ABSTRACT

PRATIK, UJJWAL. Modeling and Application of a Back-to-Back Diodes-Based Linear Variable
Capacitor in Resonant Converters. (Under the direction of Dr. Zeljko Pantic).

Enhancing power conversion efficiency is crucial for reducing carbon emissions. Reso-
nant power converters represent one of the most efficient topologies in power conversion.
However, their widespread adoption is hindered by inefficient operation and control limi-
tations under varying load conditions. This dissertation focuses on facilitating the efficient
passive operation of resonant converters by utilizing the parasitic capacitance of a back-to-
back diode structure.

The parasitic non-linear capacitance of diodes is well-known in power electronics
literature. This dissertation analytically describes how the non-linear parasitic capacitance
of two back-to-back reverse-biased diodes can act as a Linear Variable Capacitor (LVC)
when driven from an AC current or voltage source. An LVC is a semiconductor device
demonstrating voltage- and current-dependent AC capacitance that does not require a
biasing circuit. It is a bipolar and symmetric device whose conduction principle is based
on the displacement current flowing through the junction capacitance of its diodes. The
dissertation analytically describes the variation of LVC capacitance based on the circuit
(current, voltage, and frequency) and the diode parameters. SPICE simulations were used
to verify the proposed modeling methodology, followed by experiments on three LVCs
made of Schottky diodes. Furthermore, the impact of diode parameters on LVC linearity is
studied, a simplified model is presented for diodes with a 0.5 grading coefficient, and the
effect of package and PCB parasitics is also analyzed.

This dissertation also analyzes the application of LVCs to reduce the frequency regulation
bandwidth and improve Series Resonant Inverter (SRI) efficiency. Incorporating LVC into
a SRI allows the circuit’s resonant frequency to be dynamically changed with the loading
condition. Three ways of incorporating LVC into an SRI have been analyzed to design an
SRI with LVC as a passive component. The proposed framework is verified by simulation
analysis and experimental results. It is experimentally proved that LVC inclusion reduces the
frequency bandwidth requirement by almost 37% for a frequency-modulated SRI compared
to a linear SRI. The proposed framework can be used to design resonant power circuits
with the LVC as a passive component to achieve efficient operation for variable loading

conditions.
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CHAPTER

1

INTRODUCTION

1.1 Energy, Carbon Emission, and Electri cation

Energy is fundamental to sustaining life on the Earth. Our energy needs for life and progress
are sourced from different energy sources, i.e., solar, nuclear, and fossil fuels. Humans have
used wind and hydro-based mechanical systems such as windmills and watermills for ages
to ful Il their survival needs. As the growth of humanity progressed, after the advent of the
steam engine, fossil fuels such as coal and oil were the primary sources of energy power
for humans throughout the Industrial Revolution. The limited capacity of fossil fuels and
their signi cant carbon emission have forced humans to think of alternative fuel options

to power their lives and ambitious growth. The advent and proliferation of electricity as
the most ef cient way to transmit and consume energy has exponentially improved the
trajectory of human progress.

As the world moves forward towards achieving net zero emission goals mentioned in
the Paris Agreement for limiting 1.5 C of temperature rise [16], electri cation is a crucial
driver of growth towards the net zero goals. Electri cation means replacing equipment
powered by fossil fuels with equipment that relies on electricity as their energy source [17].



Electri cation holds great potential to reduce nal energy demand because electricity-
based systems are generally more ef cient and less emissive than fossil fuels-based ones for
end-use scenarios. This is because the end use of heat pumps and electric vehicles is more
ef cient than gas boilers and internal combustion engine vehicles. Most electri cation-
related carbon reduction is expected from transportation and space heating electri cation.
Furthermore, the advantage of electricity is that it can be generated from various energy
sources, such as renewable (e.g., solar, wind, tidal) or non-renewable (such as coal, natu-
ral gas, and petroleum). Therefore, the emission reduction bene ts of electri cation can
further be ampli ed with an increase in renewable electricity generation. Moving towards
electri cation and away from fossil fuels can bene t health, air quality, and climate and
even resultin nancial savings [18].

The electri cation comes with many advantages and challenges. Electrical energy is pro-
cessed through multiple power conversion stages before being used for end-use consumer
purposes. The inef ciencies in the electrical power conversion systems could indirectly
require more energy generation and increase carbon emissions. Therefore, the electri ca-
tion revolution has led to extensive investment in research and development of ef cient
electrical power conversion systems [19]. The overarching goal of this dissertation aligns
with the mission of researching methods to develop ef cient power conversion systems
that help us achieve the carbon-neutral vision of society.

1.2 Importance of Power Converters in the Modern World

Many electrical power conversion circuits surround us in our daily lives. These power con-
version circuits are essential for transmitting and consuming electrical energy. The typical
applications are renewable generation and conversion, electrical appliances, medical im-
plants, and transportation systems [20]. The electri cation journey has taken off in the
transportation sector thanks to the ef cient power electronics systems at the forefront of
replacing traditional ICE topology with power converters for charging and motor drives in
EVs. The advancement in the power conversion system has led to the development of the
modern charging infrastructure and enabled technologies such as regenerative braking,
which recaptures energy during the de-acceleration of an electri ed powertrain.

Power conversions are central to the green energy revolution because of their ability to
manage and optimize variable and intermittent renewable power sources such as solar,
wind, and tidal power. Power conversion systems are also needed for renewable integration



into the grid as the power produced from renewable sources, such as solar and wind power,
is incompatible with the grid  [21]. These developments have further allowed off-grid oper-
ation in remote areas. In consumer electronics, the advances in power conversion have led
to improved ef ciency and performance of power converters, enabling the miniaturization

of devices. These attributes are critical in a world where portability and sustainability have
become the norm.

The primary goal of power electronics circuits is to convert one form of electrical energy
to another, such as AC/DC, DC/DC, and DC/ AC, for different applications. Examples of
power conversion circuits include residential EV chargers that convert AC power from the
grid to DC power stored in battery packs. Power Management Integrated Circuits (PMICs)
are used in laptops and phones to run the operating system and display using converted
battery energy. The ef ciency of the power conversion circuits is critical because inef cien-
cies lead to energy wastage and contribute to greenhouse emissions. Power electronics
research aims to develop ef cient, compact, and cost-effective power processing circuits.
The development of wide-bandgap semiconductors has been one of the main drivers of
ef ciency and power density for modern power converters [22]. This has allowed high-
frequency switching with low passive component footprints. Additionally, the computing
improvements, including real-time simulations and micro-controllers, have pushed the
boundaries of converter and system control.

1.3 Power Converters Classi cation

There are two types of power converters based on the presence of regulation methodology:
(a) linear regulators and (b) switch-mode power supplies (SMPS). A linear regulator operates
a bipolar or eld effect power transistor (FET) inits linear mode. So, the transistor effectively
works as a variable resistor in series with an output load [23]. Linear regulators are step-
down converters generally used at low power for their simplicity, cost savings, low noise,
and fast transient response. An SMPS consists of semiconductor switches and reactive
components that convert one form of electric energy to another. The SMPS converters
operate based on the inherently non-linear nature of switching operations by constantly
switching transistors between 'ON' and 'OFF' modes instead of permanently operating in
linear modes [24]. Some typologies include buck, boost, LLC, and Class-E converters, to
name a few. The SMPS operation generally has higher ef ciency than linear regulators and
allows for step-up or down operations.



There are two SMPS topologies: (a) Non-Resonant and (b) Resonant. Examples of Non-
resonant topologies are Buck, Boost, and Flyback converters. These topologies are known
for their simplicity and low component count, making them the circuit of choice for appli-
cations where size and cost are critical. These converters frequently nd their application
in solar converters and EVs. On the other hand, Resonant power converters are SMPS with
inherent low-loss characteristics thanks to soft-switching operation. Resonant converters
employ passive resonant components—Iike capacitors and inductors—to operate under
sinusoidal or close to sinusoidal waveform at a speci ¢ frequency—resonant SMPS topolo-
gies such as series resonant converter, LLC, and Class E. The components are switched at
zero voltage or zero current, minimizing the energy lost during the transition. This leads
to comparatively low losses and possible high-frequency operation. High-frequency op-
eration is preferred because it leads to a compact design by reducing the size of reactive
components. Additionally, resonant converters' operation has a relatively low EMI preferred
in sensitive electronics operation. Resonant converters are one of the primary bene ciaries
of the wide band gap semiconductor revolution. They combine the best of the world's
most ef cient semiconductors and topology to push operations in the 100's kHz to MHz
range. The challenges for the resonant converter operation are complex modeling /control
implementation, component sensitivity, limited power range, and cost. One of the main
challenges of resonant converters is that they may lose ef cient operation for variable
loading conditions. This dissertation aims to solve this challenge by developing custom
non-linear passive devices.

1.4 Overview of Resonant Converters and Inverters

Historically, resonant converters are based on the various Class D and Class E switching
converter topologies. These converters utilize the semiconductor power switches in the
fully open or fully closed operation modes to reduce the conduction losses, e.qg., cut-off and
ohmic operation regions in the case of a MOSFET. They are commonly used for low and
mid-power applications because of their highly ef cient operation at higher frequencies.
The selection of resonant converters for a speci ¢ application depends on power and
control requirements, as well as the converter's volume, mass, and cost. This dissertation
focuses on single-phase, low-voltage resonant converters, which are prevalentin consumer
electronics devices and low- and medium-power charging applications.

A general resonant converter, as depicted in Fig.1.1, can be conceptualized as a connec-



Figure 1.1: Resonant converter conceptualized as a connection of two cascaded stages.

tion of two cascaded stages: a compatible pair of a resonant inverter and a high-frequency
recti er with an optional isolation transformer in between [25]. The total ef ciency  and
voltage gain M\, can be calculated as the products of ef ciencies( , X yg) and voltage
gains (M, x My R), respectively. Impedance Z, in Fig.1.1 is an equivalent representation of
the recti er stage and load. If the inverter exchanges only active power with the recti er
then reactance X . is zero, and Z, is purely resistive. Replacing the recti er and isolation
transformer with equivalent impedance Z, or resistance R ., allows the same analysis
of a resonant inverter to be conducted no matter if it operates independently or as a part

of a resonant converter. This approach is employed to analyze the resonant inverters in
this dissertation. Examples of commonly studied and deployed Class D and E resonant
inverters are Series, Parallel, Series-Parallel, Class E, and Class EfR resonant inverters,
and they are illustrated in Fig.1.2(a) - (e). Frequency regulation and phase modulation
are common techniques to control resonant inverters and regulate their output voltage,
current, or power.

A Series Resonant Inverter (SRI) comprises a voltage source connected to a series con-
nection of inductor L., capacitor C,, and equivalentload R, .,. The equivalent circuit of
a half-bridge-based SRl is shown in Fig.1.2(a). R, ¢4 represents either a resistive load di-
rectly connected to the inverter or equivalent input resistance of any possible transformers,
recti ers, and load attached. The resonanttank ( L,,C,) represents a frequency-dependent
portion of the inverter's output impedance. The resonant frequency is the frequency at
which L, and C, reactive impedances cancel out, causing the resonant network impedance
to become resistive and the output voltage load independent. In an SRI, the resonant
frequency is given by:

1
fp= —p—— 1.1
e (1.1)

An SRl is usually designed to operate above the resonant frequency to achieve Zero Voltage



(a) (b)

(©) (d)

(e) (f)

Figure 1.2: Commonly used resonant inverters(a) Half-bridge based series resonant in-
verter. (b)Half-bridge based parallel resonant inverter. (c) Half-bridge based LCC series
parallel resonant inverter. (d) Half-bridge based LLC series parallel resonant inverter. (e)
Class E resonant inverter. (f) Class EFn resonant inverter.



Switching (ZVS) for ef cient operation. The major advantage of an SRl is its high-ef ciency
operation for a wide range of loads. As an SRI contains a single loop, the load and inverter
currents are identical, causing the inverter current to vary proportionally to the load. This
results in high ef ciency even in light load conditions. Key challenges of an SRI are (a)
limited voltage gain of less than one, (b) a high-frequency bandwidth requirement for wide
load voltage regulation, (c) and possible excessive current under short-circuit conditions.

A Parallel Resonant Inverter (PRI) consists of an LC resonant network in which the
equivalentload R, ¢ is connected in parallel to one of the reactive elements. The circuit
diagram of a half-bridge-based PRC with C, connected parallel to the load is shown in
Fig.1.2(b). The major advantage of a PRI is that it can produce voltage gain greater than unity.
Moreover, a PRI can regulate the output at light and no-load conditions. High circulating
current at light load conditions is a major downside of a PRI, degrading converter ef ciency
for light load operation.

The shortcomings of SRIs and PRIs have led to the development of Series-Parallel
Resonant Inverters (SRPI). These topologies merge the best features of two circuits at the
cost of an extra reactive component [26, 27]. If the additional component is a capacitor C,,
—the converter is named LCC SPRI Fig.1.2(c); if the third reactive element is an inductor L,
—the converter is LLC SPRI (Fig.1.2(d)). The resonant frequency of these inverters varies
with loading conditions, resulting in ef cient operation over a wide load range. Another
bene t of an SRPI is that it requires less frequency bandwidth for voltage regulation over a
wide load range. However, LCC requires a high AC current rating of the additional capacitor,
which limits its application. On the other hand, LLC offers the possibility of integrating
inductances L and L, into an isolation transformer, thus reducing the number of resonant
network components to one.

An SRI, PRI, or SRPI can be supplied from a half-bridge (Fig.1.3 (a)-(b)) or a full-bridge
voltage source inverter (Fig.1.3 (c)). The commonly used half-bridge and full-bridge inverter
topologies are shown in Fig.1.3. The full-bridge inverter provides the AC voltage component
twice the half-bridge for the same DC input voltage. This leads to a 50% reduction in
operating current for the same load, increasing operational ef ciency. On the other hand,

a full-bridge requires two times the number of power switches and switch drivers of a
half-bridge, leading to higher cost and complexity. A half-bridge implementation may also
require higher-rated resonant capacitors (  C;) or large blocking capacitors ( C; ) to counteract
the DC component of the inverter output voltage.

The SRI, PRI, and its derived topologies are part of Class D inverters that generally
utilize switching frequencies less than 1 MHz, mainly due to increased switching losses



@) (b)

()

Figure 1.3: Switching inverters (a) Half-bridge. (b)Half-bridge with coupling capacitors.
(c) Full-bridge.



even for ZVS operation. The family of Class E resonant inverters is primarily used for MHz
range operation Fig.1.2(e), allowing further reduction of reactive elements and converter
volume and mass. Class E resonant inverters are fundamentally based on single-switch
operation and are among the most ef cient power inverters [25]. The ZVS is achieved by
the time displacement of switch voltage and current, resulting in virtually zero switching
losses. These converters nd applications in Wireless Power Transfer (WPT) and pulsed
power supplies [28, 29, 30]. The Class E inverters limitation is a signi cantly higher switch-
blocking voltage requirement. Additionally, the resonant tank is tuned to achieve ZVS
and Zero Derivative Switching (ZDS) operation for a speci ¢ load, and the load variation
may lead to a loss of ZVS/ ZDS conditions causing excessive losses. Moreover, the switch
utilization factor in a Class E resonant inverters is always less than 10%, which is much
lower than in Class D inverters. A Class EF n inverter is shown in Fig.1.2(e), and its major
modi cation is the insertion of an LC branch tuned to the nth harmonic and connected in
parallel to the switch. This modi cation can reduce switch voltage stress by 30-40%. The
common challenges of Class E family inverters are load-dependent operation, resonant
network tuning, and sensitivity to switch parasitics  [31].

The introduction of Wide BandGap (WBG) devices has boosted the operating frequen-
cies of power converters to the MHz range, allowing the size of reactive elements to be
reduced. As a result, there has been signi cant research interest in resonant inverters as
power electronic researchers consistently aim to enhance power density and ef ciency.
However, resonant inverters face signi cant challenges when operated at high frequencies
due to complex modeling and control and component sensitivity and derating. For example,
in [32], the authors identify power control as one of the critical challenges of MHz operation.
Moreover, the resonant inverter operation relies on AC ratings of high-frequency inductors
and capacitors. The derating and increased losses of capacitors and magnetics design at
higher frequencies are bottlenecks for achieving high-power density designs. One of the
obstacles toward a broader deployment of resonant inverters is their inef cient operation
and control limitations under wide load variation conditions, and this issue will be one of
the topics addressed in this dissertation.

Power inverters are generally designed to regulate load voltage or current by closed-loop
control using frequency or phase shift angle as control tools. Depending on the inverter
type, the load variation can lead to high bandwidth control circuitry requirements. For
example, the equivalentload R, 4 can change up to ten times when charging an EV due to
the CC-CV charging pattern shown in Fig. 1.4. The operation with this type of variable load
may lead to the loss of soft-switching conditions that make resonant inverters a preferred



choice in the rst place. The control challenges of resonant inverters are described in the
next section. This dissertation explores methods to tackle these challenges by mitigating
load variation using non-linear passive devices as resonant network components.

1.5 Control of Resonant Power Inverters

Designing a controller for a resonant power inverter operating under uctuating load and
input voltage conditions is demanding as it requires advanced approaches for modeling
resonant inverters. The aim of the controller unit is to maintain the inverter's stable and
ef cient operation during load and input voltage variation. The common control methods
are frequency regulation, phase-shift modulation, and amplitude modulation. Each method
has its own challenges and limitations.

Frequency regulation is based on varying the switching frequency to regulate the in-
verter output. Generally, the implementation of frequency regulation in resonant inverters
allows for a more comprehensive ZVS operation over wide load variation. However, the
high bandwidth frequency requirement for speci c inverters, e.g., SRI, could become an
obstacle in meeting EMI regulatory requirements. Phase Shift Modulation (PSM) is based
on controlling the phase shift angle between two half-bridge legs of a full bridge-based
resonant inverter operating at a constant frequency. PSM allows full converter regulation
but may have a relatively narrow ZVS condition compared to FM for the same load variation.
Amplitude Modulation (AM) requires regulating the input DC voltage of the inverter at a
xed switching frequency. A common AM implementation is achieved by connecting the
buck or boost converter with a feedback control loop to the DC bus of the resonant inverter.
This could lead to better ZVS operation, but its implementation is more complex and costly.
Therefore, frequency regulation has become a favorable approach for resonant inverter
regulation to maintain wider ZVS operation.

Most reported approaches utilized sensing and active frequency-based feedback control
for load regulation [32, 33]. As per Federal Communications Commission requirements,
the limited bandwidth at the Industrial, Scienti ¢, and Medical (ISM) band frequencies can
cause a signi cant challenge to frequency-based controller implementation [34]. Moreover,
utilizing a variable switching frequency complicates Iter designs and worsens the con-
verter's electromagnetic interference (EMI) characteristics  [35]. Variable passive devices,
particularly those not utilizing auxiliary switching [36] or active biasing circuits [37, 38],
represent an addition or even a full alternative to frequency regulation that can mitigate
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load variation and enable constant frequency operation. In recent literature, there has
been a growing interest in exploring the application of nonlinear passive components in
resonant converters for load variation mitigation and ef cient passive operation [4, 39].
In resonant wireless power circuits, it has been demonstrated that FM systems leveraging
the non-linear passive components minimize the impact of load variations and enhance

ef cient operation range. An advantageous passivity increases the system’s ability to nat-
urally counteract undesired effects, such as maintaining ef cient operation under load
uctuations [40, 41].

Different solutions for variable load mitigation based on active and passive reactive
components proposed in the literature are discussed in the next section. The following
section shows that non-linear passive variable capacitors are often advantageous over non-
linear passive inductors because of the high-quality factor and lower volumetric footprint.
The dissertation aims to use non-linear passive capacitors for load mitigation.

1.6 Impedance Transformation and Tuning

The impedance transformation technique is based on the principle of maximizing power
transfer between a power source and the load. The impedance transformation aims to
match the load impedance to the source impedance using techniques such as transformers,
transmission lines, and LC networks. Tuning broadly refers to adjusting the reactive network
component to change the resonant frequency of resonant circuits using an inductor, capac-
itor, or LC network. Impedance transformation or tuning is commonly used in resonant
inverters to mitigate wide load variation passively. A brief overview of different impedance
transformation networks and tuning techniques is provided below.

1.6.1 Impedance Transformation Networks

Impedance Transformation Networks (ITNS) consist of passive, reactive elements added to
the circuit to maximize power transfer. The impedance of electrical loads must be a complex
conjugate of the source impedance for maximum power transfer. The ITNs are commonly
used in RF circuits and WPT systems to match impedance for tuning purposes. The ITN can
be a single or combination of reactive components. The four commonly used "impedance
compression” ITNs are illustrated in Fig.1.5. Each of the four networks splits series resonant
network component L, or C, of the unmatched impedance into two components, L, and
L, or C; and C,. More complex ITNssuchas Tand  networks, are shown in Fig.1.6. The
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Figure 1.4: The typical load variation for a CC-CV charging cycle. Adapted from  [1]
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Figure 1.5: The four commonly used impedance tuning networks la, 1b, 2a,and
4a.

impedance mismatch is a signi cant problem in high-frequency (MHz and above) power
inverters, as a small mismatch can substantially reduce ef ciency and the power transferred

to the load. The ITNs are also used in power inverter circuits to maintain soft switching
conditions and reduce the frequency variation range for power converter operation [42,43].
A complex ITN with more passive components can lead to better load matching for wider
load variations. However, an ITN increases circuit complexity and adds extra losses. A high-
order ITN often generates unwanted resonant modes, which can cause signal distortion

or even inverter instability. This has led researchers to look for ITN solutions using single
reactive components such as variable capacitors or inductors.

1.6.2 Variable Inductance-Based Load Mitigation Techniques

Variable inductance has long been used in power electronics and RF circuits to achieve load
matching [44, 45, 2, 3, 46]. Inductance can be dynamically tuned by changing the number
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Figure 1.6: Tand impedance tuning networks.

of turns, air gap length, effective permeability, and the overall shape of the inductor. Some
common methods are described in this subsection.

Structural modi cation of inductor geometry

Inductance variations can be achieved by regulating the mechanical movements of the
core and/ or coil. In [44], the authors used a movable ferrite core to vary inductance. The
effective permeability changes by linearly moving the core in and out of the coil, leading to
variable inductance. Similarly, variable inductance can be created by varying the air gap,
as shown in Fig.1.7. Another type of variable inductor is a variometer. This consists of two
series of winding coils, one of which rotates with respect to the other. This rotation leads to
a change in mutual inductance as the coil coupling varies. Overall, mechanical control of
coupling provides an effective way to change inductance. However, its adoption is limited
by slower dynamics, reliability issues, and design complexity.

Inductance variation based on ux-bias control

The effective permeability of magnetic cores is proportional to the gradient of their B-H
curve. Therefore, the inductors with a magnetic core are commonly designed to operate in
the linear region of a B-H curve, resulting in approximately constant inductance during
operation. DC-biased ux control methods are based on biasing the core with DC ux using
an auxiliary winding to approach saturation. This leads to permeability change, resulting
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Figure 1.7: Mechanically adjustable inductor in which its airgap length can be tuned.
Adapted from [2]

in inductance variation. The DC ux control depends on precisely varying the DC offset
winding current, which requires an auxiliary winding and control circuitry. The winding of
aDC ux control method presentedin  [3] is shown in Fig.1.8, and its associated inductance
variation is presented in Fig.1.9. In  [3, 46, 47], authors used this technique to regulate power
converter. These variable saturable inductors offer a dynamic way to vary reactance and
mitigate load variation. However, the complexity of the DC bias circuit and added DC ux
losses in the core are obstacles to its wide adoption.

Non-linear saturable inductors

Non-linear passive inductors are core-based inductors whose inductance values depend
on the current owing through them. Non-linearity arises due to the partial saturation of
the core material. A non-linear passive inductor has been usedin  [4] as a part of a Duf ng
resonator to regulate power in WPT systems operating at low frequencies (30 kHz). It has
the advantage of being a simple passive component, and no sensing or control circuitry is
required to achieve their inductance variation. Their design is challenging as they require
careful consideration of the core material properties, including saturation ux density,
permeability, and thermal characteristics across the intended operating range. A typical
pro le of a non-linear inductor is shown in Fig.1.10. In the MHz range, the core losses
are often prohibitive, forcing researchers to explore air-core inductors, thus limiting the
applicability of non-linear inductor-based tuning to the sub-MHz range.
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Figure 1.8: Inductor with an auxiliary winding used to regulate DC bias ux. Adapted from

3]

Figure 1.9: Variation of inductance with DC bias current. Adapted from Adapted from [3]
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Figure 1.10: Characteristics of a non-linear saturable inductor. Adapted from  [4].

Piezoelectric inductors

The magnetic components are usually the bulkiest components of a power inverter. As the
components are miniaturized to achieve higher power density, the volumetric power density

of traditional magnetic components drops. Piezoelectric resonators are emerging as a
promising alternative to traditional core-based passive inductors, offering the advantage of
miniaturization and scalability for high-frequency power inverter designs [5, 48, 49, 50, 51].
A piezoelectric resonator demonstrates the behavior of an LC resonator with a signi cantly
higher quality factor [5]. The piezoelectric resonator's impedance in the proximity of a
vibration mode is shown in Fig.1.11. The equivalent circuit diagram and piezoelectric
prototypes are shown in Fig.1.12. Piezoelectric devices operated in their "inductive" regime
can serve a purpose similar to magnetic components  [49]. Piezoelectric resonators are
currently unavailable in the market as most of the research in this area is in the prototype
stage [5, 48, 49, 50, 51]. The critical issue with the piezoelectric components is damping
due to electrical connection resistance and the non-linear material properties [5].

1.6.3 Variable Capacitance-Based Load Mitigation Techniques

Capacitive reactance variation is an alternative to inductance variation, and it is often
preferred as the capacitors are more compact and ef cient than inductors. The following
sub-section brie y explains some passive and active techniques for varying capacitance
reported in the literature.
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Figure 1.11: Impedance of piezoelectric resonator in the frequency proximity of a vibration
mode. Adapted from [5]

Figure 1.12: Butterworth-Van Dyke circuit model of piezoelectric resonators and experi-
mental prototypes. Adapted from  [5]
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Figure 1.13: Relay-controlled matrix of discreet capacitors employed in a WPT system.
Adapted from [6]

Switched capacitors

Switched capacitor implementation requires a passive capacitor bank and an auxiliary
switching circuit to control capacitance. In  [6, 52], the straightforward method of imple-
menting discreet capacitors combined with relays is described. Relay-controlled matrix of
discreet capacitors employed in a WPT system is shown in Fig.1.13 [6]. The capacitance
resolution and losses in the switches limit the deployment of relay-controlled switched
capacitors. An alternative method discussed in  [7] is based on PWM-controlled switched
capacitors that control the circuit resonant frequency in a WPT system shown in Fig.1.14a.
The switched-capacitor capacitance variation with respect to the phase-shift angle is shown
in Fig.1.14b. This method offers high capacitance resolution and low losses when combined
with a ZVS detection circuit. However, a signi cant implementation obstacle is the need
for auxiliary switching and sensing circuitry.

Variable capacitance based on DC-bias control

The capacitance of ceramic Class Il and Class Il capacitors typically changes with applied
voltage due to the capacitor dielectric permittivity dependence on the applied electric eld

[53]. Authors in [8] have proposed a 4-terminal voltage-controlled capacitor for DC  /DC
converters application as shown in Fig.1.15. In  [37], the authors used DC-biased capacitors
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Figure 1.14: (a) PWM-controlled switched capacitors used in a WPT system. (b) Capaci-
tance variation in PWM-controlled switched capacitors. Adapted from [7]

Figure 1.15: Four-terminal voltage-controlled capacitor in application. Adapted from [8]

and frequency control to achieve ZVS for a push-pull converter employed in a WPT circuit.
A similar approach is used to improve the ef ciency range of a CLLC resonant converter by
10%, as demonstrated in [54]. The advantage of this approach is that ceramic Class Il and
Class Il are comparatively inexpensive, and this application converts their major demerit
into merit. The major drawback of this approach is that using DC bias to control Class Il
and Class Ill ceramic capacitors requires an extra power supply or complex circuitry to
create DC bias. Moreover, these variable capacitors act as non-linear devices, i.e., when
supplied from a single-frequency source, the non-linear response of these devices contains
the variable fundamental component but also introduces higher harmonics. These higher
harmonics can jeopardize stability, reduce ef ciency, or increase the EMI of the power
inverters.
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Figure 1.16: Circuit diagram of a fractional order capacitor. Adapted from [9]

Fractional-order capacitors

Regular power electronic passive components (capacitors and inductors) circuit analysis
follows unity integer order. Lab synthesis and application of fractional-order capacitors
have recently been reported in the literature for mitigating the impact of variable load on
the controlled variable, ripple reduction, and other applications [9, 55, 56, 57]. A fractional-
order capacitor can exhibit reactive as well as resistive behavior. Fractional-order capacitor
circuits utilize regular capacitors with phase-shift control of switching topologies to achieve
fractional-order dynamics. Authorsin  [9] provide compelling evidence that a WPT system
incorporating a fractional order component exhibits superior resilience to mistuning com-
pared to conventional WPT circuits. The implementation of a fractional order capacitor in

[9] is depicted in Fig.1.16. A primary hindrance to its application is that fractional calculus
does not have simple analytical solutions and requires computationally intensive numerical
algorithms for analysis [55]. Another major barrier is that every fractional order component
requires additional switching, sensing, and control circuitry.

Varactors

A varactor is a diode designed to exploit the voltage-dependent capacitance of a reverse-
biased PN junction [10]. The structure of a varactor is shown in Fig.1.17a. Varactors are
operated in the reverse-biased state and are used as DC voltage-controlled capacitors.
The capacitance pro le depends on the junction gradient of the diode. They nd their
application in voltage-controlled oscillators, parametric ampli ers, and frequency multi-
pliers [10, 58, 59, 12, 60]. Typically, a varactor is rated for low voltage below 100 V, making it
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Figure 1.17: (a) Structure of a varactor. Adapted from [10] (b) Varactor capacitance as a
function of reverse voltage for SMV1801-079 (30 V, 20 mA). Adapted from [11]

unsuitable for broader power inverter applications. The capacitance pro le of hyperabrupt
junction varactor SMV1801-079LF rated for reverse voltage of 30 V and forward current of
20 mAis shown in Fig.1.17b. In [12], the authors have used varactor as part of impedance
tuning for GHz applications, as shown in Fig.1.18. A paramount concern with the varactor's
application is that it requires a DC voltage component and cannot be directly used in an
AC circuit.

Heterostructure Barrier Varactor (HBV) and Linear Variable Capacitor (LVC)

Another passive method to combat load variation is using the nonlinear parasitic capaci-
tance of two back-to-back reverse-biased diodes [14, 61, 62, 63, 64]. The advantages of this
method are that back-to-back reverse-biased diodes act as a variable capacitor, and no bias-
ing circuit is needed for operation. The circuit has a lower footprint than magnetic devices
and generates a negligible loss. An integrated back-to-back diode structure is traditionally
called a Heterostructure Barrier Varactor (HBV), and its symbol is shown in Fig.1.19a.

An HBYV is a semiconductor device that demonstrates voltage- and current-dependent
capacitance and does not require a biasing circuit  [13]. Typical HBV voltage- and current-
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Figure 1.18: Impedance tuner with varactor. Adapted from  [12]

@) (b)

Figure 1.19: HBV Symbol and its characteristics (a) Symbol of an HBV /LVC. (b) Typical
voltage- and current-dependent capacitance of an HBV.
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(a) (b)
Figure 1.20: (a) Epitaxial structure of an HBV. (b) Planer HBV layout. Adapted from  [13]

dependent capacitance characteristics are shown in Fig.1.19b. It is made from two or more
different semiconductor materials layered together to form a single device. The epitaxial
structure of a typical HBV and a planer HBV layout are shown in Fig.1.20. HBV is a bipolar
symmetric structure whose conduction principle is based on the displacement current
owing through the junction capacitance of diodes. A traditional application of an HBV
structure is in low-power systems (100-mW range) to generate high-frequency signals (in
the GHz range) from a low-frequency input. Although the original HBV is proposed as a
single semiconductor device, it can be equally implemented by a back-to-back connection
of two PN or Schottky diodes. Typical nonlinear capacitance pro le of a PN Junction diode
is shown in Fig.1.21. The equivalent capacitance of this structure exhibits variable linear
capacitance when excited by voltage / current. In this research, the realization of an HBV-like
structure using discrete diodes for high-frequency power applications is referred to as a
Linear Variable Capacitor (LVC). LVC is a discrete device made of Si / SiC diodes for MHz
high-power applications.

In [14,61, 62, 63, 64], the researchers incorporated an LVC into WPT systems to stabilize
the power delivery in a variable coupling environment. The proposed design improves the
open-loop power transfer pro le. Authors in [14] replaced the compensation capacitance
on the transmitter side of an LC-LC-compensated WPT system with an LVC made of two
Schottky diodes as shown in Fig.1.22. The impact of the variable capacitance is optimized
to desensitize the power transferred from the coupling variation. The variable equivalent
linear capacitance of the LVC acts as negative feedback to regulate output power. It was
reported that the LVC doubled the acceptable misalignment range of the WPT system. In
[61], the authors replaced both compensation capacitors of an LC-LC-compensated WPT
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Figure 1.21: Typical non-linear capacitance of a PN junction diode.

Figure 1.22: Application of LVC in wireless charging circuit. Adapted from  [14]

system with an LVC. The results show that the minimum coupling coef cient required for
power transfer reduced from 0.3 t0 0.12.

1.7 Operation of Series Resonant Inverters for Variable Load
Operation

The SRI strengths are its low component count, parasitic inductance utilization as a circuit
element, and ZVS operation over a wide range of loads [65, 66]. Fig. 1.23 shows a full
bridge-based SRI with an equivalent resistive load. Frequency regulation is traditionally the
preferred way to regulate SRI because of the simple control and ZVS operation above the
resonant frequency. However, the control bandwidth requirement for frequency regulation

is ideally in nite for a full load to no load voltage regulation. Even with ZVS operation, the
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Figure 1.23: Full bridge-based SRI with an equivalent load.

conduction losses at higher frequencies may counteract ZVS bene ts. Also, operating in a
wide frequency range may lead to suboptimal magnetics and EMI Iter designs [67].
Responding to these challenges, researchers proposed multiple control methods with
reduced bandwidth, including constant frequency PWM  [68, 69], Asymmetric Pulse Width
Modulation (APWM), phase-shift [68], and Fixed on-Time Modulation (FTM)  [70]. Constant-
frequency PWM methods utilize constant operation frequency but require relatively higher
peak and RMS current ratings than frequency regulation for the same output power [68].
Constant-frequency phase-shift control can fully regulate an SRI but can only be applied to
a full-bridge topology. However, frequency regulation offers ZVS operation for a wider load
range compared to the same inverter under the phase-shift control. In [70], the authors
have introduced an FTM method for half-bridge series resonant converters. The authors did
a comparative analysis to show that for a wide regulation range, the proposed FTM method
is superior to traditional APWM and frequency regulation in terms of peak and switch
currents. However, the authors mention that the ef ciency of frequency regulation is the
highest at the cost of a signi cantly larger frequency bandwidth. Frequency regulationis also
superior in terms of switching current stress over a wide power range. The primary tradeoff
among these limited bandwidth control methods is the complexity of implementation,
higher current stress, and possible ZVS loss. An in-depth review of SRI control methods is
presented in [69, 71].

1.8 Research Gap and Novel Contributions

This section discusses the scienti ¢ gaps in the LVC research. The simplicity and passivity
of the LVC make it an attractive option for mitigating wide load variations. If properly
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integrated into the resonant circuit, LVC components have the potential to counteract load
variation, and their small size, high ef ciency, and low cost make them highly appealing for
power applications. This dissertation aims to comprehensively understand the LVC and
explore its application in frequency-regulated power inverter systems.

Initial work on deploying LVC in WPT systems indicates numerous application oppor-
tunities, as the WPT equivalent circuit consists of a high-frequency inverter connected to
an equivalent load. Variations in the coupling due to the magnetic coupler misalignment,
tolerance in compensation component values, component aging, or load conditions (such
as the one happening during the CC-CV battery charging) can result in changes to the
equivalent load. LVCs have the potential to effectively address circuit variation challenges
in high-frequency resonant inverters /converters. An accurate LVC model is a prerequisite
for its successful deployment in power converters, but a better understanding of the LVC
from a power electronics and device perspective is needed. In  [61], a high-level description
of LVC's charge and capacitance features is presented with simulation results, but analytical
models supporting the charge model, harmonics results, and the equivalent capacitance
are not discussed.

LVCs are fundamentally constructed using diode parasitic capacitance. Capacitor mod-
els commonly express capacitance as a function of capacitor voltage or currentas C=f (V)
or C=f(I). This research aims to derive similar models for an LVC structure for a typical
set of diode parameters and validate the models through experimental testing of selected
LVCs. Furthermore, the impact of diode parameters ( Cjo, Vg, and m) on LVC characteristics
and their operation have been explored. This research offers a fundamental approach to
understanding LVC current- and voltage-dependent models. Furthermore, the impact of
diode parameters on LVC linearity is studied, a simpli ed model is presented for diodes
with a 0.5 grading coef cient, and the effect of package and PCB parasitics is analyzed.
TABLE 1.1 summarizes different methods to mitigate load variation solely based on passive
components and highlights the contribution made by this research.

Another contribution of this dissertation is exploring the application of LVCs to reduce
the frequency regulation bandwidth and improve SRI ef ciency. The discussion in Section
1.7 reveals that frequency regulation demonstrates superior characteristics in terms of
complexity, ef ciency, and component stress but requires a larger bandwidth for regulation
compared to other approaches. Incorporating LVC into a SRI allows the circuit's resonant
frequency to be dynamically changed with the loading condition. The asymmetric voltage
gain curve above the resonant frequency of an LVC-embedded SRI could signi cantly curtail
the bandwidth requirement for frequency regulation while retaining the advantages of ZVS
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operation and low current stress. Three ways of incorporating LVC into a SRI have been
analyzed in this dissertation. A literature survey of SRI control methods and the features of
the LVC-based frequency regulation are presented in TABLE 1.2.

1.9 Dissertation Outline

This dissertation explores three LVC-related subjects. The rst part focuses on deriving
and verifying the LVC capacitance model. The second part analyzes LVC characteristics
in applications: harmonic analysis, the effect of harmonics on LVC capacitance, and the
effect of package and PCB capacitance on LVC characteristics. The third and nal part
explores the application of LVCs in reducing the frequency bandwidth of SRI for a wide
load variation.

A brief overview of key research questions addressed in each chapter is presented here:

» Chapter 2: This chapter presents a comprehensive review of the capacitance charac-
teristics of a diode to build a foundation for understanding an LVC. Then, the current-
and voltage-based comprehensive capacitance model of an LVC is derived using the
diode model.

» Chapter 3: In this chapter, the characteristics of an LVC in power applications are
discussed. Harmonic analysis of current and voltage signals in an LVC circuit is con-
ducted, and the LVC capacitance analysis for the harmonicless LVC case of m = 0.5
junction gradient is presented. The effect of odd and even harmonics on the LVC
capacitance is derived. The case studies of an LVC combined with linear reactive com-
ponents are also presented. Additionally, the effect of heterogeneity and temperature
on LVC capacitance is discussed.

» Chapter 4: Experimental results verifying the LVC capacitance model are presented
in this chapter. The experiments are conducted on three LVCs to demonstrate the
model applicability for different diode characteristics and voltage ratings. The results
demonstrate the versatility and wide-range applicability of the proposed model.
Moreover, the effect of diode packaging and PCB parasitics on LVC characteristics is
also discussed.

e Chapter 5: This chapter explores the LVC utilization to reduce frequency bandwidth
and improve SRI ef ciency in applications with a wide load range variation. Three
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Table 1.1: Different tuning methods based on passive components for mitigating load
variation

Paper

Method

Contribution

Challenges

[72,73

Matching
networks

Reduce the frequency varia-
tion range for power converter
operation

Increases circuit com-
plexity and adds extra
losses. Bulky if they in-
clude magnetic compo-
nents.

[4, 74

Nonlinear
saturable
inductors

Used nonlinear inductors
as Duf ng resonators for WPT
with wide coupling variation.

Applicability is lim-
ited to the sub-MHz
range due to core losses.
The variable inductor size
is large compared to the
optimal design.

[14, 61, 62,
63, 64

LvC

LVC acts as compensation
capacitors in WPT to stabilize
power delivery in variable cou-
pling. The variable equivalent
linear capacitance of the LVC
acts as negative feedback to reg-
ulate output power. The circuit
is described by Duf ng equa-
tion.

The analysis is based
on a polynomial approx-
imation of the diode
charge model. It does
not discuss how diode
parameters impact LVC.
Lacks accurate capaci-
tance model.

This
research

LvC

Derived accurate LVC capac-
itance models based on diode
parameters. Discussed the im-
pact of diode parameters on
LVC linearity. Effect of package
and PCB parasitics on LVC char-
acteristics. Analyzed the appli-
cation of LVCs to reduce the fre-
quency regulation bandwidth
of SRIs.

An integrated device
needs to be developed to
leverage the parasitic ca-
pacitance model for im-
proved characteristics.
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Table 1.2: A literature survey of SRI control methods

Paper | Control Method Regulation Full-range ZVS Limitation
potential operation
[67] Impedance No regulation Yes Requires an extra
Transformation impedance
Network (ITN) network

[65] Frequency Limited Yes Requires in nite

Regulation regulation at bandwidth for full
light load regulation

[68] Phase-Shift Full regulation No ZVS could be lost

Modulation for low phase-shift
(PSM) angles

[71] Asymmetric Full regulation No High current stress
Pulse Width and low ef ciency
Modulation

(APWM)

[70] Fixed on-Time Full regulation Yes High current stress

Modulation and low ef ciency
(FTM)
This LVC-based Full regulation Yes Requires a
study frequency customized LVC
regulation and full-bridge

topology
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ways of integrating LVCs with linear reactive components in a frequency-regulated SRI
are compared with conventional SRIs containing a linear resonant network. The sim-
ulation results of an exemplary design indicate over 50% reduction of the frequency
control bandwidth and ef ciency improvement by 2%.

Chapter 6: Experimental results obtained from an SRI with integrated LVCs focusing
on frequency bandwidth and circuit ef ciency are presented in this chapter for vari-
able load changing between 10% and 100% of the nominal load. Two experimental
SRI setups are considered for verifying analysis with parallel LVC con gurations to
validate the analytical expectations. The experimental results concur with analysis,
and an SRI frequency bandwidth reduction of 32% and 37% is achieved for the two
systems.

Chapter 7: This chapter summarizes the work presented in this dissertation and plans
for future work.
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CHAPTER

2

LVC CAPACITANCE MODEL

An LVC is a back-to-back connection of two reverse-biased PN-junction or Schottky diodes.
Consequently, the non-linear capacitance of the diode junction plays a key role in con-

ducting the AC current through the device, and it is essential to understand its model. This

chapter describes the capacitance model of the diode. The current and voltage-dependent
capacitance model of the LVC is then derived using the diode model.

2.1 Capacitance Models of PN and Schottky Diodes

The AC small-signal model of a diode is shown in Fig. 2.1. This model consists of series
resistance Ry, , transconductance G, differential junction capacitance Cj;, and differen-
tial diffusion capacitance Cy. The capacitance of a PN junction diode consists of a parallel
combination of C;and Cp, with C; dominating the reverse and C, dominating the forward
bias regions. Unlike a PN junction diode, a Schottky diode utilizes only the majority carriers,
effectively eliminating Cp. The analysis below is conducted for a more general case of a PN
junction diode, and differences are highlighted where needed.

A brief description of the diode parasitic capacitance model adopted from [75, 76] is
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Figure 2.1: AC model of a diode.

@)

(b)

Figure 2.2: Typical diode capacitances as a function of diode voltage. (a) Junction capaci-
tance C;. (b) Diffusion capacitance Cgp.

33



presented in this section. Fig. 2.2a shows that C; capacitance depends on the diode voltage
Vp . In this dissertation, the sign convention is chosen such that vy >0 for the reverse biased
condition. C; dependence on v can be broadly divided into two regions. In the rstregion
covering voltages v, -Vg/ 2, the capacitance demonstrates a linear relationship with the
diode terminal voltage vp:

° <
C m+1) mv V
30 ( ) D o< U 2.1)
(0.5™*Y 2 A 2

Cyun(vp)=

where, Vg is the forward bias junction threshold voltage, m is the grading coef cient, and
C,o Is a zero-bias junction capacitance. When the diode voltage increases over - Vg/ 2 level
and up to the diode breakdown voltage Vgy (-0.5Vg Vp Vgy ), the relation becomes the
well-known polynomial form:

Vs

Ci2(vp)=Cyo(l+vp=Vp) ™ > Vp  Ven (2.2)

Similarly, Cp dependson vp, as described below and shownin Fig. 2.2b, again identifying
two distinctive zones. Inthe zone vy 5NV, (N is the emission coef cient,and V,=26 mV
at 25°C is the thermal voltage), the diffusion capacitance increases exponentially with vy :

. <

TT 16 (o

Co1(vo)= vS e(®0) vy vy BNV, (2.3)
t

where [ isthe forwardtransittimeand |gisthe saturation current.Inzone5 NV, vp Vgn,

the capacitance declines reciprocally with vy and approaches zero as the diode voltage
approaches the breakdown voltage Vgy:

Cp2(Vp)= pls™Vp SN Vi  vp < Vgy (2.4)

The parameters for characterizing C; and C, can be extracted from a datasheet, as ex-
plained in [75]. To model a Schottky diode, one can simply adopt that the forward transit
time  iszero( p=0), effectively eliminating Cy. As anillustration, the capacitance of the
diode RF601BGE2D is shown in Fig. 2.3. In Fig. 2.3a, it can be observed that C; unequiv-
ocally dominates the device capacitance for most of the reverse-bias conditions ( vp>0).
However, Cp becomes prominent close to the forward bias region when v, approaches - Vg.
A similar capacitance pro le can be observed in Si or SIC MOSFETs in which the output
capacitance C, primarily consists of the capacitance of the PN junction body diode  Cys.
In Fig. 2.4, the AC large-signal model is represented by the series resistance Ryt ,
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Figure 2.3: (a) Capacitance of RF601BGE2D diode. (b) Zoomed-in view of the low-voltage
region. Parameters of the diode are: C;, = 100 pF, m=0.41,V3=0.431,FC=0.5, Is= 85 pA,
N=1.08,and =31ns.

35



current source |p, total junction capacitance C;;, and total diffusion capacitance Cp,.The
Ip is de ned as:
Ip (Vp) = lgo €30 NKT) 1 (2.5)

where lg, is the saturation current, g is the charge of an electron, k is Boltzmann's constant,
and T is the junction temperature in Kelvins. The C;, and Cp, and differential capacitance
Cp and Cj arerelated asin [77]:

dC
Co ()= Co (o) + vp ot 22 2.6
(V)= Cr () + vp ") @)
D

The AC large-signal model is employed to explain the LVC operation.

Figure 2.4: AC large-signal diode model.

2.2 Current-Dependent LVC Model

The current-dependent LVC model with a sinusoidal current source is discussed in this
section. The LVC structure is simpli ed as combining an ideal diode and capacitance. To
help the readers understand, the LVC structure is rstdiscussed with a linear junction capac-
itance in it, and then a voltage-dependent non-linear junction capacitance is incorporated.
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The proposed models are derived and veri ed with LT-SPICE simulations.

2.2.1 Current-Dependent Model of LVC Structure with Linear Junction
Capacitance

As shown in Fig. 2.5, the “ideal” LVC is supplied from an ideal, sinusoidal current source  i(t).
The two diodes conduct only during the rst signal's period to establish DC offset across
one of the capacitors. In a steady state, the diode does not conduct, and the displacement
current ows through the capacitors C,;=C,=C. Due to the ideal diodes, the voltage across
the capacitors C; and C, is always positive (vc;  0,Vve, 0). It can be deduced that the
steady-state voltage waveforms do not depend on the initial phase of the source current.
The voltage expression can be derived by integrating the source current:

Figure 2.5: Equivalent LVC circuit consisting of a diode and a linear capacitor supplied
from a current source.

ic(t)=it)=1,sin( t) (2.8)

1 z _ I I .
Vc1(t)=C—1 |C(t)dt=E Esm It 3 (2.9)
0
Equation (2.9) reveals that adding a diode does not change the equivalent capacitance but
introduces a positive DC voltage bias vgacrossC, of 1,/ (! C) around which the capacitor
voltage oscillates. Similarly, for C,, the AC component has the same magnitude but a phase

shift of 180°, but the DC bias of the capacitor voltage stays the same:
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Zt

1 . I'm [
Veol(t) = c ic(t)dt = c + c sin !t 2 (2.10)
2 . 2 . 2

The DC bias increases with current but reduces with frequency. The total voltage across
an LVC can be obtained as a sum between v¢c; and -vge, asVviyc = Vep + (-Ve»). Fig. 2.6
presents the steady state waveform of the capacitor currents and voltage for the LVC with
the speci cations: 1,=1A,C,;=C,=1nF, and f=1 MHz. It can be observed that even though
Vc1 and -ve, have DC offsets, they are equal and with opposite signs for C,=C,, resulting in
a sinusoidal overall voltage across the LVC structure.

Figure 2.6: Voltage and current waveforms of an LVC consisting of linear capacitors and
ideal diodes supplied from a current source.

2.2.2 Current-Dependent Model of LVC Structure with Non-Linear Junc-
tion Capacitance

In Fig. 2.7, the ideal LVC is replaced by a realistic one consisting of non-ideal diodes and
voltage-dependent capacitors, as described by (2.1)-(2.4) in Section 2.1. The instantaneous
voltage vq4(t) of the voltage-dependent capacitor C; can be derived starting from the
differential equation:

Ci( vea(t)dve, =i (t)dt (2.11)
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Figure 2.7: Equivalent LVC circuit consisting of a diode and a non-linear capacitor supplied
from a current source.

where voltage-dependent capacitance C; can be expressed as:

Cy(vea(t)) = Cy(vea(t)) + Cp (vealt)) (2.12)
Voltage v, can be solved in terms of the phase angle =! t:
z I z |
Cy(Ver( N+ Cp (Vea( ) dver == sin( )d =-+(1 cos ) (2.13)
Vs 0
Similarly, for v¢,:
z I z |
Ci(vea( N+ Cp (Voo ) dver= lﬂ sin( )d = |ﬂ(1+C03 ) (2.14)

Vs

When a current begins owing through the PN junction in a steady state, the diode voltage
builds up, starting from - Vs. The calculation of Vs is described later in Section 2.2.2. For
most high-voltage diodes, the assumption Vs<Vg/2 holds. In this scenario, the diffusion
capacitance Cp can be neglected compared to the junction capacitance C;. Consequently,
voltage v, and v, can be calculated from:

ZLc . < | Z
v
Cjo 1+ v dve, = |ﬂ sin( )d (2.15)
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v m I
Cjo 1+ 2 dvg,= - sin( )d (2.16)
A !
Vs
resulting in expressions:
Ver( )= VgPTm(1+Ps cos )™ Vg (2.17)
Voo ( )= VgPTm(1+ Ps+cos )T Vg (2.18)

The LVC voltage can be calculated as follows:

€ S
Vive = Vg1 Vo = VBPﬁ [1+Ps cos ]ﬁ [1+ Ps+ cos ]ﬁ (2.19)
where 1
m
= M (2.20)
I CjoVs
1 ¢ VS 1m
Ps==— 1 — (2.21)
P Vg
The magnitude V,y ¢, of the ny, LVC voltage harmonic can be calculated as:
1 2
Viven=—  Vuve( )cos(n )d (2.22)

0
n=1 corresponds to the fundamental voltage component V|, yc ;. Itis used to calculate the
equivalent LVC capacitance as:

Cive(t ,In)=1n=! Vive (2.23)

The normalized LVC capacitance is given as:

Civccijoll sIm)=Clvc( ,In)=<jo (2.24)

As an illustration, an LVC made of a diode GD1 is analyzed. The parameters of GD1 are
mentioned in TABLE 2.1. Fig. 2.8 represents the time waveforms of voltages vc; and v, for
the operating condition 1,=0.25 Aandf =1 MHz. It can be observed that v.; and v, are
distorted, indicating the presence of signal harmonics and DC bias due to the non-linear
capacitance. v, has a negative DC bias, while v, has a positive DC bias. However, the
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Figure 2.8: Voltage across individual LVC diodes GD1 and the entire structure for 1,,=250
mA and f =1 MHz.

(a) (b)

Figure 2.9: Current-dependent model of LVC made of RB238T150 ( m=1/2,! =2 x10°
rad/s,Vg=0.5V, and C;,=1.6 nF) (a) LT-SPICE simulation model. (b) Normalized equivalent
capacitance value as a function of the current magnitude.

voltage across the LVC is almost sinusoidal.

The equivalent LVC capacitance can be solved numerically. To validate the modeling,
an LVC made of practical diode RB238T150 from TABLE 2.1 is considered for simulation
analysis, as shown in Fig. 2.9a. The normalized capacitance of LVC as a function of |, is
presented in Fig. 2.9b. It can be observed that the simulation values agree with the analytical
calculations.

Modeling and calculation of Vg

Vs is the minimum voltage of the voltage-dependent non-linear capacitor for direct-biased
diodes (vp =v:<0). In a practical case, it is different from 0 or — V. It is determined by the
charge pumped into one of the PN junctions during the rst half cycle of the current.

During the rst half cycle of the operation with sinusoidal current excitation, the charge
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Figure 2.10: Charging of the LVC capacitance during the initial phase ( Vp<Vk case).

() (b)

Figure 2.11: Time waveforms of the diode voltage and current (Diode RF601BGE2D). (a)
During the rstthree periods. (b) Zoomed-in view during the rst half-period ( Vp=V, case).

from the current source is stored in  C; and Cp of D, until the potential reaches - Vp. The
shaded area in 2.10 marks the equivalent charge in the region. Contingent upon the current
magnitude and frequency, Vp can be smaller or equal to V,, where V is the diode knee
voltage. This charge will be distributed over time between the two LVC PN junctions ac-
cording to the charge conservation principle so that each diode reaches the same direct
bias voltage —Vs. If Vp does not reach Vi, then the diode conduction can be neglected, and
the total charge Qp brought by the current and stored in the parasitic diode capacitances is:

z
I _ 2l
Qp = T sin( )d = - for Ve <V (2.25)
0

Ve will reach Vg if the following is true:

Xk
21,
Cy(ve(t))+Cp (ve(t)) dve < T (2.26)
0

In that case, after the diode reaches Vy, the diode begins to conduct, and only a small
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portion will continue charging the capacitors. This is because the diode is forward biased,
and diode current signi cantly increases with a slight increase in voltage across the diode
Vp as per (2.5).

After the current i(t) reaches its maximum and starts reducing, | will continue to ow,
now supported partially by the recombination of the excess of minority carriers in the
diode, i.e., the charges from the two capacitors. This operation is illustrated, and the time
segments are marked in Fig. 2.11. Before i(t) changes direction, the diode voltage returns to
the Vi level. Consequently, the charge stored inthe C; and Cy at the end of the half-period
can be approximated as follows:

2k
Qp=  Cy(ve()+Cp(ve(t)) dve for Vo Vg (2.27)
0
According to the charge conservation principle, Qp will be distributed over time between
the two LVC PN junctions so that each diode reaches the same direct bias voltage — Vs.
Therefore, Vs can be calculated using the following expression:

s
Cy(ve )+ Co (ve(t) dve = = (2.28)

0

Different numerical methods can be employed to solve (2.28). The same Vs is achieved
irrespective of the initial phase of the source current. Fig. 2.12 illustrates how the initial
voltages Vp and Vg change as a function of current magnitude for two LVCs. The rst LVC
consists of two RF601BGE2D diodes, while the second LVC consists of two RB238T150
Schottky diodes. The diode speci cations are mentioned in TABLE 2.1. These two diodes
are selected due to signi cantly different values of  Cy,.

A typical AC current rating of a diode is very low, even for the diode rated for a high DC
current. It is due to the small junction capacitance being charged quickly to the breakdown
voltage of the diode, even by a small current during the reverse-biased phase. Each LVC
curve in Fig. 2.12 is presented up to the maximum AC current it can safely handle without
causing a breakdown. As expected, Vp increases with |, but does not exceed the respective
\

In Fig. 2.13, an LVC made with GD2 is analyzed for normalized equivalent capacitance
(2.24) for three cases: (a) accurately calculated Vg, (b) simplifying calculations by neglecting
Vs (V5=0), and (c) assuming Vs to be a constant value equal to Vg. Itis observed that the
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Table 2.1: Diode Speci cations

Diode | Cio(F) | m [ Vg (V) | Vi (V)
General diodes

GD1 10 2/3 0.50 0.30

GD2 10 1/2 | 0.50 0.30

GD3 10 1/3 0.50 0.30

Selected practical (off-the-shelf) diodes
RF601BGE2D 0.1 0.41| 0.43 0.43
RB238T150 1.6 0.50 | 0.50 0.26

Figure 2.12: V, and Vs as a function of source current in the LVC made of RF601BGE2D
and RB238T150 diodes.
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difference in values between cases (a) and (b) is small (less than 14%) for practical currents
I,>0.1 A. For low current operation, (b) is closer to accurate model (a) than (c). In summary,
although the value of Psin (2.21) depends on Vg, it does not signi cantly affect capacitance
for 1,,>0.1 A. Therefore, for a typical range of I, (0.1-1 A), the Vs=0 approximation is valid.

Applying V5=0 approximation to (2.21) leads to P=1/Ps, and it can be substituted in
(2.19):

1 € 1 Lé
Vive =VgP™ T [1+Ps cos ]Tm [l+Ps+cos Jim (2.29)

Figure 2.13: Normalized equivalent LVC capacitance as a function of I, and Vs for LVC
with GD2 at f =1 MHz.

Considering the same LVC parameters, the normalized equivalent LVC capacitance is
calculated for a range of currents through the device and for three gradient coef cients:
m=1/3 (GD3), m=1/2 (GD2), and m=2/3 (GD1). It can be observed in Fig. 13 that for
similar characteristics and operating conditions, m=1/3 (GD3) offers substantially higher
capacitance.

2.3 \Voltage-Dependent LVC Model

A linear device shows an identical response when supplied from a current or voltage source,
and the same device model can be used for both cases. Unfortunately, the presence of
voltage harmonics in a current-fed LVC as per (2.29) indicates that an LVC could be a non-
linear device. Consequently, the current-dependent model derived in Section 2.2 may not be
accurate if the same LVC is supplied from a voltage source. Therefore, a voltage-dependent
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Figure 2.14: Normalized equivalent capacitance value as a function of the current magni-
tude for m=1/3 (GD3), m=1/2 (GD2), and m=2/3 (GD1) at f =1 MHz.

LVC model is discussed in this section. This section follows a similar ow with an LVC made
with an ideal diode with a linear capacitor and an ideal diode with a non-linear junction

capacitance.

2.3.1 Voltage-Dependent Model of LVC structure with Linear Junction
Capacitance

A hypothetical LVC with ideal diodes and linear (voltage-independent) capacitors is an-
alyzed supplied from a voltage source. As shown in Fig. 2.15, the “ideal” LVC is supplied
from an ideal, sinusoidal voltage source v(t)=V,cos(! t).

Figure 2.15: Equivalent LVC circuit consisting of a diode and a linear capacitor supplied
from a voltage source.
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Vive =Ve1 Vo2 =V cos(! t) (2.30)

Due toideal diodes, the voltages across capacitors v, and v, are always positive. Capacitor
voltage expressions can be derived by equating current through capacitors:

) dv dv
lhve = Cl—dfl = 2 dfz (231)

and combining (2.30) with (2.31). The capacitor voltage expressions are derived as follows:

V,,C V,,C
Vo = — 2 + 2 co5( ) (2.32)
C,+C, C,+C,

Vi, C, V., C,
Vco= Ve Vchzcm_'_C Cm+C
116, 1 2

cos( ) (2.33)

Figure 2.16: LVC waveforms with a voltage source based on linear capacitance and ideal
diodes (C,=C,=10nF, f =1 MHz).

For C,=C,, it can be observed that both v.; and v, are biased with the same voltage
V,,/ 2. The LVC signal waveforms for ideal diodes and C,=C,=10 nF are presented in Fig.
2.16.
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2.3.2 Voltage-Dependent Model of an LVC Structure with Non-Linear
Junction Capacitance

Figure2.17: Equivalent LVC circuit consisting of a diode and a voltage-dependent capacitor
supplied from a voltage source.

Similar to the analysis in Section 2.2.2, an analogous analysis is conducted to derive a
voltage-dependent model of LVC with non-linear voltage-dependent junction capacitance.
A sinusoidal voltage source v,y (t) =V, cos(! t)is connected to the LVC, as shown in Fig.
2.17. The expression for instantaneous voltage v¢;(t) can be obtained from the following
equations:

dvg,

Ive=Cy (VCl)T (2.34)
Vive = Vc1 Ve2 (2.35)
Substituting =! t, (2.34) and (2.35) can be solved, leading to a differential equation

with respectto veq( ):

<
Vive () m+1 dVCldeLVC

Vg +Vei( ) d d

(2.36)

For viyc ( ) =V, cos( ), the general solution can be written in the form,
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Figure 2.18: Waveforms of an LVC made of GD1 supplied from a voltage source at f=1

MHz.
g P Z
p+tl "p
o g dp= cot d (2.37)
mp "p 1 p+"p
Po =0
where,
’ V,,cos( ) ™
p()= 1 —/——= (2.38)
Ve +Vvea( )
o <
V m
al (2.39)

=1 —

S VAFSVARTA
A general explicit solution of vc1( ,m) cannot be derived from (2.37), but (2.37) can
be solved for known values of m. The solution for m=1/3, 1/ 2, and 2/ 3 are provided in

(2.40)-(2.42). Form=1/3:

2=3 82
1 gal " 1 (Ve +vea( )
£ & =1 (2.40)
Vi 2=3 =2
Vv vl (VetVe Vs)
For m=1/2:
C— C—
Vi () —Vm
1+ 1 @ 1 1 o
(;V—() Q—V = sec (2.41)
' COS| m
1 1 Ve+vei( ) 1+ 1 Vg+Vin, Vs
For m=2/3:
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Ve+vea( )

_ 3
17281 YneosO) = 1708 T+ v V)
e s =1 (2.42)

<
1728 1 Vin

Vg+Vy, Vs

. S
1728 (Vg + vea( )

Ve1( ,m) can be calculated from (2.40)-(2.42), and then i, ¢ can be obtained from (2.34).
Fig. 2.18 shows the voltage waveform for an LVC consisting of diodes GD1 supplied by
v(t)=100 cos( t). It can be observed that vc; and v, are distorted, but the distortion
cancels out to constitute the sinusoidal v(t) waveform.

Once vcy( )isknown, i yc( )can be obtained using (2.34). The magnitude iy ¢, of
the n'" harmonic of the LVC current can be calculated as:

2
e == iwe( )sinm )d 2.43)
0
n=1 corresponds to the fundamental current component i,y ¢ ;. Itis used to calculate the
equivalent LVC capacitance as:

Civel Im)=lwea=(" V) (2.44)

The normalized equivalent LVC capacitance is de ned as:

Civcnorm (0 V)= Cryc (! va)=Cj0 (2.45)

The equivalent LVC capacitance can be calculated numerically. A simulation model of an
LVC structure made with a diode RB238T150 and connected to a sinusoidal voltage source is
shown in Fig. 2.19a. The LVC normalized capacitance as a function of V,, is presented in Fig.
2.19b. It can be observed that the simulation values agree with the analytical calculations.
The normalized equivalent capacitances for m=1/3 (GD3), m=1/2 (GD2), and m=2/3
(GD1) are shown in Fig. 2.20. Similar to the current-dependent model, m=1/3 (GD3) offers
substantially higher capacitance for similar characteristics and operating conditions.
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(@) (b)

Figure 2.19: Voltage-dependent model of LVC made of RB238T150 at f =1 MHz (a) LT-
SPICE simulation model. (b) Normalized equivalent capacitance value as a function of  V,j,.

Figure 2.20: Normalized equivalent capacitance value as a function of the voltage magni-
tude for m=1/3 (GD3), m=1/2 (GD2),and m=2/3 (GD1) at f =1 MHz.
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CHAPTER

3

LVC CHARACTERISTICS IN APPLICATION

LVCs show promising potential to be integrated as a passive component in resonant invert-
ers. To fully utilize their potential, it is crucial to understand the operational boundaries
and limitations of an LVC. Therefore, this chapter discusses key aspects of LVC operation,
such as the harmonic analysis of current and voltage signals, loss model, and current rating.
Moreover, LVC capacitance analysis for the harmonicless LVC case of m = 0.5 junction
gradient is presented. The effect of odd and even harmonics on the LVC model is derived.
Finally, the case studies of an integrated LVC with linear reactive components are presented
to explore potential power application.

3.1 Harmonic Analysis of Current and Voltage-Dependent
LVC

This section discusses the harmonic content of the voltage signal in a typical current-
supplied LVC as well as the current signal in a voltage-supplied LVC. The effect of junction
gradient on current and voltage signal THD is presented for voltage and current supplied
LVCs respectively.
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@)

(b)

Figure 3.1: LVC voltage signal harmonic analysis for an LVC made of four pairs of back-to-
back connected diodes GD1 for 1,,=0.25 Aandf=1MHz. (a) vc; and ve,. (b) Viyc.

3.1.1 Harmonic Analysis of Current Dependent LVC

The harmonic content of the voltage waveform in a typical current-supplied LVC GD1 is
shown in Fig. 3.1. The harmonic magnitudes of v, and v, are shown in Fig. 3.1a, while the
V,vc harmonic content is shown in Fig. 3.1b. Itis visible from Fig. 3.1a that both signals v
and v, demonstrate strong DC components and the rst two harmonics, while the other
harmonics are smaller. Due to symmetry, the magnitudes of corresponding harmonics of
two signals are identical. However, the phases of even harmonics are shifted apart by 180 °,
which causes these harmonics to cancel in v,y . The same is true with the DC components
of vc1 and ve,. Onthe contrary, the rstharmonics of the two signals are in phase, appearing
additively in the v,y ¢ signal. This qualitative analysis con rms that LVC effectively acts
as a capacitor producing minimum harmonic content, and its effective linear capacitor
behavior can be utilized in many resonant converter applications.

The harmonic content of an LVC voltage depends on multiple parameters suchas |,
Cjo, M, Vg, and f, with m being a dominant factor. For most of the power devices in the
market, m is in the range from 0.3 to 0.6. To illustrate the impact of m on the LVC voltage
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Figure 3.2: THD of the voltage signal of a current-supplied LVC as a functionof |, and m
for Go=10nFatf=1MHz

THD, the THD is calculated and plotted in Fig. 3.2 for arange of m values atf=1 MHz and
four 1, current values (0.25A, 0.5A, 1 A, and 10 A), while C,, is kept constant ( C;,=10 nF).
Harmonics up to an order of 20 are considered for THD calculation. It can be observed that

for Vg=0.5V;4p isless than 2% up to m of approximately 0.60 and increases exponentially
above that. The THD is minimum (zero) at m=1/2, which could be a preferred design for
many power electronic applications. The harmonics increase with the current magnitude,

but the values are relatively small when m<0.60.

3.1.2 Harmonic Analysis of Voltage-Dependent LVC

The harmonic content of the current signal of a voltage-supplied LVC is presented in Fig.
3.3. The harmonics show a similar pro le with respectto  m as the current-supplied one.
The current harmonics are zero for m=0.5.

3.2 Harmonicless LVC| m=0.5

It has become clear from the analysis presented in the last section that LVC can operate as a
linear device for m=0.5. This opens opportunities to use LVC in multiple circuits, including
resonant converters. In this section, the solutions for the harmonicsless case m=0.5 are
described and analyzed in detail for both the current- and voltage-dependent LVC models.
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Figure 3.3: Current signal THD in a voltage-supplied LVC as a function of
atf=1MHz.

3.2.1 Current-Dependent LVC Model for m=0.5

The expression for v,y ¢ in (2.19) is simplied for m=0.5as:
Vive = VgP2 [1+Ps cos J° [1+Ps+cos J?

where P and Pgare given by:

1y,
2! CjoVs

V
1t Vs
Ps=— 1 —
P Vg

Solving (3.1) results in:

Vive = 4VgP?(1+ Ps)( cos )

Substituting (3.2)-(3.3) into (3.4) and using trigonometric identities leads to:

1 1 2 2 Covel TV
L 14 078 —> sin
2' CjOVB Im VB

Vive = 4V

(3.5) is simpli ed and expressed as:
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m for Cj,=10 nF

(3.1)

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)



A
IO =2l Cj OVB 1 VS:VB (37)

Itis established from (3.6) that v, ¢ has only the fundamental component; no higher-order
harmonics exist. For a given LVC and operating frequency, |, represents a constant current
parameter. The normalized equivalent capacitance can be calculated as follows:

I V&Cio
CLVC,m=0.5,norm (! 1|m): (Im + IO)

It can be noticed from (3.8) thatthe C_yc m=05n0rm d€pends on operating conditions. Itis

(3.8)

directly proportionalto ! butinversely related to |,,. Approximating Vs = 0in (3.8) results
in:

| VgC2

— 7 (3.9)
Im + 2! CjoVs

CLVC,m=O.5(! ,Im)

The variation of C_yc m=05n0rm With I, for an LVC with GD2 diodes is shown in Fig.2.13,
and it concurs with (3.9). The variation of C,\ ¢ m=05n0rm With frequency is presented in
Fig.3.4, showing that it increases with frequency. Therefore, high-frequency power elec-
tronic systems can bene t more from LVC. The relative capacitance change is higher at
lower 1. Similarly, it can be observed in Fig. 3.5 that increasing C;, leads to higher values
of normalized capacitance.

Figure 3.4: Normalized equivalent capacitance for LVC made of GD2 diodes as a function
of frequency.
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Figure 3.5: Normalized equivalent LVC capacitance as a function of C;,(m=1/2,f=1MHz,
Vg=0.5V,V=0.3V,Vs=0V).

3.2.2 \Voltage-Dependent LVC Model for m=0.5

The expression of diode voltages v, and v, in an LVC supplied from a sinusoidal voltage
source Vi yc=V,, cos(! t)for m=0.5is given by (2.41). The following substitution is used to
simplify (2.41):

v
t v
p= 1 A% (3.10)
Ve + Ve
{
V,
Po= 1 — (3.11)
Vin+ Vs Vg
1
- - Po (3.12)
1+ po
Substituting (3.10)-(3.12) in (2.41) leads to:
1+
i = sec (3.13)
p
Now, (3.13) is solved for p as:
v
1 cos V,, cos( )
p=———= 1 ———= (3.14)
cos 1 Vg + Veq
Squaring both sides and solving it leads to:
Vg+ve; 1+ 2cos?( ) 2 cos( ) (3.15)

V,,, cos( )_ 4 cos( )
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V¢, IS solved as:
1 cos( ) cos?()
Ve =V, —+ V 3.16
C1l m 4 2 4 B ( )

Since diode D, will be positively biased, the voltage across v, is given by:

2
i+cos()+ cos“( )
4 2 4

Ve =V, VA (3.17)

Simplifying v, leads to:

Ve = V. 1 N ¢ N cos( )+ cos(2 )( v (3.18)
Cl1= Vm 4 2 38 B .
The voltage across the LVC is given by:
Vive =Ve1  Ve2 = Vipcos( ) (3.19)
Using (3.18) and (3.19), v, is derived as:
Vo= V. - R cos( ) N cos(2 )( v (3.20)
C2= Vm 4 2 38 B .
where can be explicitly written as:
p p
Vg +V, V Vg V.
= p B m s VB S (3.21)

Vo+V, Vet Vg Vs

is a constant dependent on Vs, Vg, and V,, . Voltages v, and v, contain DC bias, the
rst, and the second harmonic components. The v, expression calculates the LVC current
fundamental harmonic. i ¢y can now be solved using the following equations:

. dv
ive( )= Cl(V01)d—C1 (3.22)
Cjo
C, (VCl)z in (323)
1+

L4 <
dvey sin( ) sin(2 )
d m 2 4
Using (3.22)-(3.24), i,yc Iis expressed as:

(3.24)
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I CjoVm .sin( )+ sin (2 )(

i = s 3.25
ve () Lo, =20 2 4 ( )
1+ Vi
iLvc is simpli ed as:
A
ive( )=!Cjo  VnVscos E+ (3.26)

One can notice that only fundamental harmonic exists. The normalized equivalent LVC
capacitance can be calculated as follows:

v
c V)= 1! C,—oIO VnVe U Vg (3.27)
C,m=0.5, -~ - .
LVC,m=0.5n0rm m CjO ! Vm Vm
It can be observed that the normalized capacitance depends on , which is a function

of Vs. It depends just weakly on f and C;, as much as these two parameters impact Vs, but
that can be neglected in practical applications. Inherently, Vg is dependenton I,. At rst,
the is calculated by assuming Vs=0, then I, is calculated and used to calculate Vs. This
procedure is iterated until the Vg value no longer changes. The updated s then used
for capacitance calculation. Fig. 3.6 shows the plot of normalized equivalent capacitance
calculated in two ways: applying the accurate analysis considering Vs and the approximate
analysis in which Vs is nulli ed. It is observed that the difference is minimal for practical
voltages V,,,>10 V approximate analysis in which Vg is nulli ed. It is observed that the
difference is minimal for practical voltages V,,>10 V.

Figure 3.6: Normalized equivalent capacitance for LVC made of GD2 diodes as a function
of V,, at f =1 MHz.
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3.3 Effect of Current Harmonics on Current Supplied LVC

In resonant circuits, excitation current  i,yc(t) commonly contains additional harmonics. In
that case, the LVC device is subjected to the combined impact of fundamental and higher
currentharmonics. A preliminary LVC analysis reveals that equivalent capacitance increases
with frequency, indicating that even small high-frequency harmonics may substantially
impact the equivalent capacitance. A general analysis is conducted by assuming that the
excitation current supplying an LVC consists of two current sources: a fundamental and an
n'"-order harmonic with a phase shift angle

ive( )= Imasin( )+ Innsin(n + ) (3.28)

Assuming the harmonic impact is small and that i,,c ( )= 0 has only two solutions for
[0,2 ). The v, and v, can be derived using the procedure described in Section 2.2:

Zc Z e ~
! CJO Iml . Imn .
—mdvey = I—sm( )+I—S|n(n + )d (3.29)
1+VLBl : :
Ve
Zc c Z .I | ~
12 rdve,= “lsin( )+ tsin(n + ) d (3.30)
:|_+VLB2 : :
Vs

where and are zero-crossings phase shift angles of current i, measured with respect
to iy 1. Using (3.29)-(3.30), the voltage across the LVC element can be derived as:

1

Viye = Pi[cos( ) cos( )]+P, cos(n + ) cos(n + ) +Vp '"

o (3.31)
P, cos( ) cos( ) +P, cos(n + ) cos(n + ) +Vp '"
where,
Vo = (Vs Vo)' " (3.32)
1 m)l
~ & Ml s (3.33)
n! CjoVg

The equivalent LVC capacitances corresponding to n'" harmonics can be calculated as:

Imn
C Il = 3.34
LVC,n( mn) n! VC,n ( )
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where V¢ ; and V¢, are the magnitudes of the rstand n™ harmonic content of v.

3.3.1 Fundamental and an Odd Harmonic| m=0.5and Vs=0:

For the case of the fundamental and an odd harmonic and after adopting m=0.5 and Vs=0,
Vive in (3.31) can be simpli ed using relation = + as:

P —
_ 2
Vive,m=05n=odd = 4 Pl,m:o_5003( )+ Pim=05Pim=05€0S(N + )+Pyy-05 Vg cos( + )+

P —
4 Pnz,m:O_SCOS(n + )+Pl,m:0.5Pn,m:0.5COS( )+Pn,m:0.5 VB COS(n + + )
(3.35)
where, |
I:)n,m=0.5: mnp (3.36)

It can be stated that v, in (3.35) is a superposition of the fundamental and  n'" harmon-
ics. The amplitudes of both the 1 st and the n" odd harmonic voltage depend on 11, Imn,
and . This makes the variable capacitances at the fundamental and odd harmonics in-

terdependent. The capacitance Cpci(! 1,1m1, )and Cycn (! 1, Imn, ) can be calculated

as:
Cwver! vlmy =Cuven ! nslmn, =
- € S e ! S (3.37)
1 2 1 2 2
- + —21 - 2 + )+ =
Civem=0s( 1.lm1)  Cjo COS( ) Civem=0s( nidmn)  Cjo COS(I’] ) Cio

It should be noted that no matter what 1,,; and |, values are, the equivalent capacitances
Civcal!' 1,11, )and Cucn (M n, Imn, ) are always equal. The equivalent capacitances can
be described as a function of Cpyc1(! 1,1m1)@and Cyen(! 1, Imn)using (3.37). For =0) =0,
Civeca(!' 1,1m1, )and Cuycn (! 1, Imn, ) are equal to approximately the series combination
of Cyca(! 1, Im1) @and Crycn(! n, Imn) @s 2/ Cypis signi cantly smaller than the other two
terms for typical values of 1,,; and I, (Qreater than a few mA).

CLVC,n ! 11|m1a =0 :CLVC,n ! n1|mn, =O =
_ 1 1 (3.38)
- 1 + 1 2 1 1

Civem=05( 1.Im1) = Civem=05( nilmn)  Cjo Civem=05( 1.Im1)  Civem=05( nilmn)

The analytical voltage and current waveforms of an LVC made of GD2 diodes at a
fundamental frequency of 1 MHz are shown in Fig.3.7 for  1,,,=1A,1,5=0.5A,and = /2.
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