electron
mobility transistor (HEMT), one of the hot devices in the current market, are also
described. Finally, the summary and prospect of power electronic devices are also
presented in this chapter.

Keywords: electronic device, superjunction, IGBT, SiC diode, SiC MOSFET, GaN
HEMT, Ga,0; diode

1. Introduction

Power electronic devices are the core components of power converters and
directly affect the performance and reliability of power converters. In recent years,
in addition to conventional silicon-based devices, some new electronic devices
have emerged, which are widely used in power conversion systems and play an
important role in the performance improvement and development of power
converters. This chapter explains the traditional silicon-based power diodes and
power MOSFET and also describes the structures and working principles of
superjunction power MOSFET devices and IGBT power devices. More importantly,
with the development of the wide-bandgap semiconductor technology, SiC diodes,
SiC MOSFETSs, SiC JFETs, and GaN HEMTs are also widely used in various power
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converters and power electronic systems, so this chapter also describes the wide-
bandgap power semiconductor devices. At the same time, the ultra-wide bandgap
power semiconductor devices represented by gallium oxide (Ga,03) have also
become a research hotspot, and this chapter also explains the Ga,03 power diodes
and Ga,03 power MOSFETs. Finally, the development trend of new electronic
devices is also summarized.

2. Power diodes
2.1 Silicon PN junction diode

Silicon power diodes are the most commonly used power electronic devices,
and their basic principle is the unidirectional conductivity of the PN junction
diode. When a P-type doping and a N-type doping are performed on a semicon-
ductor material, a PN junction is formed at the interface. Due to the existence of
the doping concentration gradient at the interface, the holes in the P-type region
diffuse to the N-type region and recombine with the majority carrier electrons in
the N-type region. Similarly, the electrons in the N-type region diffuse to the side
of the P-type region and recombine with the majority carrier holes of the P-type
region. And a space charge region is formed at the interface, in which the N-type
side has only positive charges ionized by the donors, and the P-type region has only
negative charges ionized by the acceptors. Therefore, an electric field directed
from the N-type region to the P-type region is formed at the space charge region.
And under the action of this electric field, the minority carrier holes in the N-type
region drift toward the P-type region, and the minority carrier electrons in the P-
type region also drift toward the N-type region. The diffusion and drift motions of
carriers will eventually reach a dynamic equilibrium, and the width of the space
charge region (depletion region) remains constant, and the built-in electric field
(E) is also maintained constant. Figure 1 shows the equilibrium PN Junction and its
space charge region.

The diode is formed when the PN junction chip is packaged and the anode (A) and
cathode (K) electrodes are led out. When the PN junction (or diode) is forward
biased, since the external electric field (Ey) and the built-in electric field (E) are in
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Figure 1.
Equilibrium PN junction and its space charge region.
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opposite directions, the space charge region is narrowed, and the diffusion effect of
the majority carriers is greatly enhanced at this time, forming a larger forward current
(Ir), the PN junction is turned on, which is shown in Figure 2.

On the contrary, when the PN junction (or diode) is reverse biased, since the
external electric field (Ey/) and the built-in electric field (E) are in the same direction,
the space charge region becomes wider, which greatly hinders the diffusion of major-
ity carriers. And the PN junction is in the off state, and only a negligible reverse
leakage current (Ir) flows through the diode, as shown in Figure 3. Figure 3 also
shows the electric field distribution of the reverse-biased diode. When the applied
reverse bias voltage (V) increases, the peak electric field (Ey,.y) also increases
accordingly. When the E,, is up to the critical breakdown electric field (E¢) of
the semiconductor, the diode breaks down, the applied voltage is the breakdown
voltage (Ugr), which is also equal to the area of the electric field distribution
triangle. When the diode breaks down, the reverse current of the diode will
increase sharply.

The I-V characteristic curve of the PN junction diode is shown in Figure 4.
When the forward voltage drop (Vak) is higher than the turn-on (or knee)
voltage drop (Von) the diode is turned ON, and the current (I5k) is approxi-
mately exponential with respect to the voltage (Vax). When the diode is
reverse biased, its reverse leakage current (Ix) is very small and can be negligible,
but when the reverse bias voltage crosses to Ugg, the current increases sharply, so
the Ugg is the breakdown voltage of the diode. When designing a power con-
verter, it is necessary to be reasonable in choosing the Ugg and forward current
capability of the diode. The I-V characteristic of the PN diode can be described as
Eq. (1).

Ipg =1Is - [e<qVA“/kT) -1 ¢))

Where Ig is the reverse state saturation current (leakage current) Iy, T is the
thermodynamic temperature, & is the Boltzmann constant, and Vx is the applied bias
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Figure 2.
PN junction or diode in the forward bias conduction state.

19



Power Electronics, Radio Frequency and Microwave Engineering

Eg
~ A
max,
///
=
= i > x
o o ' .
(= =, = - = + + ® , @ +
1 I b
& ;
A 5 10 @ 60|l ® @ie® ‘8]|kK
° ! )
= e : = =) = + + + : D * +'
o o : 1 .
] [ .
= o B, '@ = = ¥ ¥ i d +
-
—-—E o A
7 negligible current
In v Q4
II —
II LS.
v R

Figure 3.
PN junction diode in the reverse bias state.

Figure 4.
The I-V characteristics of the PN junction diode.

voltage between the anode and the cathode. At room temperature, the kT/q is about
26 mV.

Due to the charge storage effect in the diode, the switching of the diode from the
ON state to the OFF state requires a transient process. Figure 5 shows the reverse
recovery transient of the diode. When the power supply voltage of the diode circuit
changes from the forward state to the reverse state of the diode, the current of the
diode decreases from the forward on-state current (Ig) to the reverse saturation
current Iy, it does not maintain at Ir immediately, but increases reversely to Irym,
which is because although the voltage of the external circuit has been reversed, the
inside of the diode is still full of carriers, and these carriers need a process to be
extracted from the body of the diode. This period of time is called the reverse recovery
time (z,,) of the diode, and the charge extracted during the ¢,, time is called the reverse
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Figure 5.
The reverse recovery characteristics of the PN junction diode.

recovery charge (Q,,). Generally speaking, the ¢,, and Q,, of PN junction diodes with
the same rated voltage and rated current are larger than those of Schottky diodes.

2.2 SiC power diodes

The energy bandgap of 4H-silicon carbide (4H-SiC) is about 3 times that of Si
(Silicon), the thermal conductivity is also 3 times that of Si, the critical breakdown
electric field is about 8 to 10 times that of Si, and the saturation drift velocity of
electrons is 2 times that of Si. These superior properties of SiC make it the preferred
material for high-frequency, high-power, high-temperature, and radiation-resistant
semiconductor devices.

Figure 6 shows the specific on-resistance (Ron,sp) of N-type drift region in 4H-SiC
and Silicon at different breakdown voltages. And the R,y s, of the 4H-SiC drift region
is about 2000 times smaller than that of the silicon devices for the same breakdown
voltage [1].

Since the turn-on voltage (or knee voltage) of the SiC PN junction is as high as
about 2.8 V, which is much higher than that of the SiC Schottky diode with a value of

1000

4H-SiC limit

10 10° 10
Breakdown Voltage(V)

Figure 6.
Specific on-vesistance of n-type drift region in 4H-SiC and silicon at at different breakdown voltages.
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lower than 1 V. So, the commercial SiC diodes with a breakdown voltage of less than
4500 V are almost Schottky diodes. For the SiC Schottky diodes, the much lower drift
region resistance and much higher energy bandgap compared with silicon can boost
the breakdown voltage to over 3000 V with reasonable on-state voltage drop (V) and
relatively low leakage current [1]. Although silicon-based Schottky diodes are also
commonly used in power systems and power converters, they operate at low voltages
(typically <200 V). They offer very low on-state voltage drops and losses despite high
leakage current and low maximum operating temperature.

The SiC power diode structures are mainly Schottky barrier diodes (SBD) and
junction barrier Schottky diodes (JBS), which are shown in Figure 7a,b, respectively.
The main feature of the SiC SBD is the Schottky contact formed at the interface
between the metal and 4H-SiC. While the SiC JBS introduces P-type regions at a
certain distance in the SBD to shield the electric field at the Schottky contact interface
and reduce the reverse leakage current. The energy band diagram for the metal-
semiconductor (4H-SiC) contact is shown in Figure 7c.

In the typical normal operating state of the above two devices, the on-state current
is dominated by majority carriers—electrons, and the storage effect of the minority
carriers in the drift region is almost negligible. This causes the transition from the on-
state to the reverse blocking state of the SiC SBD and JBS diode very fast with a much
shorter reverse recovery time (t,,) and a much lower reverse recovery charge (Q,,)
compared with those of the silicon PN diode. The high switching speed and the high
current density compared with the silicon PN diodes make them suitable for high
frequency, high power, and high-end applications.

For SiC Schottky power diodes, due to the low doping concentration in the N-type
drift (N-drift) region to support high reverse blocking voltages, the current via
thermionic emission current transport mechanism is dominant in Schottky barrier
diodes. So the thermionic emission theory can be used to describe the current density
Jax flows across the Schottky barrier interface [2], which is shown in Eq. (2):

]AK — A*Tze*(q(DBN/kT> e(qVAK/l(T) _ 1 (2)

where A* is the effective Richardson constant, @gy is the barrier height of the
metal-semiconductor contact (shown in Figure 7c), T is the thermodynamic temper-
ature, k is the Boltzmann constant, and V is the applied bias voltage between the
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Figure 7.
(a) SiC Schottky barrier diodes (SBD), (b) SiC junction barrier Schottky diodes (JBS) and (c) the band diagram
for metal-semiconductor contact.
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anode and the cathode. Among them, the Richardson constant of N-type silicon
carbide material is 146 A-cm™*-K 2.

The turn-on voltage drop (Vo) of the Schottky diode is mainly determined by the
barrier height (®py). And the ®py mainly depends on the workfunction of metal
materials, thus the on-state voltage drops of SiC Schottky diode can be selected by
choosing different metal materials.

Based on the operation mechanism of SiC Schottky diode, the static I-V character-
istic curves of SiC SBD and JBS diodes are shown in Figure 8. As can be seen from the
figure, the SiC SBD exhibits a higher forward current density, but it also shows a larger
leakage current and a lower breakdown voltage (Ugg). Although the SiC JBS diode has
a lower current density, the leakage current in the blocking state is much lower and the
Ugr is also higher than those of the SBD. This is because the P-type regions introduced
in the JBS structure reduce the Schottky contact area, resulting in a certain reduction in
current density, but the introduction of the P-type regions shields the electric field at
the Schottky contact interface, thereby effectively reduces the reverse leakage current
and improves the breakdown voltage. However, in SiC materials, the ion implantation
depth of the P-type regions is relatively shallow (usually <1 pm), thus the electric field
shielding effect is limited. Then, the trench JBS (T-JBS) diode has been proposed to
achieve a low reverse leakage current [3, 4]. Unfortunately, the T-JBS structure intro-
duces a severe JFET (junction field-effect transistor) effect, which greatly reduces the
on-state current density. And the sidewall-enhanced JBS (SET-JBS) diode was pro-
posed to alleviate the JFET effect and increase the Schottky contact area, resulting in an
improvement in current density [5]. Figure 9a,b shows the device structures of the T-
JBS diode and the SET-JBS diode, respectively. And the static I-V characteristic com-
parison result is also shown in Figure 9c.

2.3 Ga,03 power diodes

Gallium oxide (Ga,05) is a representative material of the ultra-wide bandgap
semiconductor material and has attracted extensive research interest in recent years.
There are five isomers of Ga,03, and the beta-Ga,03 ($-Ga,03) is mostly used mate-
rial for power devices. Due to its ultra-wideband gap (over 4 times of Si), high
theoretical breakdown electric field (8MV/cm), large Baliga figure of merit (3400),
and stable chemical properties, it has become an ideal choice for high-voltage and
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Figure 8.
The static characteristic curves of SiC SBD and JBS diodes.
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Figure 9.
(a) SiC trench JBS (T-JBS) diode, (b) SiC sidewall enhanced JBS diode (SET-JBS), and (c) static characteristic
comparison of different Schottky diodes [5].

high-power rectifiers and field-effect transistors [6, 7]. Nowadays, with the improve-
ment of crystal growth technology, large-scale Ga,05 single crystals have been pro-
duced, such as pulling method, guided mode method, and floating zone melting
method [8]. There is also a method of heteroepitaxial growth of gallium oxide thin
films on substrates such as quartz glass, sapphire, silicon, and gallium arsenide [9-11].

Figure 10a shows the cross-sectional structure view of the Ga,03 Schottky barrier
diode (SBD). As shown in the figure, the top metal layer (Pt/Ti/Au) is in contact with
the Ga,03 N-type drift region to form a Schottky contact. And the bottom metal (Ti/
Au) is in contact with a heavily doped N+ Ga,05 substrate to form an ohmic contact.
The operating mechanism of Ga,03 SBD is similar to that of SiC SBD. However,
compared with SiC materials, the effective P-type doping has not yet been achieved in
Ga,03 materials. Due to the lack of P-type doping in the Ga,0; materials, Figure 10b
shows a structure of a Ga,0j3 heterojunction (HJ) PN diode [12]. The current density
of the Ga,0; heterojunction PN diode is higher than that of the Ga,03 SBD due to the
hole injection and conductance modulation effect in the N-type drift region. However,
because the barrier height of the heterojunction PN junction is higher than that of
Schottky contact, the turn-on voltage drop of the HJ PN diode is higher than that of
the SBD, but the Ga,03 heterojunction PN diode has great advantages in the field of
ultra-high voltage (e.g., > 6500 V) applications with a lower voltage drop at the same
current density compared with Ga,03 SBD. At present, the Ga,0; power
heterojunction diode with a breakdown voltage exceeding 8000 V has been
developed [12].

Anode (A) Anode (A)

@ Cabede() )  Cathode (K)

Figure 10.
Device structures of (a) Ga,0; SBD, (b) Ga,O; heterojunction PN diode [9].
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Figure 11 shows the forward I-V characteristic curves of the Ga,O3 SBD and the
Ga,0; HJ PN diode. And it can be seen from the figure that the turn-on voltage drop
of the Ga,03 SBD (V1) is lower than that of the Ga,03; HJ PN diode (Von3), but the
current ok of the Ga,05 HJ PN diode rises faster with the voltage Vk, which is
mainly caused by the conductance modulation effect in the Ga,03 HJ PN diode.

2.4 Dynamic characteristic comparison of the diodes

Figure 12 presents an intuitive rough comparison result of the reverse recovery
characteristics of Si, SiC, and Ga,03 diodes at the same rated breakdown voltage and
rated current. It can be seen from the figure that the Si PN junction diode has the
largest reverse recovery current, the longest reverse recovery time, and the largest
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Figure 11.
The Ga,0; SBD and Ga,O; HJ PN diode forward I-V characteristics.
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Figure 12.
Comparison of reverse recovery characteristics of Si, SiC, and Ga,O; diodes at the same rated breakdown voltage
and rated current.
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reverse recovery charge. And the Ga,03 SBD has the best reverse recovery perfor-
mance. The reverse recovery performance of the SiC Schottky diodes is between that
of Si and Ga, 03 diodes.

3. Power MOSFET and JFET
3.1 Device structure and operating mechanism

The power MOSFET (metal-oxide-semiconductor field-effect transistor) has many
advantages: (a) it is a voltage-controlled device with high input impedance and low
driving power consumption, (b) it is no secondary breakdown with wide safe operat-
ing area (SOA), and due to good thermal stability, the operating temperature can
reach up to 200°C, which is 50°C higher than that of the bipolar transistor (BJT), (c) it
is a majority carrier conduction device with the strong anti-irradiation ability and (d)
it is no minority-carrier storage effect, and the switching frequency is high. Because
the power MOSFET has those advantages mentioned above, it has always been a
research hotspot in the industry and widely used in the power converters.

Figure 13a,b shows the device structure of the N-channel vertical power MOSFET
and its electric field distribution in the blocking state, respectively. When the gate (G)
to source (S) voltage (Vgs) is higher than the threshold voltage (V) of the N-
channel MOSFET and the drain-to-source voltage (Vps) is positive, the MOSFET is
turned ON, and the electrons flow from the source n + region through the channel
and n-drift region to the n + drain region to form the drain current Ips. Conversely, if
Vs < Vry and Vpg is a positive high voltage, the channel is off and the MOSFET is in
a forward blocking state (voltage sustaining state). At this time, the electric field
distribution inside the device is roughly as shown in Figure 13b, and the voltage is
mainly sustained by the n-drift region. Figure 13c,d demonstrates the symbols of the
N-channel power MOSFET and P-channel power MOSFET, respectively.

3.1.1 Static characteristic

Figure 14a,b shows the transfer characteristic and the output characteristic of the
N-channel power MOSFET, respectively. And when Vgg > Vry, the MOSFET is
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Figure 13.
(a) Device structure of the N-channel power MOSFET, (b) the electric field distribution of the power MOSFET in
the blocking state; the symbols of the (¢) N-channel power MOSFET and (d) P-channel power MOSFET.
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Figure 14.

( a%uTl:e tjamfer characteristic curve and (b) output characteristic curve of the power MOSFET.

turned ON, and the drain current Ipg increases as the Vg increases. From the output
characteristic curve, when the device is in the cut-off region, Ips is almost negligible;
when the device is in the triode region, the current Ipg increases sharply with Vpg.
While in the saturation region, Ips hardly increases with Vps. And when the device is
in the breakdown region, the current Ipg increases sharply, causing a dramatic incre-
ment in power consumption, which may cause a thermal runaway of the device.
Therefore, the device should be avoided as much as possible to operate in the break-
down region.

3.1.2 Dynamic charvacteristic

Figure 15a,b shows the power MOSFET switching test circuit with an inductive
load L and the typical characteristics of power MOSFET switching transients [13]. As
the power MOSFET is a majority carrier device, there is no minority carrier storage
effect, so the switching speed is fast, typically 20-50 ns. As shown in Figure 15b, the
turning-on time of the device is sw(on) (fsw(on) = td1 + ton), and the turn-off time is
Lsw(off) (swioff) = td2 + Logr). Typically, most devices have a longer turn-off time than
their turn-on time.
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Figure 15.
(a) MOSFET switching test circuit with inductive load, (b) typical characteristics of power MOSFET switching
transients [13].
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3.2 Superjunction power MOSFET

The conventional power MOSFET devices have an inherent contradiction that the
specific on-resistance (Ron,sp) is proportional to the 2.5th power of the breakdown
voltage (BV), that is Ry gpox BV?%®, which is dreaded as “silicon limit” theory. This
means that even with a small increase in BV, R, s, will increase substantially, thereby
greatly increasing the conduction loss of the device.

In 1993, Chen invented the superjunction device, which greatly improved the
contradiction between R, ¢, and BV with a much better relationship as Ry spex BV132
[14, 15]. And the superjunction MOSFET was commercialized in 1998 and hailed as a
“milestone” in the field of power electronic devices [16].

Figure 16a,b illustrate the device structure of superjunction MOSFET and its
approximate electric field distribution in the drift region. Due to the introduction of
the charge compensation effect of the P-type pillars in the drift region, the
doping concentration of the n-drift can be greatly increased, thereby greatly reducing
the R,y sp. Of the device. At the same time, the charge compensation effect makes the
total net charge of the properly designed superjunction drift region to be zero in the
blocking state, so that the electric field distribution is approximately rectangular.
Therefore, at the same rated voltage, the drift region thickness of superjunction
MOSFETs is thinner than that of conventional power MOSFETSs with a triangular
electric field distribution. The much higher n-drift doping concentration and thinner
n-drift region thickness greatly reduce the R, s of the device, enabling superjunction
devices to break the “silicon limit” of conventional MOSFETs.

Figure 17 shows the R, sp. comparison result between the silicon conventional
power MOSFET and superjunction MOSFET at different breakdown voltages [17].

As can be seen from the figure, the relationship between the Ryy sp. and BV of the
superjunction MOSFET is approximately linear. The comparison results show that
the superjunction devices can be used for higher power density and higher-end
applications.
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Figure 16.
(a) Structure of superjunction MOSFET and (b) the approximate electric field distribution in the drift region.
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Ron,sp comparison between the silicon conventional MOSFET and Supevjunction MOSFET at different breakdown
voltages [17].

3.3 SiC power MOSFET

Figure 18 presents the structural comparison of Si and SiC vertical power
MOSFETs at the same rated breakdown voltage. It can be seen from the figure that
under the same rated breakdown voltage, the thickness of the n-drift region of the SiC
MOSFET is about 1/10 of that of the silicon MOSFET, so the drift region resistance is
dramatically reduced and the current density of the SiC power MOSFET is greatly
improved, the conduction loss is greatly reduced, the switching speed is also
improved, and the chip size is greatly reduced. At the same time, due to the larger
energy band gap and higher thermal conductivity of SiC materials, the SiC MOSFETSs
can be operated at temperatures over 200°C. However, compared with silicon

reduction in
thickness .

Figure 18.
Structural compavison of Si and SiC vertical power MOSFETS at the same breakdown voltage.
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MOSFETs, the channel mobility of SiC MOSFETS is still very low, and its on-state
resistance still has a large room for improvement. At the same time, the electric field
of the gate oxide layer may be very high, which brings challenges to the reliability of
the gate oxide layer.

Since the current capability of SiC devices is much larger than that of silicon
devices, SiC lateral devices can also be used in power-integrated circuits to handle
larger power conversions. And the SiC lateral device can easily achieve over 1200 V
breakdown voltage while still obtaining a low on-resistance [18, 19]. Figure 19 shows
the cross-sectional view of a SiC lateral power MOSFET device [20]. Compared with
the SiC vertical MOSFET, all electrodes of the SiC lateral power MOSFET are on the
surface of the device, so that the SiC lateral MOSFET can be integrated with SiC low-
voltage integrated circuits on the same chip to realize monolithic SiC power integrated
circuits. The operating principle of the SiC lateral power MOSFET is almost the same
as the vertical power MOSFET. The only difference between the two kinds of devices
is that the current of the lateral power MOSFET flows laterally, and the electron flow
path is shown by the red dotted line in the figure. It is worth mentioning that the
purpose of introducing the p-top region into the lateral power MOSFET of this device
is to increase the doping concentration of n-drift through the principle of charge
compensation, and greatly reduce the on-resistance while optimizing the surface
electric field. So the device has the advantages of high breakdown voltage and low on-
resistance.

3.4 SiC JFET

Due to the extremely low channel mobility of SiC MOSFETSs and the reliability
issues of the SiO, gate oxide layer, SiC JFET (junction field-effect transistor) devices
were once favored by researchers and the industry, and have also been commercial-
ized [21, 22]. Figure 20a,b show the structure and the symbol of the SiC power JFET
device, respectively. Different from the MOSFET, the SiC JFET controls the turn-off
of the device by applying a negative voltage through the p* gate with respect to the
source to completely deplete the N-type channel region. Generally, the SiC JFET is a
normally on device, and when the gate-to-source is zero biased (Vgs = 0 V), the
channel is not fully depleted, the device is in the on-state, and electrons flow from the
n’ source through the channel region to the n* drain. Since the channel mobility of SiC
JFETs is much greater than that of SiC MOSFETs, the SiC JFETs have lower on-
resistances. However, the gate control voltages of the two devices are different. The

p-top

SiC N-drift

SiC p-type substrate

Figure 19.
Cross-sectional view of a SiC lateral power MOSFET device [18].
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Figure 20.
(a) The cross-sectional view and (b) symbol of the SiC power JFET; (¢) SiC JFET/Si MOSFET cascode
configuration; (d) SiC SBD-JFET.

Vs of the JFET cannot be higher than the turn-on voltage drop of the gate-source PN
junction (~ 2.8 V), while the Vg of the MOSFET can be as high as 20 V.

In order to take the performance advantages of SiC JFETs and make SiC JFETSs as
easy to control as MOSFETs at the same time, a cascode configuration consisting of a
low-voltage high-current Si MOSFET and a high-voltage SiC JFET has emerged on the
market and gained lots of applications, which is shown in Figure 20c [23]. In addition,
in order to realize the self-reverse recovery of the SiC JFET device and improve its
performance, a new SiC SBD-JFET has been proposed in Figure 20d [24].

3.5 Ga,03; power MOSFET

Figure 21a shows the structure of the depletion-mode Ga,O3 MOSFET, which has a
negative threshold voltage Vry [25]. The two heavily Si-doped N regions are connected
with metals to form low-resistance ohmic contacts, respectively. The source-connected
field plate above the gate can effectively reduce the surface electric field and improve
the breakdown voltage of the device in the blocking state. And due to the existence of
the Fe-doped semi-insulated -Ga,03 substrate, the leakage current through the sub-
strate is obviously reduced. During forward conduction, the gate-to-source voltage Vgg

Si0,
Sio, E source
< channel
\ region
AlL,O;

Channel

region N-type B-Ga,0; N-type Ga,0;

Fe-doped Semi-insulating B-Ga,O; substrate -
(a) (b)[

Figure 21.
(a) Depletion-mode Ga,O; lateral MOSFET [25], (b) enhancement-mode Ga,O; vertical transistor [26].
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Figure 22.
(a) Transfer chavacteristic curve of the depletion-mode and enhancement-mode Ga,0; MOSFETs (b) I-V output
characteristic curve of Ga,0; MOSFETS.

is higher than Vry, the channel region under the gate is not fully depleted, and a
positive drain voltage relative to the source Vpg is applied, the electrons flow from the
N* source to the drain along the channel region and the N-type p-Ga,0j3 drift region to
form the on-state drain current Ins. When the gate-to-source voltage Vgs < Vry, the
channel region is fully depleted, and the device is changed to the blocking state with no
electron flowing from the source to drain. And the maximum blocking voltage (break-
down voltage) is mainly determined by the distance from the gate to the drain, the
doping concentration of N-type p-Ga,03, and the parameters of the field plate.

Figure 21b shows a vertical enhancement-mode Ga,03 MOSFET with a breakdown
voltage over 1kV [26].

The transfer characteristic curve of the Ga,0; MOSFET is shown in Figure 22a. It
can be seen from the figure that the Viry of the depletion-mode device is negative, and
the Vg of the enhancement-mode device is positive. Since there is no effective P-type
doping in Ga,03, therefore, the common devices are almost in depletion mode. The
main way of realizing enhancement-mode Ga,O3 MOSFET is to make the channel
region to be very thin (such as the recessed gate structure [27]) or to be very narrow
(as shown in Figure 21b), so that when the Vg is zero biased, the channel region can
also be completely depleted. Although the realization of enhancement-mode devices
increases the complexity of the fabrication process, the enhancement-mode devices
are easier to be controlled from the application point of view. Figure 22b plots the
output I-V curves of the Ga,03 MOSFET and both the depletion-mode and
enhancement-mode Ga,03 MOSFETSs have similar I-V curves. Also, it can be seen that
the transfer characteristics and [-V characteristics of the Ga,03 MOSFET are similar to
those of the Si and SiC power MOSFETSs described above, but due to the different
material parameters, the current capability of the Ga,O3 MOSFET device is higher. In
addition, the switching characteristics of Ga,03 MOSFETs are similar to those of Si
and SiC MOSFETs.

4. Insulated gate bipolar transistor (IGBT)

Insulated gate bipolar transistor (IGBT) is a composite fully controlled voltage-
driven power electronic device composed of BJT (bipolar junction transistor) and
MOSFET, which has both the high input impedance and the low on-state voltage drop.
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It was once hailed as an almost ideal switching device in the field of power electronics,
except for its higher turn-off loss and longer turn-off time compared with those of the
power MOSFETs.

Figure 23a,b demonstrate cross-section view of the IGBT and the equivalent
circuit of internal structure, respectively [28]. From the perspective of device struc-
ture, the n* region connected to the emitter (E) electrode, p-base, gate, and n-drift
region constitute an N-channel MOSFET (N-MOSFET). At the same time, the p*/p-
base, n-drift/n-buffer regions, and the p* collector (C) constitute a PNP BJT. There-
fore, from the perspective of the internal device structure, the IGBT can be regarded
as a combination of an N-MOSFET and a PNP BJT. Thus, the IGBT has the advantages
of the high input resistance of N-MOSFET and the large current density of BJT. It is
worth noting that many researchers also call the electrode collector (C) on the back of
the device as anode (A), and the electrode emitter (E) on the surface as cathode (K).
Figure 23c also shows the symbol of the IGBT.

In the blocking state, the gate voltage with respect to the emitter (Vgg) is zero
biased or negatively biased. At this time, the N-MOSFET controlled by the gate is in
the off-state, and the IGBT is also in the off-state. And the applied positive voltage
between the collector electrode and the emitter electrode (V) is sustained by the P-
base/N-drift junction. Since the doping concentration of the p-base region is much
higher than that of the n-drift region, so the breakdown voltage of the IGBT is mainly
determined by the thickness and doping concentration of the n-drift region.

In the on-state, Vg is applied to a positive voltage (usually +15 V). And an
inversion layer electron channel connecting the n* region and the n-drift region is
formed on the surface of the p-base region under the gate. The electrons flow from the
n" region through the channel into the n-drift region and finally into the p* collector
region. The electron current acts as the base drive current of the PNP transistor, which
facilitates the injection of holes from the p * collector region into the n-buffer and n-
drift regions, and finally into the emitter electrode.

Figure 24a,b illustrate the transfer characteristic and output characteristic curves
of the IGBT, respectively. As can be seen from the figure, the transfer characteristic
curve of the IGBT is similar to that of power MOSFET. However, the forward output
characteristic of the IGBTs is slightly different from that of MOSFETs. The main
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Figure 23.

(a) Cross-section view of the IGBT, (b) equivalent circuit of internal structure, (c) the symbol of the IGBT.
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(a) Transfer characteristic and (b) output characteristic curves of the IGBT.

difference is that, in addition to Vgg > Vy, the forward conduction of IGBTs requires
Ve to be higher than the turn-on voltage Vpy of the p*/n-buffer PN junction. After
the turning-on of the device, a large number of holes are injected into the n-drift
region from the p* collector, resulting in a conductance modulation effect, which
greatly increases the current density and reduces the on-state voltage drop (Vo) of
the device. Figure 24b also reveals the reverse breakdown characteristic of the IGBT,
the reverse breakdown voltage is mainly determined by the breakdown voltage of the
p’/n-buffer junction, usually because the doping concentration of the n-buffer region
is much higher than the n-drift region, the reverse breakdown voltage of the IGBT is
very low. However, for an IGBT without an n-buffer region, the reverse breakdown
voltage may also be close to the forward breakdown voltage.

The turning-on characteristic of the IGBT is similar to that of the power MOSFET,
but its turning-off characteristic is different from that of the power MOSFET.
Figure 25 shows the typical switching-off characteristic of the IGBT [29]. Compared
with the switching-off transient of the power MOSFET, the turning-off transient of
the IGBT is much longer and a long tail current is appeared in the turning-off process
[30]. The reason is that after the channel of the IGBT is turned off, a large number of
nonequilibrium electrons in the drift region flow out to the p* collector region under
the action of the electric field. During this transient, the bottom p*/n-buffer PN
junction is still in the forward biased state, and holes are continuously injected into the

Ieg/Veg

A

CE

tail current

0 YWosii

Figure 25.
Typical switching off characteristic of the IGBT [29].
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n-drift region until almost all the electrons are extracted from the n-drift region. Thus,
the holes injection during the turn-off process is the main reason for the current
tailing. Although there are some design optimizations and structural improvements to
increase the turn-off speed of IGBTs, most of them come at the expense of forward
voltage drop (Von) [31]. And the improvements in the trade-off relationship between
the turn-on voltage drop and turn-off loss of the IGBT are still being pursued [32].
Nevertheless, the switching speed of IGBT is far inferior to that of MOSFET, which
limits the high-frequency application of the IGBT.

5. GaN high electron mobility transistor (HEMT)

In 1992, the first Gallium nitride high electron mobility transistor (GaN HEMT)
was developed by using metal organic chemical vapor deposition (MOCVD) [33].
Subsequently, GaN devices have attracted great attention and research. The GaN
HEMT has the advantages of high current density, high breakdown voltage, high
operating frequency, high reliability, and low switching loss. GaN HEMTSs have great
potential for application in high frequency, high efficiency, and high power density
power electronic systems. Currently, the GaN HEMTSs are commercialized with rated
voltage up to 650 V and are widely used in power converters, power adapters,
on-board charging, data centers, and other applications [34].

For nitride semiconductors, the thermodynamic stable phase is a hexagonal sym-
metric wurtzite structure, while the thermodynamic metastable phase is a cubic
symmetric sphalerite structure [35]. The wurtzite GaN crystal structure does not show
symmetry along the C-axis, besides the sum of the vector P of the polarization
intensity of Ga-N covalent bond is not zero. There should be a deviation between
positive and negative ions, so a strong spontaneous polarization effect generates inside
the GaN. As for AIGaN/GaN heterojunctions, the lattice constants of the two materials
do not match, leading to the existence of stress forces between atoms near the contact
surface of the two materials. Under the action of this stress force, the lattice asymme-
try is enhanced, meanwhile the lattice deformation deviates the center of positive and
negative charges in the lattice, resulting in a strong piezoelectric polarization effect.

Figure 26a,b show the energy band diagram and the structure of the
enhancement-mode GaN HEMT, respectively [36, 37]. The heterojunction energy is
discontinuous due to the strong total polarized induced electric field generated by the
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Figure 26.
(a) GaN HEMT basic energy band diagram, (b) enhancement-mode GaN HEMT basic configuration [36, 37].
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addition of piezoelectric polarization and spontaneous polarization in the
heterostructure, as well as the conduction band shift AE, at the heterojunction inter-
face. The energy band bends in the GaN layer to form a triangular electron potential
well, which captures electrons ionized by donor impurities and then forms a large
number of two-dimensional electron gas (2DEG). Due to the existence of a high
potential barrier on the side of AlGaN, it is hard for electrons to cross the potential
well, therefore, electrons are restricted to move laterally in the thin layer of the
interface, instead of moving perpendicular to the interface. Different from the chan-
nel electrons in traditional MOSFET, 2DEG accumulates on one side of the intrinsic
potential well layer, realizing the separation of carriers and the Coulomb scattering
center. There is almost no electron impurity scattering in the potential well, which
indicates that the 2DEG has a very high electron mobility. At the same time, the
concentration of 2DEG obtained under the unintentional doping of GaN is quite
considerable, thereby the GaN HEMT devices have high current density and unique
application value.

1. Static characteristic

Figure 27a,b show the transfer characteristics and output characteristics of the
enhancement-mode GaN HEMT, respectively. The threshold voltage (Vry) of
the GaN HEMT is the gate-to-source voltage (Vgs) corresponding to the device
from off state to on state, that is, the Viry is the voltage applied to the gate when
the AlGaN and GaN interface forms the 2DEG. Currently, the threshold voltage
(Vrn) of the typical commercial AIGaN/GaN HEMT is positive—enhancement
mode HEMT.

It is found that the 2DEG characteristics are very similar to the channel electrons
of MOSFET, so the output characteristics of the enhanced GaN HEMT are very
close to the characteristics of n-channel MOSFET. By varying the applied drain-
source voltage when the device is turned on, GaN HEMT can be operated in the
linear (unsaturated) and saturation regions. However, in the GaN HEMT, when
Vps is high, the drain current Ipg decreases with the increase of Vpg, and the
current collapse effect occurs. The main reason is that under the large Vpg, a
high electric field is generated between the gate and drain, and the channel hot
electrons are excited to tunnel to the surface of AlGaN, and are trapped by the
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Figure 27.
(a) Enhancement mode GaN HEMT transfer characteristics curve, (b) GaN HEMT DC output characteristics
curve.
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Figure 28.
Switching characteristics of the enhancement-mode GaN HEMT: (a) turn-on, (b) turn-off (redvawn from figure
1 in ref. [39]).

surface states between the gate and drain, forming a virtual gate and a current
collapse phenomenon [38].

2.Dynamic characteristics

High concentration of 2DEG with high mobility exists in the channel layer of the
GaN HEMT, which on the one hand enables the device to form a maximum
forward current, and on the other hand enables it to operate at high frequency
and high power. Compared with traditional Si-based and SiC MOSFETs, the
GaN HEMT has a faster switching time and smaller switching loss. Figure 28
shows the typical switching waveforms of an enhancement-mode GaN HEMT in
a double-pulse test circuit [39]. As can be seen from the figure, the turn-on and
turn-off times of the GaN HEMT are very short, both around 10 ns. However, it
is worth noting that different GaN HEMT devices and applications in different
circuits have slightly different switching times.

6. Prospects for new electronic devices

For power electronic devices, we always pursue higher breakdown voltage, lower
loss, higher reliability and thermal stability, and low cost. In recent years, with the
increasing demand for electronic devices in power electronic systems and power
converters, new electronic devices represented by SiC devices and GaN devices have
also achieved rapid development. However, there is still much room for improvement
in the performance of these devices, and these new devices will continue to achieve
breakthroughs in performance and cost reductions in the future. At the same time,
besides the Ga,O3 devices, new electronic devices based on ultra-wide bandgap mate-
rials (such as diamond, BN, and AIN) will also emerge one after another and will be
gradually applied in the market for high voltage, high-power, and high-end
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Figure 29.
Relationship between specific on-resistance and breakdown voltage of power electronic devices based on various
materials [40].

applications. Figure 29 shows the relationship between specific on-resistance and
breakdown voltage of power electronic devices based on various materials [40],
which also shows the development trend of power device materials from another
perspective.

7. Conclusions

The emergence and development of new power electronic devices are critical to
the development of power converters and power electronic systems. Understanding
how electronic devices work is important for better design of power converters. This
chapter describes in detail the power electronic devices commonly used in power
converters. Starting from the structure and working principle of PN junction, this
chapter describes the structure and main properties of SiC and Ga,O3 power diodes.
And the structure and characteristics of power MOSFET, superjunction MOSFET, SiC
MOSFET, SiC JFET, and Ga,0; MOSFET are described. Then, the structure, principle,
and characteristics of IGBT, an extremely important bipolar device in modern power
electronic systems, are described. Finally, the structure, working principle and related
characteristics of the emerging GaN HEMT devices are also described in detail. And
looking ahead, new power electronic devices, such as diamond diodes and diamond
MOSFETs, will continue to appear and develop to meet the more stringent require-
ments of power converters for lower loss, higher breakdown voltage, higher power
density, higher switching frequency, and reliability.
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Chapter 3

Automatic Current Sharing
Mechanism in Two-Phase Series
Capacitor Buck DC-DC Converter
(2-pscB)

Salahaldein A. Rmila

Abstract

In this chapter, we introduce the concept of the Inherited Automatic Current
Sharing Mechanism (ACSM) in a two-phase series capacitor buck topology (2-pscB).
This topology was introduced to power laptops as low-voltage and high-current Volt-
age Regulator Modules as well as non-isolated Point-of-Load converters (Vin < 12 V).
To satisfy the converter stability, a state-space modeling technique of switching
intervals coupled with parasitic component linearization is developed. Due to the
series capacitor charging period miscalculation, the applicability of the ACSM of 2-
pscB switching topology for high-power electronic applications is still very limited.
Inserting a series capacitor between power switches of phase A increases loop parasitic
inductance, introduces a time delay mismatch between the gate voltages of the two
switches, and causes interference with the synchronization of the dead time between
both phases of 2-pscB converters since the phase B has no series capacitor. This
mismatch reduces the heat distribution efficiency and lifetime. As such, a complete
model study delivered by the converter is required to design a robust controller.
Driven to explore the series capacitor voltage feedback mechanism, frequency analy-
sis of transfer functions, and filter behavior with experimental prototype examples
(Vin < 120 V) have been presented for the first time to demonstrate the theoretical
analysis. Obtained efficiency was up to 94.9% at full load.

Keywords: two-phase series-capacitor buck converter, state-space averaging, VRMs
applications, current sharing mechanism, inductor currents derivation

1. Introduction

The current sharing mechanism concept for conventional multi-phase converters,
which are designed based on sensing each phase current to deliver the current infor-
mation to their controllers, is one of main issues of its implementation. In conven-
tional buck converters, this mechanism may require a preset current sharing ratio at
the expense of efficiency, which eventually requires a larger sensing circuit to achieve
the sensing accuracy of each phase. Introducing the concept of automatic current
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sharing in two-phase series capacitor buck topology (2-pscB) is one of the solutions to
tackle this issue.

One of the main benefits of a 2-pscB converter is power management to obtain the
highest performance of the regulator, automatic power management between phases
is used, and the current is evenly distributed between the phases. If the current
balance is not fully achieved, input and output ripple cancelation benefits are
interrupted, resulting in stability problems. With complete current sharing, better
thermal performance and efficiency at higher loads are guaranteed, because all output
load is not concentrated in one group of Si MOSFETs/GaNs switches or in a single
inductor; otherwise, the unmatched currents may cause a sharp drop in efficiency,
instead of two or more phases sharing the thermal burden, the current will pass and
cause failure in one phase. The typical topology and time intervals for 2-pscB are
shown in Figure 1.

There are many advantages attached to this power conversion topology, such as:

* Reducing switching voltage level (e.g., reducing Vpg by half). This results in
better efficiency when switching losses E,; is reduced and becomes suitable for
high-switching frequencies.

* Reducing output voltage ripple and current ripple by the third.
* Reducing the size of the filter inductor by almost half.

* The inductors act as current sources to softly charge and discharge the series
capacitor in four-mode power stages (self-charging).

* Flexible intervals time where intervals can (nearly) be reduced to two as a
regular buck.

* Automatic current balancing between phases can be easily achieved when the
two inductors have the same size, same storage energy, and the inductors’
current shapes are the same. In special cases, even if the inductors are not the
same, e.g., manipulating the pulse intervals can achieve the current balancing by
increasing one or more switch duty cycles.

n Qi Q2 R
@) i ,
@2 Qn Q2 .

g (’ IT

) Qiz Qu |
= ;T "
Qu Qu
j"
Time (s)

(a) (b)

Figure 1.
Two-phase series capacitor buck converter a) topology and b) time intervals.
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* In general, there is no need to have any phase current sensing elements to achieve
the current sharing, which is a critical issue for distributing the heat, especially at
high current demand.

* The duty ratio is doubled to achieve the same specification of a single buck
compared with conventional buck converters for the same conversion ratio; this
makes series capacitor buck topology easier to control in high-frequency
applications.

2. The 2-pscB regulator states equations

The main objective of this section is to derive the transfer functions governing the
operation of the 2-pscB converter. Since this converter is nonlinear and time-varying,
it utilizes the switching function of the converter power device to achieve high
efficiency. Due to the non-ideal characteristics of the switches and their conduction
mode resistance during the switching transition, and because the voltage and current
will not suddenly become zero during the switching time, this response brings a
certain power loss to the system. In modeling, the load current is assumed to be
unknown, as such assumed that this topology consists of non-ideal (transistors,
inductor, and capacitor), and they have resistance in conduction conditions. The
nonlinear—regulator active switches—circuit elements have other non-ideal effects
like a voltage drop of conduction mode of active switches, which is neglected due to
the complexity of modeling process. This state-space averaging model could be used
to design a robust controller that can satisfy the stability and performance conditions
of the converter. Small-signal model linearization of four switching intervals using a
state-space average model is required. However, the non-idealistic nature of switches
with their conduction mode resistance generates some power losses due to the finite
voltage and current during switching transitions. Therefore, a complete model
includes all the system parameters has to be generated, such as the turn-on resistance
of the diode switch, the parasitic resistances of the inductor and capacitor, and the
unidentified load current that can be delivered from the converter. The first step in
modeling is to convert a complex circuit into a simplified circuit, in which circuit rules
can be established. In a switching regulator, a component that stores energy in a
circuit or system (such as capacitor voltage and inductor current) is of great
significance. The linear and time-invariant system consists of four regions: the
two on-regions of input source and series-capacitor energy storage source and two
off-regions. The on-time is denoted by D;T, D;T, and the off-time is denoted by D,T,
(1 - Dy-Dy-D3) T.

Thus.

d;T = D;T.
(dy—di) T = D,T.
(ds —dy) T = DsT.
(1-d;)T=(1-D;-D;—-D;5)T. (1)

In which T is the period of the steady-state output voltage. Figure 1 shows a two-
phase series capacitor buck switching regulator. The four switches are turned on (off)
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by a pulse with a period of T, and its duty cycle is d seconds. Therefore, we can
represent the simple equivalent circuit of the system in four on and off modes. To look
at the stages of operation of this converter in a steady state during the first mode, the
high-side switch of phase A, switch Qy3, is on, and the inductor current in inductor L,
charges up the series capacitor a small amount. Using two series capacitors or more
Csy, Cs, .., Cs, in parallel will reduce the parasitic resistance 7, to half or less. This
topology has a duty cycle as follows.

V, di(ds—dy)  DiD3

= = 2
Via di+ds—dy, Di+Dj (2)
Where d1, d,, ds represent intervals for capacitor series buck modes.
When these intervals are equal D1= D, = D3 = D = t,,/T.
Hence,
Vo Dty
Vie 2 2T (3)

At current sharing balance between the two phases, switching voltage must be the
same where,

dl(Vin - VCS) = VCS(d3 - dZ) (4)
or

Vs dl D,

= = 5
Vi di+ds—dy Di+Ds )

From Egs. (2, 5) at steady-state condition we conclude that
—=D;3 (6)

Consideration of i;, v, and v, as our state variables of the continuous-time LTI
system consists of a state equation and output equation. As a result, the multiphase
controller maximizes the duty cycles of both phases during the transient period to the
maximum of 25% of the period while maintaining 25% of the time between each duty
cycle. All phase inductors that parallel each other are reduced by several phases where
a smaller equivalent inductance can charge the output capacitor faster than bigger
ones. This issue also reduces the overshooting when the excess charge stored in the
inductor of each phase partially discharges at the phases turn-off state, and then the
rest transfers to the output capacitor.

On the other hand, the first drawback of this topology is that it has a 50% duty
cycle limit. This limitation means that the high-side switches Q;; and Qy; cannot be
turned on at the same time, coupled with the fact that conventional buck gives
the converter an inherent 2:1 step-down; therefore, the theoretical minimum input
voltage rate is four times the output voltage. In other words, the minimum input
voltage is going to be almost five times the output voltage when we take losses into
account.

Vin 24 (Vo + Eo::) (7)
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3. Small signal average switching model

In literature, many approaches have been proposed for modeling DC-DC con-
verters, e.g., averaged nonlinear formulation in which switching frequency is depen-
dent. Another approach is large-signal presentations of the variable-structure system
[1], where the state-space averaging approach is widely used, which yields an average
and linearized model formulation [2] depending on the switching frequency, this
model is non-linear and time-varying [3]. The sources of disturbance in power DC-DC
systems are many [4, 5]. Figure 2 shows a functional diagram representing some of
these sources, where v, and i, are dependent on independent inputs.

v,(t) :fl{vin(t); fout> D1(t), D3(t)} (8)
i (t) :fz{vin(t)» lour, D1(t), D3(t)} 9)

The equivalent circuit model of the 2-pscB converter can be expressed as seen in
Figure 3, which contains four independent inputs (input voltage, two control input

Switching Converter

Via(®) __
. Disturbances oy v, (1)
Iout (t) —-1

D » } Control b 11 (0)

LTI

Figure 2.
Block diagram illustrated the dependence of v, on independent inputs.

DI( VTI-VTZ )

r, 1mD: 1:D, p T
= | H— . "
N A R
4 CD v Dy =i V5 R
ED ler i ! —'—ZHLF C{J g
—_ T - : y -
1 D;(Vi Vs )
fp2Ds  1:D; @....NYY\_ Lou
* o6 * P L
' J
ve v 7

——
} | Cs D31,
T;
Figure 3.

The 2-pscB system ac small signal variations model.
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variation, and load current) and one output dependent variable. Therefore, the

ideal transformer averaging model concept can be directly applied to represent the
converter.

Va1 = D1(Vr1 — Vo) = D1(Viy — V) (10)
Va2 =D3(Vry — Vr3) = D3V (11)

By realizing Egs. (10) and (11), a large signal average switch model can be formed
with transformers and similar average current equations, hence,

V) = Vip — VG (12)
ir(t) = ip1(t) +ipa(t) (13)

v, 1

Z =R// SC. (14)

where p;, p, are phase current points, at complete current sharing conditions, ideal
transformers for both phases will be symmetrical such as

Dqi p, = Dsi p, (15)

Another way to illustrate 2-pscB converter system ac small signal variations model
is seen in Figure 4, the output voltage variation can be expressed.

0o(5) = Gpa(s){D1(s) + D3(8)} + Go—in ($)0in (8) — Zouz ()iouz ($) (16)

Where G,_,(s) and G,4(s) are the line-to-output and control-to-output transfer
function expression, respectively. Manipulate block diagram to solve for v,(s). Hence

v =V GcGerd/VM + \7é Gvfin 4 Zout
© T 1Y HG.G,Gu/Vy | "1+ HG.G,Gp/Va "1+ HG.G,Gpy/Vu
(17)
which is of the form,
+
Ry
Co| Ve

Figure 4.
Open loop impedance of 2-pscB converter.
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1 T Gvfin Z out

V- — 4V, +i 18
H 14T U MTLT (18)

Vo

loutl T

With T(s) = H(s)G.(5)G,(s)Gpa(s)/Vm

T'(s) is the product of the small-signal gains in the foreword and feedback paths of
the control loop, the modulator voltage is Vy,, and H(s) is the current sensor gain. Z,,,
is converter output impedance formula. To find the output voltage at the equilibrium
case and complete current sharing, writing the KVL for the simple loops of Figure 5,
we get:

v, =1L (R//séo) = (ir1 +i12) <R//sé'0> (19)
iLl(ZYL) — iLz(SL) = %I)mD1 + %U,‘nD?, (20)
iLz(SL) — iLl(SL) + iLz (R//%) = %U,’an (21)

After calculating the previous equations, we conclude

2R 1
y=——(=0(D1 + D3) — v, 2
v SL(SRC0+1)(4U (D1 +Ds) ”> (22)
In other words,
D1+Ds

% _ T4 (23)

=3LG
Vin  s2hoeds &1

This formula represents converter line-to-output transfer function.

D1+Ds3
Vo (s o
Goin(s) = 22 S (24)
Vin($) Di=D3=0,iu=0 2 T Qa, T 1
AtD,=D3;=D

Gi.in(s) Ph A

iour(S) Load
current

Ac line variation

vi(s)

y

[Zouts)

L}
1
|
n
| |
n
| ]
| ]
Duty cycle |

Current  variation J3%(s

Error Compensator regulator :]( )

:
L}
1
1
D
| ]

vier(s)  signal 7
G(s) || Gis) o

G.n(s) Ph A

Reference v2(s) v2i(s A " -Gm(s} Ph B
input © v:@) (8)
e Ty m— 1
Mol * Converter power stage
H (S) -
L |
Sensor gain

Figure 5.
Complete block diagram of two-phase series capacitor voltage regulator.
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=G

D
2 &

Gvfin (5) ==

And

Gy—in (5) = Gy—in (5) |pha:e 1t Go—in (S> |phaxe )i

Vo (5) vo(5)
= U; ) |D1=0,i0u—0 + v; ) |D3=00u=0 (25)
Dis
_ ‘ _ 4
Gvfin(s)‘pha:el = Gyin($) |phase i ;}_22_’_ ijo 1 (26)

Where the angular frequency and quality factor are

2 2C
»=\er @R

To generate a Laplacian formula represents converter control-to-output transfer
function G,p(s),

,(5) b
Gyp(s) = 2 =52 (27)
) =p ()l =0e=0 % + a1
Vo(s) Vo(s)

G =G, 1+ G = 04— 28

vD(S) D(S)‘phas 1+ vD(S) |pha.ve 1 Dl(S) Vin=0,ipu:=0 +D3(S) 00 (28)
At complete current sharing
_ __ %

GUD(S)|phase 1= Gup(s) ’phm o= 2,—22-5-—:-1-1 (29)

Q,w,

To derive converter output impedance formula

sL 1 2sL 2sL
( 3 > 2hP s g+l g+l

In some analyses, accurate models are needed; thus, these formulas represent the
transfer functions with output filter parasitic components,

0]

Vin(s)

Gvfin (5) =

D1=D3=0,iy, =0

D 2C,rco 2R
. 2 (S 2R+VC"L + 2R+VL) (31)

- 52 <RLC,,+LC,,VC,,) v S(LJrRC,,VLJrC(,rLVc(,JrZRCGVC(,) 1

2R+rp, 2R+ry,
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0in=0,i0u:=0

Vin 3ty (%2 +1)

"~ 2 (RLC,+LCyrg, L4+RC,r1,+C,rp7g+2RCyrgy
$ ( 2R+, +s 2Ry, +1

R Vi (w%c + 1)

- &)
R Srg+1 (32)

Where,

R 7 2R + 11, 7 VLCo(2R +71)(R + 7cp) (33)
= Gy “\LC® +ra)’ ¥ = L+ RCyry, + Corey 71, + 2RCyrcy)
Therefore, the choice of components used in a switching regulator has a large impact

on its performance. Critical components such as switching elements, magnetic compo-
nents, and filter capacitors all affect both the switching frequency and the overall
efficiency of the converter. In the previous sections, the power switch, inductances, and
capacitances were all considered ideal components. But real components are not ideal
and have parasitic properties, which will affect the overall performance of the DC-DC
converter. A typical output capacitor always exhibits stray elements such as r¢,. This
parasitic element introduces a zero in the control-to-output transfer function see

Eq. (32). The relationship between the output parasitic capacitor (rc, + Arg,) and
converter control-to-output transfer function is illustrated in Figure 6.

When using the ceramic output capacitor, the output capacitor parasitic r¢, effect
is aggravated at relatively high frequencies, often above the switching frequency so it
can be seen in the gain graph. The parameter o, is the angular corner frequency,
which is defined as follows.

Bode Diagram

50
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(=]

Frequency ( Hz)

Figure 6.
G,p and output capacitor ESR parasitic variation from o0 to 90 mS.
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@,

fa_zﬂ.

1 2R +7L
= ——="TTF 4
fo 2z RLC, 4+ LC,rc, (34)

To get a well-regulated average output voltage signal, the switching frequency
must be greater than 10 times of angular corner frequency (cutoff frequency) for
small or invisible output voltage ripple.

f:w>10fo

Thus, f,~20f , is recommended. The converter output impedance transfer func-
tion formula, including output filter parasitic, is presented as follows.

2 ( RLCyrc, L+Cyre,re R
$ (2R+rl_ ) +SR( 2Ry, > +2R+VL

Zout = (35)
PLC, (§) +5(MECasGnsttton) 11
For inequality conditions, we find
Z (ﬁ +a3+1 )
g\ w? )
Zout = zk Qe (36)
(§+a5+1)
Where:
R L1+ L,)C,
Z, - o, 1+ 72 Q= V(r1 4+ r2) (L1 + L) Corc (37)
2R+ (L1 4 Ly)Cyre, (L1 4 Ly) + (r11 +712)Corco

o 2R +7p Q, = VLCy(2R +71)(R + 7cy) (38)
? LC, (R + VCo)’ (L + RC,r;, + Cyrgy L + ZRCOVCO)

From Eq. (35), inductance parasitic variation (r;, + Ary) affects output impedance
in lower frequencies, often below the switching frequency so the gain graph increases
with the inductance parasitic increases, as can be seen in Figure 7.

Output capacitor ESR parasitic variation affects the output impedance in high
frequencies, as can be seen in Figure 8. From the previous two figures, we can
summarize the observations in another way, where the output impedance is
represented by the contribution of the filter components, as shown in Figure 9. By the
below graph’s inspection of Figure 9, we can see that the inductor resistive path 7,
dominates the impedance in DC. As frequency increases, the inductor then enters the
spectrum. The capacitor impedance starts to take over the inductive section at higher
frequencies until it becomes a short circuit and leaves the output impedance value to
its series loss ,. To solve for the peak value of output impedance at resonance value
of f,, since r¢, contribution is small and neglected at low frequencies.

272+ 1}
2
2(Z +Rn) 7

|Zout7Max |dB =R (39)
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Zour and output capacitor ESR parasitic variation from o to 90 mS2..

Where Z, = \/CZ is the characteristic impedance of the filter.

The output filter size needs to be very carefully selected to minimize voltage drop
and power loss, which can be achieved by minimizing the output impedance [6].
Therefore, to get rid of the resonance frequency and maintain a good gain value, it is
necessary to select a natural frequency higher than the resonance frequency. The
natural frequency should be in the output capacitor region, where the influence of
inductance is minimal. Thus,

1 2
Z o Min| = —_— 2 40
| 4 Mznl \/<2 ﬂfmaxco) +1"Ca ( )

53



Power Electronics, Radio Frequency and Microwave Engineering

Qutput impedance spectrum

~ 0r IZour-ZlIax| ::r- 1
5 /A
< 10 | /T \ 1
= /
=
: /5 |
¥ | L ING
i
= a0 V4 rp L ¢ |7
|£ out | _ ! 2 |
-40 * * * et
10’ 10? 10° 10* 10°
Frequency (Hz)

Figure 9.
Output impedance bode diagram spectrum.

4, Inductor currents derivation

Based on the concept of automatic current sharing, we need to study the inductor
current of each phase. For steady-state conditions, as seen from Figure 10, during
interval state one and state three, the current through the inductors increases in phase
sequence because energy is being stored in the inductors from the input supply or
series capacitors. During the off-time of each phase, the current through inductors
decreases as both inductors are sourcing energy to the output. Note that the current
increase at state one is equal to the decrease in current during state two and state three
of the same phase. The average series capacitor voltage v, maintains its value at
exactly half of the input voltage with a small voltage ripple, thus it can be regarded as
a constant voltage source. A large magnitude difference in the inductor currents with
180° out of phase can be seen during the initial transient. This magnitude difference
decreases as the steady-state condition is attained. The duration of the transient time

I Lzmax I:L 1max

H { EIL;'miu If,imﬁn
A “Lmax i A

Figure 10.
The main waveforms of 2-pscB topology.
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depends on dead time matching between the two phases and can be reduced using a
soft start scheme with a pre-charged series capacitor. However, this will introduce a
delay time to the circuit. The output voltage ripple can be controlled by the size of the
output filter. The average charging and discharging currents for the series capacitor
are similar, this verifies the steady-state operation of the 2-pscB converter. From this
figure, the current ripple (Ai;,) through the phase inductor is greater than the total
output current ripple (Aip).

State four is a repeat of state two with both inductors connected to the ground and
supplying energy to the output capacitor. In state one, when the average inductor
current of phase A is larger than the average inductor current of phase B, the series
capacitor voltage v, would slowly increase. For VRMs applications, most processors
recommend low-output voltage ripple where these applications demand keeping the
output current ripple low. This implies the need for a large inductor, the relationship
expressed as follows:

Vripple = Iripple *7Co> Iripple & L (41)

On the contrary, as mentioned before, the other requirement is the fast-transient
response. This justifies the need for a small inductor to allow the current through the
supply to change quickly, but at the same time, this assumption conflicts directly with
the need for a larger inductor to minimize output voltage ripple.

A mathematical representation of the 2-pscB converter with its internal current
sharing mechanism resulting from the v¢,. Figure 11 shows the average model of the
2-pscB converter, including the main parasitic components and the CSM using the
internal series capacitor voltage feedback loop. This block diagram aims to generate a
reference trajectory to be used by the controller model.

Where the two phases’ currents are:

ia(t) = L%J:(V""Dl  VeDy — Vo (2))dt (42)

Output Filter

Fonl
Viwi

Vin(t)

D,

Phase B

Figure 11.
The 2-pscB converter average model diagram of inductor currents and current sharing mechanism.
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ina(t) = L%J:(Vc:fb V() 43)

From current (Eqgs. 42, 43), the first derivative of two-phase currents is:
At D, = D; =DandL;=L,=1L

diy _dins , di

a - ar

1 2 (T, V,@)

(44)

The second derivatives of two-phase inductor currents, where

i, 1/D 1 1/D 1 1%
diy, . 1(D 1\ . 1(D 1\ V, _ . . »
ar lLlL(CerCo) thap (Cs C0> ticor - Minthinta  (46)

0
dii, . 1(D 1\ . 1(/D 1 V, , ,
g g a-ka —27 & T +L—C0R—ﬂzlL1+bzle+Cz (47)

Using Laplace transform, we can derive the current time domain formulas as

" b1 T
il =)l + ) o
i, az by] |ir2 2

For initial conditions of i;;(0) = 0, i;5(0) = 0, and.

dlLl(O) Vin dle(O)

:—D, :O
dt L dt

dii 2 (Vo) .\ _ 2 .
d?_LCo( R )T TLc® (49)

Since V;, = 0 for the second derivatives, the average output capacitor current
equals zero.

<ig, > =0, Then
ait
ar

5. Series capacitor damping behavior

To examine the damping oscillation of the current sharing of the two phases
regarding inductor resistive parasitic variation. Back to Eq. (42), we can express its
formula as:

dia(t , . '

L1 I;t( ) = Vz'nDl — 1L on1 — VC;Dl —ircs — iarL — ‘/{J (t) (50)
dig,(t . ) ' ‘

L i;t( ) = —it¥on2 + ViosD3 — inavcs — ina¥ons — ir2r12 — Vo(t) (51)
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Where 7,1, 7on2, ¥on3> and 7,4 represent converter switches on-state
resistances, and and »¢;, represents the total series capacitor resistive parasitic
component.

Where

ch(t> = éj:(ul — iLZ) dt (52)

Plugging Eq. (52) and substituting Eq. (50) into Eq. (51), the results at full current
Sharing (Von =TVon1 = Von2 = Yon3 = Vonas and rL =711 = VLZ) will be’

(VL + Von + VC'S) +

Piclt) | 1 (dic; (® (53)

(D1+Ds) .\ _
dr? L dt o

Cs

To analyze the effect of 71, assume that other parasitic parameters are very small or
zero (ideal conditions) to simplify the results also for homogeneous second-order
differential equation,

dlici(t) 1 (dic(r) (D1+D3) .
e +E( 7R Ees zCS) =0 (54)
Eq. (54) can be rearranged to
d*ic(t) dic(t) .
pra Uwe— =+ Wics = 0 (55)

which is in the form of a second-order differential equation, representing the
damped harmonic oscillator nature with attenuation ({w¢;) and the angular resonant
frequency of (w¢)

_n Cs . (Dl -I-Dg) . l L (Dl +D3)
£=3 VL @:+D3)” "~V LG Qo A Cs (56)

Setting initial values i, (07) = 0, From Eq. (50)

dic(0)  d*ve(0) D,
P I f( Vin — 20¢,(0)) (57)
thus,
AV
v(0) = Vg, — 228 (58)

The damped harmonic oscillator can be translated as current perturbation
representing the difference in phases average inductor currents. The effect of series
capacitor ESR and switches internal on-state resistance is similar to the inductor DCR
effect. For different parameters settings, to find the solution of second-order, linear,
homogeneous differential equations with constant coefficients, there is a need to
figure out the characteristic equation as.
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Figure 12.

Series capacitor characteristic equation response of (a) the difference in average inductor currents due to current
perturbation in inductor currents for varying values of lumped inductor resistance and (b) the difference in
average series capacitor voltage.

a*+Pia+Py=0 (59)

To solve equations With real coefficients, the complex roots are always distinct if
they are not purely real. So, for complex roots 51, = aFjp

ice = Me™cospt + el sinpt (60)

Where A; and A, are arbitrary constants, Figure 12 depicts this type of solution.

6. Unbalanced series capacitor voltage

The 2-pscB converter current sharing mechanism tolerance will be discussed here,
for many reasons, as the case of unmatched duty cycles, this topology has the ability to
maintain adequate current sharing balance for a certain limit. This limit depends on

the charging time of the series capacitor, which in general is affected by the quality of
series capacitor material.

Since
Voo Dy
Vi D, + D3
szl = Vin - VCS
sz2 = VCS

szl _ & _ ds — d2
V5w2 Dl dl

(61)

It turns out that under phase unbalanced conditions (duty cycle mismatch, phase
placement issues, etc.), the transient time is longer than the transient time under
balanced conditions when D; = D;. For unbalanced conditions, the areas of the

switching voltage node pulses for both phases remain the same for a certain tolerance
or boundary.

wal* DI = V.va>k D3 = Vo (62)
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M |

Time (s)
Figure 13.

The 2-pscB converter curvent sharing mechanism tolerance at D, = 0.2, D; = 0.35.

An example to present these conditions is, at D; = 0.2 and D3 = 0.35 or opposite
values, as shown in Figure 13,

szl
szz

=+1.75and Vi1 # Vo (63)

Therefore, phase A switching node voltageV,, increased to compensate for
the reduction in the on-time of the phase. As shown in Figure 13, in both buck
phases, when the high-side switch is turned off, the low-side (synchronous
rectifier) switch is turned on, and the current is circulating through the lower
switch. Since the inductor current cannot instantaneously stop, the “on-time”
and “off-time” of the switch are unbalanced. Each phase inductance is large
enough to ensure that it works in the continuous conduction mode (CCM). For
certain limits, during steady-state operation, the series capacitor voltage can still
manage to maintain the desired output voltage and stabilize current sharing among
the two phases [7-12]. The 2-pscB topology has been fully investigated using
different Si MOSFETSs and GaN switches. The theoretical and experimental testing
specifications for the eGaN-based 48 V/5Vdc 2-pscB converter are listed in
Table 1.

Figure 14 shows the main proposed prototypes and evaluation modules of GaN
transistors and Si MOSFETSs 2-pscB converters at different voltage rate (V;,, < 120 V).
Experimental results to examine the CSM for the phase-sensorless GaN-based 48 V/
5V 2-pscB converter with an efficiency of up to 94.9% are shown in Figure 15. To
construct the converter GS61004B transistors with R¢,,) of 15 m are used. Despite
the two-phase parasitic components’ layout unbalance, the waveform shows output
voltage, series capacitor current, and the fully automatic current balancing (~100%)
between two phases.

The output current ripple (I) is less than the phase ripple (iLms) = iL1¢ms) + ir2
(rms))> Which is one of the technical advantages of multi-phase that the combined
output ripple (total ripple) is less than the ripple current in each phase. This occurs
due to driving the phases out of phase. To achieve the complete current sharing
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Description Label Parameter
Series capacitor Cs < 4.7uF
Phase inductors Ly,Ly 4.7uH
Output capacitor Co >70pF
Switching frequency fo 250 kHz
Input voltage Vi 48V
Output voltage V, 5-55V
Cs stray component rce 10 mQ
Switches stray components VonsTL1,VL2 <20 mQ
Table 1.

2-pscB converter evaluation parameters.

48V/5V
GaN B
‘ GS61004B
EPC9003C + ' EPC2010
Main Board
2-pscB topology
proposed EVM
circuits
IPBI0SNISN3 IPB530NI5N3
120V/12V p et
Si
MOSFETs

Figure 14.
The proposed 2-pscB converter EVM prototypes using different switches at (Vi, < 120 V).

balance between two phases, the switching nodes voltage must be the same. Also, for
the voltage equations of phase inductors v;; and v, (see Figure 1a), these voltages
must equal each other. This equivalency gives the expression of the series capacitor
voltage in terms of the topology parasitic values as follows:

Dy i, €1+11, €2
Ve =Vinp D, D, +Ds (64)

Where parasitic coefficients are

€1 ="7m(1+ D3 —2D1) — Dyrgs — 11

€2 = 2D3vo, + D3rcy — Von + 712
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Figure 15.
The 2-pscB converter typical waveforms of ics (above), ir,, i, (middle), and V, (below) at 48 V input and
250 kHz.

For small variations in topology duty cycles, parasitic coefficients can be neglected.
The complete current sharing conditions can be reached ate = €, = (0)

Analytical and experimental comparisons between the traditional buck topology
and the 2-pscB topology show that the 2-pscB topology can reduce power losses by up
to 31% at full load. Analytical estimates show that the maximum converter inductor
size reduces by 55%, and inductor current ripple reduces by 30% compared with
conventional bucks at the same switching frequency and duty cycle. This study con-
cludes that the 2-pscB topology requires only 34% of the conventional buck capacitor
[13-16]. Please note that the efficiency of this topology increases with the size of the
inductor, but at the cost of transient response performance.

7. Conclusion

The main purpose of this chapter is to provide a comprehensive overview of the
2-pscB topology current sharing mechanism starting from the model of the AC small-
signal variation of the system to the characteristic equations response of balanced and
unbalanced series capacitor voltage. This would help in the enhancement of the
overall performance. Theoretical analysis of damping behavior of series capacitor
current is formulated, and series capacitor voltage compensation mechanism of the
topology current was presented. Detailed studies of the mathematical representation
modeling and Laplacian matrices of the 2-pscB converter with an internal voltage
feedback loop were presented to help build an efficient converter controller. Based on
the above, this topology needs an additional control circuit that can limit the inrush
current caused by series capacitance and output capacitor charging period at the
beginning of the transient time. The duration of the transient time depends on dead
time matching between the two phases and can be reduced using a soft start scheme
with a pre-charged series capacitor. Since phase B has no series capacitor, for tradi-
tional half-bridge gate driving circuits, inserting a series capacitor between power
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switches of phase A increases loop parasitic inductance, introducing a time delay
mismatch between the gate voltages of the phase switches. This mismatch can even-
tually cause interference with the synchronization of the dead time between phase A
and B of 2-pscB converters. Using traditional half-bridge gate driving circuits in 2-
pscB, the turn-off delay of phase A switches caused by its Cpg discharging period
appears and amplifies by parasitic effects and the phases’ sinking path mismatch.
Careful consideration has to be given to the specifications of the series capacitor to
tackle parasitic and mismatch problems.
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Chapter 4

Overview and Advancements in
Electric Vehicle WPT Systems
Architecture

Victor Oluwaferanmi Adewuyi

Abstract

Wireless Power Transfer (WPT) system is a rapidly evolving technology with vast
potentials in consumer electronics, electric vehicles, biomedicals and smart grid
applications such as Vehicle to Grid (V2G). Hence, this article is devoted to present an
overview of recent progress in WPT with specific interest in magnetic resonance WPT
and its system architectures such as compensation topologies, inputs and outputs, as
well as coil structure. The strengths, drawbacks and applications of the basic com-
pensations (SS, SP, PS, PP) and hybrid compensations (LCC and LCL) were presented
and compared. Although primary parallel compensations perform well at low mutual
inductance, they are rarely used due to large impedance and dependence of coefficient
coupling on the load. Hence, the need for extra-compensations forming hybrid topol-
ogies, such as LCC, LCL, which usually choice topologies for dynamic WPT applica-
tion or V2G application.

Keywords: compensation topologies, electric vehicle, vehicle to home, magnetic
resonance, inductance

1. Introduction

In recent years, research trends on Electric Vehicles (EVs) have gained accentuat-
ing attention with focus on advancing the technologies for wireless power transfer
(WPT) and applications such as Vehicle to Grid (V2G). Since growth in WPT in
electric vehicles creates new possibilities in the V2G, it is hard to talk about the future
of Vehicle to Grid (V2G) without including an efficient wireless power transfer
system. In designing an effective V2G that integrates electric vehicles into the power
grids, a bi-directional WPT system is required such as allows energy flow between the
vehicle and the electrical grid [1, 2]. One of the major goals of EV WPT research is the
development of alternative systems for powering battery reliant devices to limit the
bottlenecks and issues related with the use of wired charging for batteries. Some of the
outstanding benefits of WPT system includes improving portability and user-
friendliness of devices; by eliminating wires; devices can now be developed with more
flexibility and limited environmental design constraints as in the case of medical
implantation and underwater witricity.
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The philosophy of V2G thrives on the premise that EVs are parked for most of the
day and the energy stored in their batteries can be utilized during this time provided
that their initial state of charge (SoC) is restored before vehicle utilization by the user
[2-4]. Although the traditional V2G is designed for wired charging, the system can be
easily extended to WPT provided that all the unidirectional stages are replaced with
bidirectional stages such that power can flow in both directions [1]. In a situation
where the EV charging station is a domestic or residence, the V2G is known as Vehicle
to Home (V2H) [5, 6], and in this case, the customer can either use the energy stored
in the battery to power its own domestic loads or inject it into the grid if the loads are
low-power [7-9]. A design procedure for a bi-directional WPT Vehicle to Home
(BWV2H) application was presented, ensuring necessary constraints such as the rules
for low voltage utilities and the standard SAE J2954 for EV WPT were satisfied [3]. It
is expected that the widespread adoption of BWV2H technology will aid demand
response, the smart grid transition, and the seamless integration of renewable energy
sources. The V2H technique also helps to minimize the overall power cost by stabiliz-
ing or reducing the fluctuating power demand of home loads, in addition to compen-
sation of users for the distribution system’s service [3]. Some of the prospects of the
study is the optimization of the system to allow load balancing, filling and peak
shaving [10, 11]. A mathematical model for the estimation of the charge and discharge
efficiency in an EV bidirectional ICPT wireless charger was presented [12]; the WPT
system was characterized and validated experimentally using a 3.7 kW prototype. It
was suggested that V2G systems need improvement in operational mechanism, com-
pliance and control.

In the past few decades, there has been interesting progress in the wireless power
transfer field, which has in turn triggered development and innovation in fields of
consumer electronics, electric vehicles, biomedical etc. The transfer of 60 watts of
power over a distance of 2 meters with an efficiency of 40% in 2007 by MIT researcher
[13] opened up a new landscape of development in wireless power transfer. Other feats
include the powering of 14 watts compact fluorescent lamp wirelessly in 2011 using a
circular domino with repeater arrangement by researchers from Hong Kong Polytech-
nic University [14] and the transfer of 5 kilowatts of power over a gap of 20 cm at an
efficiency of 90%, by researchers from Utah State University in 2012 [15]. Also in 2012,
electric buses were deployed and charging pads were installed at bus stops for charging
electric buses by an Uttah-based company, Wireless Advanced Vehicle Electrification
(WAVE) [16]. The development and introduction of Online Electric Vehicle (OLEV)
into public transit network in 2013, by the Korea Advanced Institute of Science and
Technology (KAIST). The OLEV is an electric vehicle that can be charged both in-
motion and in-stationary, and the charging system allows for a one-third reduction in
the battery compared with that of a regular electric vehicle [17].

The analysis of the performance indices of wireless power systems [18-21], is an
integral part of WPT research usually done using equivalent circuit, coupled mode
theory or two port networks as modelling technique with a goal of improving the
system performance [22]. In order to achieve a stable and functional WPT system for
robots, an analysis of the WPT coupling mechanism, coupling coils and compensation
topology was presented and extended into investigation of other means of enhancing
coupling performance such as Multi-layer coil structure [23]. The use of circuit theory
and mutual inductance in modelling various components of the system and solving for
performance indices is also a common approach [18-21]. Using equivalent circuits and
Neumann’s formula [24], the relationship between maximum efficiency and air gap
length in magnetic resonant coupling was analyzed and the conditions required to
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achieve maximum efficiency for a given air gap were proposed. The air gap length was
confirmed to be related to the radius and number of turns of the coils. Maximum
efficiencies are achieved at various air gap lengths through mutual inductance, char-
acteristic impedance, internal resistance and resonance frequency by setting the opti-
mized characteristic impedances in each case. To boost efficiency of WPT,
Theodoropoulos et al. devised a control algorithm for load balancing in wireless EV
charging [25]. A solution to the problem of pad misalignment was proposed by Zhao
et al., using a combination of the different resonant networks [26].

This work presents an overview and advancements in wireless power transfer,
with specific interest in application of magnetic resonant coupling to the charging of
electric vehicle. In the foregoing sections, the overview of the WPT system classifica-
tion is presented; the system architectures were presented with focus on compensa-
tion topologies and the coil design aspects and charging standards.

2. WPT system classifications

WPT systems are generally classified using system attributes such as coupling
strength, coupling type, transmission direction and transmission distance.; and when
considering transmission distance, it can be near-field (non-radiative) or far-field
(radiative) based on proximity (radiative). The requirements of the desired applica-
tion largely determine which type of WPT is recommended (Figure 1).

2.1 Coupling strength

When considering coupling strength, WPT can be loosely coupled WPT (LC-
WPT) or strongly coupled WPT (SC-WPT). Loosely coupled WPTSs primarily consists
of inductors and resistors, and they are used in applications where the coupling
coefficient is low. On the other hand, strongly coupled WPT achieves improved
efficiency through resonance and it finds wider range of usage in consumer applica-
tions. However, both LC-WPT and SC-WPT operate at the near-field region of the
transmitting antenna. In EV WPT, SC-WPT is considered preferable due to optimal
possibility of power transfer when the transmitter and receiver are synchronized to

WPT SYSTEMS |
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— —
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1 1

— — — oy
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" Coupling Transmission w Coupling ) Transmission
\_ Strength _Direction Type Distance /
.“\-‘\_*_,/// o ) = \_\_\ R g \LH_\ ) .
Loosely Coupled UniDirectional —— Capacitive Near-Field
Strongly Coupled Bi-Directional — Inductive Far-Field
| Microwave
Figure 1.

Classification of wireless power transfer systems.
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operate at resonance, hence eliminating reactive power which otherwise would
increase system losses. The inductive wireless power transfer, which happens to be the
most popular is based on Ampere’s Law and Faraday’s law.

When current flows through an inductor with N turns, a magnetic flux ¢ is
produced. The voltage produced in the coil is proportional to the number of turns N
and the time rate of change of the magnetic flux ¢, according to Faraday’s law [27]
(Figure 2).

b di_ di

a9
v=NG =N T E

= = 1
pr ey
Where L is the self-inductance of the coil, given as L = Nd¢,;;. When another coil L2
with N2 turns is brought in close proximity to the current carrying coil L1, such that
there is magnetic flux linking, the voltage in coil L1 and L2 are respectively given as;

di din _  dix

V1 = 171.1 E = 1% (2)
o d¢12 dll o dll
vZ_NZd—ilE_MHE 3)

Where ¢; = ¢, + ¢y, such that ¢y, is the flux linkage on coil L1 and ¢,, is the
magnetic flux linkage of coil L1 on L2. The mutual inductance is the tendency of one
inductor to induce voltage in a nearby inductor, given as;

i
i @

My =ky/LiL, (5)

Where the coupling coefficient, 0 <k <1, is a measurement of how magnetically
connected two coils are.

My =Mp=M=N,

2.2 Coupling type

When considering coupling, WPT can be capacitive coupling (C-WPT), inductive
coupling or inductive power transfer (IPT), magnetic resonance coupling (MRC), and

i(1) i (1)

4

Figure 2.
(a) Self Inductance, (b) Mutual Inductance.
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microwave coupling. Inductive coupling involves transfer of energy from the mag-
netic fields of an inductor on the transmitting end to another inductor on the receiving
end. Although it has the ability of achieving a high efficiency (>90%) [28] and it
requires minimal area for magnetic influence, a main drawback is the limitation in the
distance of transfer between the transmitter and receiver. The efficiency reduces
drastically as separation distance increases [29], and the operating frequency typically
ranges from 10 kHz to MHz [30].

Resonant Inductive Coupling is an approach used for reducing system impedances
of inductive coupling WPT systems by compensating the primary and secondary coils
with capacitors, leading to higher power transfer efficiency through magnetic reso-
nance [13]. It is also found that the coil parasitic inductance can be used for compen-
sation, provided the operating frequency is significantly high enough for the coil’s
self-resonant frequency [31, 32]. The differences between IPT and MRC is the pres-
ence of compensation capacitors in MRC for tuning the secondary and the primary
coils to a resonant frequency, whereas, IPT WPT has no resonant circuit involved.
Also, MRC is preferred for low- or medium-powered WPT applications while IPT
WPT is preferred for high-voltage WPT applications [1].

Capacitive coupling is unique in its coupling approach as it engages capacitance
effect in transmitting power from the source to the receiver such that the transmitter’s
set of electrode couples with the set of electrodes at the receiving end [33]. This makes
it considerably suitable for low power lightweight application that is in few kW.
However, safety concerns increase as the power rises and large electric fields are
transmitted.

2.3 Transmission distance

The near field WPT includes loosely coupled, strongly coupled, inductive coupled,
capacitive coupled and any other coupling whose transmission distance is in the near-
field region. Microwave coupled WPTs operate in the far-field zone. Due to the
possibility of transmission distance to meet design requirements, magnetic resonance
coupling is gaining momentum in applications such as Electric Vehicle (EV) charging.
In near-fields, the power transfer distance is shorter than the operating wavelengths,
and examples include the inductive and capacitive coupling. While the efficiency of
power transfer is much higher than the far-field techniques and has higher
misalignment tolerance, the transfer distance is small and efficiency deteriorates with
increasing distance.

Far-field WPT are characterized transfer distance significantly larger than the
electromagnetic wavelength and can power devices at tens of thousands of kilometers.
Examples include wireless power transfer from solar satellites to ground rectennas.
However, a major drawback is the low efficiency and directivity constraints; the
misalignment tolerance is too low hence requiring high alignment for successful
transference of power. In order to improve the transmission characteristics of wire
antennas for wireless power transfer, such as directivity, analysis of dipole transmitter
elements for WPT was carried out [34]. Using the half-wave dipole, the current
distribution and radiated fields were computed via Method of Moment technique
(MoM). The design and analysis of 5, 6, 7, 10, 20 and 30 elements of broadside and
endfire arrays at 0.3, 0.4 and 0.5 inter-element spacing. Despite the fact that far-field
evanescent resonant-coupling techniques can transmit energy over longer distances
than near-field induction methods [35, 36], much research attention is focused on
near-field power transmission [17, 37], which has applications in consumer
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electronics, biomedical devices, electric vehicles, and other areas [20, 38, 39]. This is
owing to the fact that when utilizing the radiative approach, the efficiency of wireless
power transfer drops dramatically.

2.4 Transmission direction

When considering the direction of energy transmission, WPT can be unidirec-
tional or bidirectional the unidirectional is the commonly used WPT for electric
vehicles. However, when the system requires power transfer in both direction as in
the case of V2G, a bidirectional system is deployed. The figure below shows the
equivalent circuit topology of a bi-directional WPT for V2G, containing three basic
elements; the DC voltage source, the inverter, and a compensation network [40]
(Figure 3).

Both the primary and secondary sides of a bi-directional WPT system can act as
transmitters or receivers. Consequently, both DC sources must be able to release and
absorb energy. In practice, a rectifier connected to voltage input is frequently used as
the primary voltage source, and a battery stack is frequently used as the secondary
voltage source [40].

There are also four power electronic switches, which serves as inverter on the
primary side, and as rectifier on the secondary side. Compensation is also introduced
so as to improve the efficiency caused by low coupling leading to high reactive power.

3. System architectures

When designing the circuit architecture of the WPT system, there are certain
design objectives required, the system losses increase with increasing reactive power.
To achieve this, the circuit is compensated using capacitors, so as to achieve one or
more of the following requirements [17, 41, 42]:

1.Power Transfer: It is mostly desired to maximize the power transfer and this is
achievable by cancelling leakage inductances on both primary and secondary
sides [17, 43-45].

2. VA rating: It is usually desired to minimize the VA rating of the power supply by
providing regulated reactive power needed for establishing and sustaining the
magnetic field [17, 46]. Reactive currents increase semiconductor and
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Figure 3.

Circuit Topology of bidirectional WPT system.
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conduction losses, mostly in diodes. The primary leakage inductance is cancelled
by primary resonance to increase the power factor to near unity.

3.Phase Angle and Soft Switching: Since the VA rating on the power supply is
determined by the phase angle between the input voltage and the current, the
minimum VA rating requires the phase angle to be zero while the switching of
MOSFETs requires that phase angle be large than zero. Hence, phase angle is
usually selected to be slightly greater than zero to achieve soft-switching, and
low enough for acceptable VA rating [42].

4.Constant Voltage (CV) or Constant Current (CC): It is sometimes desired to
provide Constant Voltage or Constant Current at the output. Usually, the end
load for a wireless power transfer system is a battery and it requires constant
current while charging at low states (0-85%), and constant voltage for charging
state [17, 47]. In some applications, compensation networks are specially
designed to keep the output voltage constant or output current constant so as to
meet the battery charging requirements [17, 42]. Primary series compensation is
necessary for voltage source, while parallel compensation is used for current
source drive.

5.Bifurcation Tolerance: It desired to improve the Bifurcation tolerance of the
system. This is done by designing the compensation network for single zero
phase angle, while ensuring system stability for different loading conditions and
frequency variation control [17, 41, 42].

6.Misalignment Tolerance: Each compensation topology has a varied sensitivity
to altering location (misalignment). This necessitates a more complex control
mechanism to ensure that the resonance frequency is maintained on both sides.

Table 1 shows a summary of the Requirements and the dependencies. In addition
to the aforementioned points, frequency splitting usually occurs in strongly coupled
systems, where the electromagnetic coupling between coils are high [22], leading to
various adaptive controlling measures to maximize the power transfer; such as fre-
quency tuning [48, 49]; impedance matching [50, 51], and coupling manipulations
[52, 53]. One of the two goals of WPT is to attain maximum power transfer, and this
occurs when the source impedance and the input impedance are matched. Recent

Requirement Dependency
Maximum power transfer Compensation topology
Minimal VA Rating Primary resonance
Zero phase angle Soft switching
CV or CC output Load, compensation, topology
Bifurcation tolerance Load quality factor, compensation topology and
Misalignment tolerance Compensation topology
Bidirectional flow Compensation topology, power control
Table 1.

WPT system requirements for compensation network designs.
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WPT research has been focused on strategies for increasing PTE in wireless EV
charging systems and improving pick-up power [54].

3.1 Compensation topologies

As mentioned in the last section, compensations are introduced to obtain desired
characteristics, when the coupling coefficient reduces to less than 0.3. The WPT pads
are loosely coupled and have large leakage inductance and hence prompts the need for
a compensation network to suppress this. Compensation circuits are typically required
for both TX and RX in order to increase the system’s power transmission metrics such
as power transfer efficiency (PTE) and power delivered to the load (PDL). PTE and
PDL are two crucial characteristics in WPT technology that influence the range of
power transmission and interference with other devices [55].

A compensation circuit has several advantages, including lowering the power
supply’s volt-ampere (VA) rating and more efficiently adjusting the value of current
in the supply loop as well as the voltage in the receiving loop. The easiest way to
achieve compensation is adding a capacitor to each side of the system, and this pro-
duces basic topology or hybrid topology. Factors that influence the selection of the L
and C values of the resonant circuit includes the primary or secondary topology, the
quality factor and the value of the magnetic coupling coefficient [56].

3.1.1 Basic compensation topology

There are four basic compensation circuits and numerous hybrid compensation
circuits in MRC WPT. The four basic compensation systems are Series—Series (SS),
Series—Parallel (SP), Parallel-Series (PS) and Parallel-Parallel (PP). The figure below
shows the circuit schematic of the four basic compensation networks (Figure 4).

Where the impedance for primary series is given as Z, = joL, + R, + jm%p’ sec-

ondary series impedance is given as Z; = jwL; + R, + ]a%, and secondary primary

impedance is Z, = jwL, + R, + ijfeﬁ' The table below presents the resonant
| I |
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Figure 4.

Circuit Schematic of Basic WPT Topologies (a) SS, (b) SP, (c) PS, (d) PP.
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Table 2.

WPT System requirements for compensation network designs.

capacitors, input impedance and efficiency of the basic compensation networks
(Table 2) [56, 57].

Series—Series (SS) Compensation: In SS, unity power factor occurs at resonant
frequency, making the compensation desired where high efficiency and high-power
factor (PF ~ 1) are required. The importance of these two metrics is hinged on how
they fluctuate with coupling and load variation [42]. One of the advantages of the SS
compensation includes the independence of the value of the primary capacitance on
coupling coefficient and load [45, 47]. It finds application in dynamic WPT where the
coupling coefficient changes as the device moves; an example is the segmented
dynamic WPT charging in EV. Series compensation, in which the compensation
capacitors are connected in series along the primary track, is ideally suited for systems
with lengthy primary tracks. This permits the track voltages to be kept within accept-
able levels. Because concentrated windings are often high-current systems, parallel
compensation is better suited for them [56]. A major drawback however is the light-
load condition that occurs when the receiver is not present, thereby creating a zero-
impedance at the primary resonance frequency. Hence, the voltage transferred to the
load under this condition is very high. The only thing that limits the current in this
situation are the parasitic impedances of the coil and capacitor.

1.Series—Parallel (SP) Compensation: In SP, regardless of the load, there are some
impedances that are transferred to the primary and at resonance, there would
still be a short circuit if the load is absent which facilitates the need for a current
limiting control. Also, variations in the mutual inductance leads to changes in the
power factor and system dynamics, hence making power factor more challenging
[42, 45]. Also, as the mutual inductance changes, the resonant frequency and
consequently, the value of the capacitance are changes. The SS and SP
compensation are most commonly utilized in actual applications and
implementation because they have the highest efficiency, with efficiencies
exceeding 93 percent and approaching 97 percent at various transmission power
levels [56, 58, 59].

2.Parallel-Series (PS) Compensation: The reflected impedance to the primary is
the same for the series—series and parallel-series configurations. At relatively low
mutual inductances and relatively large range of changes in load and mutual
inductance, the efficiency and power factor are high [60, 61]. Also, since the
system requires current source input, to avoid instantaneous changes in voltage,
the P-S is compensated by adding an inductor to create an LCL resonant task. A
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study shows that variation in coupling influences the compensation capacitance
required in secondary parallel circuits [62]. It is also possible to combine the
characteristics of SS and PS to achieve SPS constant output power without
adjusting the power supply [11, 63]. Although PS allows for soft switching in
semiconductors [64], compensations on the primary side are rarely employed
due to high impedance, calculation complexity, and coupling coefficient
dependence on load, among other factors [65]. In PS and PP, the increased input
impedance necessitates a high driving voltage to transfer sufficient power [66].

3.Parallel-Parallel (PP) Combination: Since series compensations requires higher
voltage and current than parallel compensation, a combination of both is used to
obtain the required capacitance needed to achieve the desired voltage and
current ratings. Also, a combination of series—parallel-series topology is
proposed to suppress the effect of misalignment [63]. In general, analysis of the
four basic compensation circuit topologies shows that the maximum power
transfer capability is attained by reducing the reactive power flow through
varying the operating frequency; however, control complexity caused by
frequency bifurcation occurs and triggers system instability [67].

3.1.2 Hybrid compensation topologies

In order to achieve further improvement such as constant current/voltage, higher

efficiency, designs of hybrids of capacitors and inductors topology have been explored
for the MR WPT circuit, such as LCL, LCC, LCCL etc. The LCL and LCC are consid-
ered briefly below:

76

1.LCL Compensation: This is formed by adding an inductor to parallel resonance
network [44] and it has the ability of overcoming the problems associated with
series and parallel compensations. Using an LCL compensation [1], a phase-angle
control method was introduced to effectively regulate the direction and
magnitude of power flow in a WPT device, and a mathematic model of a
bidirectional power flow was presented. As a strength, the source current of LCL
can be easily controlled for variations in coupling coefficient and load conditions
using a full bridge converter with minimized VA rating. The secondary side can
be a parallel compensation, series compensation or hybrid. Common secondary
combination of LCL primary compensation includes, LSL-S, LCL-P, LCL-LCL. In
order to achieve constant current and constant voltage in the transmitting coil, a
dynamic LCL-S/LCL topology was proposed [68]. Parallel compensation is
popular because it offers flexibility to variations in load [69]. However, the
reflected impedance on the primary has both real and imaginary components of
the load, which contributes to reactive power. To ensure continuity of
conduction through the rectifier, a large dc inductor is required, which increases
the cost and loss in the system. Comparing LCL-S with LC/S, they are identical in
structure but have different tuning methods. However, the LC provides a better
load independent voltage output and strong capability of high voltage
suppression than LCL-S [70]. Also, the LC compensation network with LCL in
the primary side performs like a current source at the resonant frequency
irrespective of the coupling and load condition because the current in the
primary side coil is controlled by the high frequency square wave voltage from
the power converter. This makes LCL adopted for many designs [15, 71, 72],
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LCLC compensation is employed in cancelling the nonlinear effect of the rectifier
diodes, to achieve an exactly unit power factor at predetermined load condition.
Both LCL and LCLC achieve remarkable improvement in efficiency as compared
with traditional LC parallel structure.

2.LCC Compensation: The LCC is formed by adding an inductor in series and a
capacitor in series to a parallel resonant circuit. Several researches have been
conducted on the double sided LCC [73-77]. As a strength, it can be used to
compensate the power factor at the secondary side to achieve unity power factor.
It is also independent of coupling coefficient and load conditions while ensuring
Zero Volt Switching (ZVS) for MOSFETs [78]. In general, researchers favor
double sided LCC because of the high misalignment tolerance, load
independence, reduction of current stress in the inverter, higher efficiency [73].
A comparative analysis between S-S and LCC-LCC in EV WPT shows that LCC-
LCC outperforms S-S topology in efficiency stability with respect to variations in
self-inductance due to lateral displacement of receiving and transmitting coils
[76]. But when compared to the LCCL compensation topology, LCCL has a
higher efficiency and a higher power transfer level, as well as a larger coupling
coefficient. Compared with LC-S, LC-S experiences a 2.5% improvement in
efficiency [79].

3.2 Variation in number of transmitters, receivers and stages

Based on the number of transmitters or receiving elements, the WPT system can
be classified as single-input single-output (SISO), multiple-input single-output
(MISO), single-input multiple-output (MISO) or multiple-input multiple-output
(MIMO).

3.2.1 SISO, SIMO, MISO and MIMO

SISO and MISO: SISO WPT is a basic and simple WPT System prototype in which
the distance and orientation of the coils have a significant impact on the reflected load.
In MISO WPT, cross coupling occurs between the transmitters which increases the
effects of the load on the transfer function and system efficiency. Two scenarios of
system node coupling are Increased Density and Constant Density. In increased den-
sity scenario, the number of receivers increases within a constrained region as well as
the cross couplings between receivers, while the mutual coupling between receivers
and transmitters remains constant. This results in reduction in point to point effi-
ciency as number of nodes increases. In constant density scenario, the region and the
number of receivers are increased, mutual coupling is reduced while cross coupling
between transmitters remains constant. The power efficiency and output power vary
as number of receivers are changes.

SIMO and MIMO: In SIMO WPT, the systems performance is influenced not only
by the mutual coupling between transmitter and receivers, but also by the cross
couplings between receivers as well. MIMO WPT is popular for wireless sensors and
other electromagnetic radiation WPT applications [80-82]. Drawbacks in designing
efficient MIMO include determining exact resonant frequency. An algorithm was
proposed [83] for isolating the desired receiver and maximizing the power while
limiting power to unintended receivers. Notable advantages of SIMO over MISO
include greater power transmission efficiency (PTE) and lower magnetic field
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strength requirements, making it safer for human health [79, 84]. As a result, the
MISO WPT system is a strong contender for biomedical implants, general electronics,
and dynamic electric car charging.

3.2.2 Variation in transmission stages

The WPT system can also be designed using more than two coils, such as the 3-, 4-
coil etc. The two-coil WPT is the basic SISO prototype, consisting of two electromag-
netic subsystems with the same natural resonant frequency. Using the resonance
frequency as a key parameter, mathematical expressions of optimal coupling coeffi-
cients of 2-coil WPT were examined and the system efficiency was analyzed with
respect to the air gap values for various [85]. It was shown that the maximum PTE
always occurs at the resonance frequency and reduces with decline in coupling coef-
ficient. The efficiency values were calculated using three kinds of softwares in order to
determine the difference between the software outputs. The results show that the
equivalent circuit analysis by means of numerical computing is best suitable for
determining the voltage and current waveforms. It was suggested that minimum
distance between coils should be used to keep the energy transfer at an optimum, and
this can be solved by optimizing the relation between the quality factor and fre-
quency. A 4-coil system, which consists of the transmitter (source coil and a sending
coil) and receiver can be conventional or unconventional (asymmetric). In conven-
tional 4-coil [86-88], the input impedance of the system can be adjusted by mounting
and coupling the source coil with the sending coil. Similarly, the equivalent load
resistance can be adjusted to match the load condition by mounting and coupling the
load coil with the receiving coil. The asymmetric 4-coil system, proposed by Moon
[89], is made up of primary side (source coil and two transmitter coils) and secondary
side (receiver or load coil). When compared to conventional 4-coils, the asymmetric
4-coils have a higher PTE and a longer range between the source and load coils; this is
owing to improved augmentation of the apparent coupling coefficient.

3.3 Static and dynamic charging

Static Charging finds application in designs where the electrical loads are required to be
stationary during the wireless powering. Examples include consumer electronics [90],
biomedical devices [91, 92] and electric vehicles [16, 72, 93]. In a static WPT, the source
transmitting coil is excited with a high frequency electric field and transmits magnetic
field (B) to the receiving coil through the air gap. The electromagnetic field, landing on the
receiving coil induces an electric current in the coil capable of transmitting several watts of
power across the air gap. One of the common applications of static WPT today is the
electric vehicle WPT charging stations where charging cables, extensions and sockets are
replaced with coils and also aid the easy realization of complete design and implementa-
tion of autonomous vehicle operations. Some of the design goals for static EV WPT
include [79]; maximizing the power transfer efficiency (PTE) for a given cost and speci-
fication; increasing the magnetic coupling to increase induced voltage; compactness in
size; and managing fluctuations in resonant frequency and coupling coefficient caused by
pick-up position misalignment and air-gap variation. In stationary EV WPT, the utility
power is converted from low frequency (LF) to high frequency (HF) by high frequency
inverter. This generated HF electromagnetic field energizes and transfers power to the
receiving resonator. Generally, wireless power converters can be direct or indirect power
converters. Although the transmitter track is easier to control, some of its major
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drawbacks include safety need to suppress harmful electromagnetic emissions; also, the
need to distribute compensation capacitor to minimize the large inductance is costly, low
coupling coefficient and others.

Dynamic wireless power transfer (DWPT) allows for mobility of load during the
transfer of power with vast applications in electric vehicles as well as bio-medicals, where
ingested sensors can continue operating and charging while customer is breathing or
moving around [94]. In EV, charging of the vehicle while in motion promises to help
improve the requirements for driving range and battery charging of EVs. Dynamic WPT
can be classified based on the transmitter array design; either a single transmitter track and
or segmented transmitter coil array. The single transmitter usually consists of a long
transmitter track connected to the power source, while the receiver is smaller in compar-
ison. Segmented coil array usually consists of multiple coils of transmitting resonators
connected to a high frequency power source. While the dynamic suppresses field exposure
and the need for distribution of compensation capacitors, it also presents peculiar chal-
lenges some of which include; need for right optimization of transmitter coil design
parameters, such as setting the appropriate distance without compromising the mutual
inductance and design cost. The dynamic EV wireless charging already finds application in
electric buses and trams at low speeds in urban areas [94]. Despite the prospects of the
DWPT, issues such as the problem of accurately forecasting and responding to private
EV’s dynamic charging demands is still a major drawback since the routes and speed are
largely unpredictable. Unlike plug-in and static WPT that charges for hours at low power
ratings, DWPT is expected to take few seconds or few minutes. Another challenge is the
need to keep track of receiver position and regulating power supply appropriately as the
load navigates the array. Some enquiries relevant to the advancement of this research
direction include finding impact of inter-coil mutual inductance on the overall power
transfer efficiency, influence of inter-element distance on coil efficiency and how this can
be optimized. Examples of the track based dynamic WPT includes [95, 96]; the online
electric vehicle (OLEV), designed by Korean Advanced Institute of Science and Technol-
ogy (KAIST). The OLEV has 5 to 60 m long rails powering pickup modules of 80 cm in
length. Another notable example is the track-based dynamic wireless power transfer
system of UC Berkeley.

4. Coil designs

The coil architecture is one of the critical areas of consideration in the design of an
optimal WPT system because of its influence on the minimum efficiency require-
ments, misalignment tolerance, cost, volume, weight and other performance bench-
marks as assessed and presented using analytical and numerical methods [37, 97-99].
For instance, the shape of the coil affects transmission efficiency and studies show
that different shapes (spiral, square, circular, solenoidal) all have different efficiencies
[100-102]. A comparison between the solenoidal coil and spiral coil was presented
using experimental analysis [103]. The impact of each parameter of a circular coil
structure was investigated in order to determine the limit of design parameters in
improving the coil performance, and determination of misalignment performance
which leads to exploration of alternative structures for coils, such as the double D coils
(DD-coils) and double D quadrature coil (DDQ coils) [104, 105, 106-108]; and XPAD
[109]. The use of circular coil of Litz wire was proposed for transferring 1 kW power
through an air gap distance of 300 mm at 100 kHz, and achieved an efficiency greater
than 80% [110]. In addition to the coil shape, the structural composition of the coil
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also affects the system performance. For instance, it is proposed that an efficiency of
40% can be achieved at 0.5 cm transfer distance [111] using a coil of high Q planar-
Litz. To increase the inductance, Mizuno et al. proposed a magnet plated copper wire
with a magnetic thin layer coated around the circumference to boost inductance; and
the resistance due to proximity effect is lowered because eddy current loss is mini-
mized [112]. Unlike in EV WPT system, space limitation is a major design constraint
in some applications such as medical implants, thereby furthering the need to opti-
mize the coil design [113]. Some of the coil parameters that affect the system perfor-
mance include; ratio of coil diameter to air-gap (R:L); coil geometry, Q-factor etc.
[114]. A study shows that the transmission efficiency exceeds 80% when air-gap (L) is
lesser than half of coil diameter (R), i.e. L/R < 0.5, and the transmission efficiency
reaches 90% when L/R < 0.25 [114].

4.1 Coupling pads

The coupler is considered the most important part of the WPT system [17], and it
consists of the transmitter and receiver coils separated by a magnetic gap. When
designing coupling coils, the desired attributes include: high coefficient of coupling
(k); high quality factor (Q); and high misalignment tolerance [62, 115].

High Q: Designing the inductors to have high self-inductance and low series resis-
tance at high frequency helps improve the Q. However, considering the standard by
SAE J2594/1, the maximum operating frequency is limited to approximately 85+/—
3.7 kHz. Hence, increasing the quality factor means reducing the resistance of the coil.

Q=vQiQ, (6)

Where Q;, = oliz/g,, and L a"l\;zA.

The Coil inductance is directly proportional to the square of the number of turns,
while the ESR is directly proportional to the no of turns. Although, increasing number
of turns also increases ESR but it increases inductance more. Hence the coil Q can be
increased by increasing the number of turns [116, 117]. Hence to find an optimum
self-inductance for the coil, a balance must be found between the wire diameter and
the number of turns. Alternatively, ferrite bars are proposedly used on the coil to
increase self-inductance by guiding the flux so that leakage flux can be reduced and
high coefficient of coupling can be realized [17]. The coil ESR consists of DC and AC
resistances. The DC resistance can be reduced by increasing the area of the conductor,
while the use of Litz wire is adopted to reduce the AC resistance [118]. The product of
kQ, which affects the efficiency of the coupled inductors in the system, is determined
by the geometry, the core material as well as the magnetic gap [116, 117, 119].

High Coefficient of Coupling (k): In order to improve the coefficient of coupling
and maintain high quality factor, several coil structures such as Circular Pads, Flux
Pads, DD Coils, Multi-Coil Polarizer have been proposed [30, 117, 120].

1. Circular Pads — Several reports on the design and optimization of circular pads
have been reported in the literature [116, 117]. Using Pareto for optimization,
guidelines for optimizing the design of circular coils with respect to area-related
power density and efficiency are discussed [116, 117]. It was proposed that the
diameters of the coils should be 600-800 mm to keep the coupling coefficient in
the range of 0.15-0.2, when the magnetic gap is 150-200 mm [118]. A good
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assessment of WPT for automotive applications was also provided, as well as
techniques for sizing circular pad and performance metrics in EV [30].

2.Flux Pipe — The use of rectangular bars of ferrite with a coil wounded along the
length is also proposed, and report shows that it exhibits good lateral
misalignment tolerance and further guides the flux to terminate at the ends of
the coils [104, 120]. Although it has the merit of increasing horizontal
misalignment tolerance and providing fundamental flux path that is half the
receiver pad’s length, the main drawback which causes loss of Q and low
efficiency is that it is solenoidal. This results from the aluminum shielding on the
solenoidal coil, which causes loss of quality factor when it is close to one side of
the coil and has flux interception [120].

3.DD Coils: To combined the advantage of flux pipe and circular pads, the use of
polarized single-sided flux coupler was proposed; where the middle portion of the
DD coil, similar to the flux pipe, are connected magnetically in series [120]. And it
offers a single sided flux path; higher coefficient of coupling resulting from flux path
height proportional to half of the pad length; lower losses in aluminum shielding; low
leakage flux from back of the coil and improvement of no-load Q [121].

4.Multi-Coil Polarized Coupler: this includes the use of couplers with different
coils either on secondary or primary side [120, 121], usually derived from DD coil
and circular coils. The advantages include; tolerance to misalignment and minor
variations in magnetic gap spacing. Examples include the DDQ Coil, Bipolar Pad,
Tripolar Pad etc.

4.2 Coil performance evaluation

Based on ANSYS simulation, the performance of different coil structures were
evaluated and the relative benefits of the geometry was compared [17, 116, 117]. With
respect to coefficient of coupling and misalignment tolerance, Bipolar Pads demon-
strates the highest performance but with a drawback of decrease in coefficient of
coupling with addition of aluminum shield. With respect to shielding, circular coil
performs better because its coefficient of coupling is not affected much based on the
one sidedness of the flux pattern. Hence, bipolar pad and circular pads are the most
popular amongst the coupler [116, 117].

The aforementioned improvement procedures provide sub-optimum outcomes in
some situations because they search for a single objective while keeping the other param-
eters constant. Whereas, the objectives are dependent on multiple parameters, and opti-
mizing one parameter may inadvertently affect another parameter. This facilitated the use
of evolution algorithm, such as Genetic algorithms to evaluate the coil performance with
different parameter combinations [122, 123], and formulation of procedures to handle
multi-objective optimization of benchmarks such as coil to coil efficiency [124-126],
figures of merit, coupling and Quality Factor as well as cost, weight and volume [125-128].

5. International charging standards

In order to achieve compatibility across different devices, there are standards of
regulation such as the Qi Standard, Alliance for Wireless Power (A4WP), SAE, and
International Electrotechnical (IEC) standards.
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1. The Qi Standard: The Wireless Power Consortium developed the Qi standard,
which is suitable for electrical power transfer over distances of up to 40 mm. It
finds application mostly in inductive WPT and comprises of two fundamental
elements; the Base Stations and the Mobile devices. The base stations, which is the
power transmitter provides inductive power for wireless transmission while the
Mobile devices are the end loads that consume the wireless power. Qi wireless
chargers are classified as low power or medium power depending on their power
delivery range. Low-power chargers are those that can give up to 5 watts at a
frequency of 110-205 kHz, and most consumer electronics such as cell phones,
music players, and Bluetooth earpieces, fall within this category. Chargers in the
medium power category can offer up to 120 watts at a frequency of 80-300 kHz. A
variety of mobile phones, such as the iPhone 8, iPhone 8 plus, and iPhone X,
adopted the Qi certification. Moreover, thousands of Qi wireless charging stations
can be found in public places such as hotels, restaurants, coffee shops, pubs, and
public transportation. The Qi standard also includes two positioning types, guided
and unguided positioning of the mobile device relative to the base station, to
ensure enough coupling for effective transmission. Alliance for Wireless Power
(A4WP): The A4WP was established to develop and maintain standards for a type
of wireless power that allows for more spatial freedom than previously available
standards. The A4WP’s magnetic field is spread out across a large area, making
device location less important and allowing a single power TX to charge multiple
devices at once (SIMO). A4WP, on the other hand, supports Z-axis charging,
allowing the device to be detached from the charger [79]. Similarly, to Qi standard,
A4WP has two main elements; the Power TX unit that is responsible for power
transmission and the Power receiving unit.

2.SAE Standard: SAE International, a multinational organization dedicated to
serving as the engineering profession’s ultimate knowledge source, ratified the
TIR J2954 standard for plug-in hybrid EV wireless charging. All light-duty
vehicle systems use the 85 kHz (81.39-90 kHz) frequency band established by
SAE TIR J2954. WPT levels are also divided into four PH/EV classes: 3.7 kW
(WPT 1), 7.7 kW (WPT 2), 11 kW (WPT 3), 22 kW (WPT 4); and higher power
levels may be added in future editions [129]. Many wireless vendors and
companies, such as Qualcomm, WiTricity, Evatran, and others, are operating
wireless charging using J2954 [79].

3.IEC: Some of the standards published by the IEC includes, IEC 61980-1 in 2015,
which addresses general requirements for EV WPT systems, including
efficiency, electrical safety, electromagnetic compatibility, electromagnetic field
(EMF) protection, as well as general background and definitions. The second
part of the series, IEC 61980-2, contains communication needs between electric
road cars and WPT systems, as well as some background information and
definitions. IEC 61980-3, the third part of the series, will contain special
specifications for EV magnetic field WPT systems [79].

6. Conclusion

WPT is a rapidly developing technology with enormous possibilities. This article
provided an overview of WPT advancements, with a focus on magnetic resonance
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WPT and its system architectures; compensation topologies, inputs and outputs, and
coil structure. Basic compensations (SS, SP, PS, PP) and hybrid compensations (LCC
and LCL) are given and contrasted in terms of their strengths, limitations, and appli-
cations. Primary parallel compensations operate well at low mutual inductance, but
they are rarely employed due to high impedance and coefficient coupling reliance on
the load. As a result, extra-compensations are required, resulting in hybrid topologies
such as LCC and LCL, which are commonly used for dynamic WPT or V2G applica-
tions. Considerable attention will be paid in future to novel ways of achieving the
improved design objectives.
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Chapter 5

Iterative Technique for Analysis
and Design of Circular Leaky-Wave
Antenna for the 2.45 GHz RFID

Applications

Nizar Sghaier

Abstract

This chapter proposes another scaled-down receiving wire for Radio Frequency
Identification uses of 2.45 GHz. Our design comprises of a roundabout microstrip fix
radio wire which integrates two concentric annular openings imprinted on multi-facet
substrates. The transmission capacity, one of the main qualities of radio wire, can be
essentially improved by utilizing a multi-facet dielectric setup. We point by this
review to show that the impact of emanating structure stacked by annular rings for
the fixed size decrease as well as the benefit of this construction is to make a round-
about polarization toward maximal radiation design. The wave idea iterative method
is utilized to examine this new radio wire. Utilizing the proposed technique, less
figuring time and memory are expected to work out the electromagnetic boundaries
of our plan. The approval of the consequences of our created model was checked with
realized business programming called “CST Microwave Studio Software” trailed by a
trial test. As per the arrived results, we can decide that our new plan radio wire is
reasonable for RFID applications in the 2.45 GHz band.

Keywords: RFID, concentric annular slots, multilayer substrates, bandwidth, WCIP,
radiation pattern

1. Introduction

The exponential evolution of the need for microwave devices in modern commu-
nication systems has prompted manufacturers to invest more and more in this field in
order to meet recent market trends. These systems are often multi-band in order to
meet several communication standards. Their multiplicity on the same carrier means
that more and more attention is being paid to reducing their size. The antenna is one
of the essential components in wireless systems for both civil and military applica-
tions, space and terrestrial [1-4].

The diversity of the fields of activity using these antennas has increased the need to
develop antennas that are agile (in frequency, pattern, or polarization) and
multistandard while keeping a compact appearance. The radiation of a circularly
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polarized wave is often of interest in order to overcome depolarization phenomena
that can occur during propagation [5-8].

In order to meet the various challenges, a multitude of avenues has been explored
to adapt to the performance requirements of the applications. Indeed, various topolo-
gies and techniques have been investigated in order to meet the required specifica-
tions, namely: miniaturization, multi-band operation, and circular polarization
radiation while maintaining optimal radio performances (gain, radiation efficiency,
reflection coefficient). In addition, a promising way to improve the performance of an
antenna is to integrate innovative materials. Many research works have explored this
way. Our objective is, therefore, to design miniature microstrip antenna structures for
RFID readers in the UHF band with the correct performance [9-11].

Circularly polarized antennas are the most commonly used antennas in RFID com-
munications. In addition, for optimal operation, these antennas must have a particular
radiation pattern. It must be omnidirectional in any azimuthal cutting plane, and
maintain a high gain, although the choice of a circular antenna is justified by the fact
that it has the advantage of being able to achieve circular polarization [12-20].

The rigorous analysis and design of microwave circuits require first of all a rigor-
ous resolution of the equations governing the electromagnetic field, in order to be able
to reconstruct the closest to real behavior of the fields in the devices. To satisfy this
need, in this chapter, we focus on the study of the circular antenna by the wave
concept iterative method (W.C.I.P). This method is based on the manipulation of the
incident and reflected waves instead of the electromagnetic field. It is based on the
back and forth between the spatial and spectral domains, using the Fourier transform
FMT followed by the Hankel transform in the cylindrical coordinate system [21-26].

2. WCIP presentation
2.1 Formulation

To begin, Figure 1 shows the starting structure.

Medium 1 (gq1)

e ——————
- -

Figure 1.
WCIP structure.
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The incident wave and the scattered waves are calculated from the tangential
magnetic and electric field at the surface:
E;
{ ’ } M
Ji

Where B; and A; are the incident and reflected waves associated with the discon-
tinuity plane €. Zo; is the characteristic impedance of the medium i (i = 1, 2) given by

Zoi = /Mo /€otxi (Figure 2).

The steps of the iterative method are:

1 —VZo

Al 1
B:| 2vVZy

1.Define (B_o)).

RN —_ —_
2.Calculates B, , =I'g, A, + Bo

3.Apply HT and FFT: HT,, (FFT o (m)) — BIEM

TETM _ . pTETM
4.Calculates A > =B

. .
5. Apply IHT and IFFT: HT, | (FFT/(“ <AE;ITM)) = (Ap)

6.Repeat steps 2 to 5.

{ E’jw, = \/Zoi (A¥ + B) o

]1;1/"/’ = (Ai'e "‘Bf)/\/ZOi

The expression of return loss at the upper and bottom side of box in the spectrum
domain is given by:

. TE,TM

TETM  1—Z0Y,,,

L =———mm €)
1+ ZOiYm,;;

Where the admittance SA(;]?;TM is done by Table 1:

Bﬂ e «© FQ > p.e
....... ‘. -------Bt:ﬂl?fzwuf.&\ff.’--------t--------
-1 =
HT,, (FFT,(.)) HT\(FFT ()
''''' " T T T SpectrumDomain (Modes)” 'f TTemmmTT
BIEIM . T, , ATV
Figure 2.
WCIP procedure.
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Mode TE Mode TM

JTE™ Y, & coth(yh) jY, % coth(yh)

m,n

Table 1.
Admittance expressions.

k, = \/@?eoerpy, ¥ = klz, — kf and Y, =,/ % are the admittance of each domain.

The equivalent circuit of the model is shown in the figure below:

see (Figure 3).

The coupling between two layers is characterized by the equivalent admittance Y.
The modal admittance seen at the interface Q; between layers i-2 and i-1 can be
calculated by:

) ~TE,TM . -
YTETM(j _ 1) — ?TE,TM(i ~1) Y oMGi—2)+ Y, (i—1)tanh (v, 1h_q) 23
mn mon —TE,TM . TETM - - »
Y, (i—1)+ Y, "™ —2)tanh (i, 1hi4)
4)

At the printed surface of the discontinuity, the boundary conditions of fields are
expressed in terms of waves that consist of three conditions as:
The boundary conditions are given by (5):

Ei=E =0 (Metal)
Ji+J,=0 (Dielectric) (5)
E =Eo —z0(Jy +/2) (Source)

The relationship between the incident and reflected waves in the spatial domain is
given by:

B; = I'0A; + By (6)

1 b —
] )
Plane @1 [ b1 @
| ¥ |
Plane 2 [-h: Zis @
« T

Figure 3.
Equivalent circuit of multilayered structuve.
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With By is the source excitation, the diffraction operator I' is defined by:

I T
Iy :( Q11 Q12> )
I'oyr Tox
Where:
—1+n1+mn 1-—n?
I'on = -H, — H
Q11 e A d
2n 2n
I'opn = H H
o =175 d+1+n1+n2 s
2n 2n
I'oyn = H H
=175 d+1+n1+n2 5
—1—n1+mn 1-n?
Tan = —H,, — g H
o 14+n1+n 1+n2 4

Where H is Heaviside function (m: metal; d: dielectric; S: source)

20 7o 7o ®
VZ01Zo2’ YT 72007 Zoy’

The passage between the spectral and spatial domain is given by the following
Table 2:

The radial cut-off constants and normalisation constants for the modes and are
given in Table 3:

The passage into the spectral domain then requires the transformation of Hankel’s
incident waves [27]:

The passage into the spectral domain then requires the Hankel transform of the
incident waves [7]:

Andn =

Mode TE Mode TM

E, = % Aiph (pm ) E, = _J% N (kpmp)

E, :j% T (Komp) E, = % ﬁjl(KPm)
Table 2.

Standards mode.

TE and electric wall

TM and electric wall

Or Or
TM and magnetic wall TE and magnetic wall
Kpm Ja(kp2) =0 Ji(kpa) =0
AN A2 =122} (kpma) A?=1 (Kgma2—1>ﬁ (kpma)

Table 3.
Cut-off and modes normalisation.
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1 K
) —TH i 2 TH',
(BTE>_6”’ VR <Bﬂ) )
™ | K 1 B
B v\ Sy m ) e
A Np

With k and ¥’ are the zeros of the Bessel functions and its first-order derivative, and
are the normalisation constants of the TE and TM modes respectively and are given by:

a

THA (9)) = [ (o)1 () odp

0 (10)

THy(f (p)) = | f (o)1 (kop)pdp

O —

The transition from the spectral domain to the space domain is mandatory. This
passage is done by the inverse Hankel transform [7]. We note and respectively follows:

a

THL (£ (5)) = [ £ s o),

0

a (11)
TH A (50) = [0 (),
0
The transition to the spatial domain takes the following matrix form:
TH, (= TH)! (2
B,\ _ & b\ PUA | (B (12)
B, - B™

\/ﬂ ;y—1 . K;) -1 1
THl -] N TH1 A7,p
The numerical implementation of the developed method is given by the flowchart
below (Figure 4):

2.2 Validation

Figure 5 shows the structure of a patch antenna to validate the method which is
already developed. This antenna is engraved on a dielectric with relative permittivity
€11 = 4,25. The second dielectric is of relative permittivity ey, = 3,3. The dimensions of
the patch are given in Table 4. We use a discretisation of 100%40 pixels (100 pixels
for the radial direction and 40 for the ortho-radial direction).

In order to validate the iterative method, we started first with the comparison of
the operation’s number between WCIP and MOM which the most used in scientific
research [28-30].

The operation number of WCIP is given by:

Nop = N (4P + 12log,P) (13)
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Defmitions of Grids
¥
v
Setup the mitial values
>y
Calculate the reflected Convert the Real to Spectrum
“r“e (Real) ™ domam HT;- (EFTW(‘))
Transform Spectrum to Real domam Calculate the mcident wave
HTI(.FFILI(_)) - (Sp&l‘.’ﬂﬂlﬂ)
No Convergence
Yes

[ Result: [ELJH, 5., Z ]

Figure 4.

Flowchart of the WCIP simulation.

Hs2}
Figure 5.

Circular patch excited by a variable source.

99



Power Electronics, Radio Frequency and Microwave Engineering

Parameter Value (mm)
Lc 1

Lp 17

Ls 5.4

G 0.8

Hsl 2

Hs2 1

Table 4.

Dimensions of the structure.
The operation number of MOM is given by:
Nop = (KP)*/3 (14)
Where:
* P is the number of meshes
* N is the number of iterations
* Kis the proportion of metallic surface in the circuit structure.

Figure 6 shows the number of operations required for WCIP and MOM (Figure 7).

The convergence of WCIP is completed at 22 iterations as shown in the figure above.

A comparative study is made between the developed method and the MOM
method as well as between these two methods and two software CST and HFSS.

Based on Figure 8, it can be deduced that the iterative method is the most
significant in terms of accuracy.

Table 5 shows the simulation time and memory consumption of each method.

6x10°
5x10° ¢
==~ WCIP-(N=100
o |—=— MOM (K=0,60
10 [—v—WCIP (N=300
|—e—MOM (k=0,20
Q.
2 3x10* — -
2x10°
1x10°
0
0 600

Figure 6.
Operation’s number between WCIP and MOM.
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f—s511

S11 [dB]
&

20 40 60 80 100 120 140
N°lteration

Figure 7.
Convergence versus iterations number at 2.35 GHz.

! f‘
-5
-10 1
— —WCIP !
g 15 —MOM
= ——@csT
w ~—HFSS I

-20 '
25 y v ' 1 X

-30
1,0 15 20 25 30
Frequency [GHz]

Figure 8.
Simulation return loss using WCIP, MOM, CST and HFSS.

Methods Response time (s) Consumption memory (MB)
WCIP 480 450
CST 2100 620
MOM 1756 905
HFSS 629 479
Table 5.

Comparison between these methods.

3. Antenna design

Figure 9 depicts the geometry of the circular leaky-wave antenna. It is characterized
by a circular patch of radius Lp = 20 mm which incorporates two concentric annular
slots of widths G1 = G2 = 1.058 mm and of successive inner radius R1 = 7.058 mm
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Figure 9.
Antenna design.

and R2 = 12.882 mm is printed on multilayer substrates. The first substrate layer is
characterized by a height Hy; = 1 mm and a permittivity €,1 = 4.25. The parameters
(Hg, &r2) of the second layer will be optimized later. The antenna is supplied by an
annular planar source of inner radius Ls = 1.941 mm and of width G = 1.058 mm.
To fix the dimensions of the antenna, a parametric study is necessary.
Figures 10-13 show the variation of the antenna performance as a function of the
height of the antenna substrate 2 and its permittivity.
The parametric study shows that the best compromise between gain, efficiency
and bandwidth at 2.45 GHz is obtained when Hy; = 0.3 mm and g, = 2.2.

4, Results and discussions

The results presented in Figures 14 and 15 show that the antenna has a resonance
peak at the frequency 2.45GHz which corresponds to -38.32 dB with a bandwidth of

2,50 14
: —=
i A
2,45 ‘j \‘ 13
! / \

2,40 ’/ z 12
— / =] ¥
N =
5 / < £
235 # = LU=
> e -
g / Y R 2
(7] ] N
2230 & W S 10 2
o A Frequency (CST) W S o
t V©  — — Frequency (WCIP) % <

225 =~ -Bandwidth (CST) = [

— -~ Bandwidth (WGIP) )
N\
2,20 '\:\ e el 8
z \-_"_‘_-_-.' iR L
2,15 7
0,0 03 HeightH, 08 09

Figure 10.
Simulation frequency and bandwidth for different height of substrate 2 using WCIP and CST.
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Figure 11.
Simulation gain and efficiency for different height of substrate 2 using WCIP and CST.
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|
!
=
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Figure 12.
Simulation frequency and bandwidth for different permittivity of substrate 2 using WCIP and CST.

310MHz (ranging from 2.29 to 2.6GHz) as well as the measured resonance peak is
2.45GHz with -28.57 dB reflection coefficient, which cover the bandwidth of 350MHz
(from 2.28 to 2.63GHz). So, the antenna is applicable for RFID applications at 2.45
GHz. In this proposed design, we notice a good agreement between the simulated and
measured results.

The measured and simulated radiation patterns at the resonance frequency are
given by Figure 16. Following the analysis of the results the phi-planes show mostly
unidirectional radiation patterns over the specified frequencies.

Figure 16 shows the measured and simulated gain versus the frequency of the
proposed antenna. From the simulated results the maximum value of gain is 9.02dB at
2.45GHz as well as the measured value is 8.96dB at 2.45GHz.

The efficiency of the antenna is depicted in Figure 17. We obtain a satisfactory
value of 88% over a wide frequency bandwidth.
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Figure 13.
Simulation gain and efficiency for different permittivity of substrate 2 using WCIP and CST.
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Figure 14.
Simulation and measurement veturn loss using WCIP.
In free-space, the power received by a tag antenna P, can be calculated using the
Friis free-space [31] equation, where:
P.G;G, )
— r™~r . 3.2 (15)
(4m)°d

Where (Table 6):
The Eq. (16) represents the read range ®:

(16)

According to the results of our structure at 2.45 GHz, the numerical values are
given in the Table 7:
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Figure 15.
Simulation and measurement vadiation pattern at 2.45GHzg using WCIP.
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Figure 16.
Simulation and measurement gain using WCIP.

5. Conclusion

This chapter focuses on the design and production of antennas for radio frequency
identification. This technology is experiencing a huge growth and requires the reduc-
tion of the cost of an electronic tag to meet the development of its market. Indeed, the
reduction of the cost of an RFID tag is a crucial element for the unitary identification
of goods. This cost must represent a negligible part compared to the product it
identifies. An RFID tag is made of an electronic chip, a support and an antenna. To
date, the manufacturing of RFID tags adopts the classic techniques of electronics. A
solution for the reduction of the cost of an RFID tag could come from the use of
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Figure 17.
Simulation and measurement efficiency using WCIP.

Parameter Designation
A wavelength
P, power transmitted
Gr reader antenna gain
G, tag antenna gain
d distance between the tag and reader
Table 6.
Designation.
Parameter Values
A 0.12m
P, iw
T 0.92
Ga 8.96 dB
Py, 0.04 w
G, 8 dB
r 9.58 m
Table 7.

The numerical values.

printing technologies. The design and realization of RFID tags, especially of their
antennas, by using this innovative technology has been demonstrated. In this chapter,
we succeeded in designing a miniaturized antenna that meets the requirements of
RFID technology.
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