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Abstract

Industrial heating has played a signi�cant role in moulding the modern human lifestyle.
It is evident from the fact that industrial heating constitutes 20% of the world total
energy consumption. Modern industrial dielectric heating plants are based on vacuum
tube radio frequency (RF) generator. The vacuum tube RF generator provides an e�-
ciency of 60% or less. This is not optimum, as almost half of the energy is being wasted
as heat. Novel semiconductor technology based on wide bandgap (WBG) materials such
as silicon carbide (SiC) and gallium nitride (GaN) provides an opportunity to remove
the ageing vacuum tube from industrial dielectric heating RF generators.

To develop the next generation of RF generators that can be retro�tted in existing
industrial plants as turn-key solution, requires understanding the dielectric heating from
the point of view of solid-state technology. In this thesis the literature survey identi�es
several works based on WBG and silicon devices that have achieved the frequency of
operation required by industrial dielectric heating. It is understood that gallium nitride
is a better candidate for operation at 6.78 or 13.56 MHz in ISM band (industrial,
scienti�c, and medical). However the low breakdown voltage of commercially available
GaN devices is a challenge as industrial dielectric heating requires high voltage output
from the RF generator to deliver high power.

The thesis presents a novel topology called Class-PN that achieves high device uti-
lization in resonant converter topology and delivers high output power. The thesis then
expands the Class-PN from standalone to multi-cell approach to achieve the high voltage
output as required by industrial RF generators.

The thesis further models and analyses an industrial dielectric plant load structure.
The study begins by considering di�erent load compensation topologies and identi�es
that series-parallel compensation is best suited for industrial dielectric heating plants.
The load structure analysis is conducted such that it assists in identifying the ratings
of RF generator. Finally the developed load structure based on the analysis and three
cell con�guration of Class-PN is operated at 6.78 MHz generating 1.1 kV peak-peak RF
output voltage from 185 V DC input voltage. The Class-PN is based on 650 V GaN
HEMT. The overall e�ciency achieved from DC input to RF output is approximately
80% for an output power of 856 W.
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Dansk resumØ

Industriel opvarmning har spillet en væsentlig rolle i formningen af den moderne men-
neskelige livsstil. Det fremgår tydeligt af, at industriel opvarmning udgłr 20% af ver-
dens samlede energiforbrug. Moderne industrielle dielektriske varmeanlæg er baseret på
vakuumrłrs radiofrekvens (RF) generator. Vakuumrłr RF-generatoren giver en e�ek-
tivitet på 60% eller mindre. Dette er ikke optimalt, da næsten halvdelen af energien
går til spilde som varme. Ny halvlederteknologi baseret på wide bandgap (WBG) ma-
terialer såsom siliciumcarbid (SiC) og galliumnitrid (GaN) giver mulighed for at fjerne
det aldrende vakuumrłr fra industrielle dielektriske RF-varmegeneratorer.

At udvikle den næste generation af RF-generatorer, der kan eftermonteres i ek-
sisterende industrielle anlæg som nłglefærdig lłsning, kræver forståelse af dielektrisk
opvarmning fra et solid state-teknologis synspunkt. I denne afhandling identi�cerer lit-
teraturundersłgelsen adskillige værker baseret på WBG og siliciumteknologi, der har op-
nået den frekvens, der kræves af industriel dielektrisk opvarmning. Det er underforstået,
at galliumnitrid er en bedre kandidat til drift ved 6,78 eller 13,56 MHz i ISM-båndet
(industrielt, videnskabeligt og medicinsk). Den lave gennembrudsspænding af kommer-
cielt tilgængelige GaN halvleder er imidlertid en udfordring, da industriel dielektrisk
opvarmning kræver hłjspændingsudgang fra RF-generatoren for at levere hłj e�ekt.

Afhandlingen præsenterer en ny topologi kaldet Class-PN, der opnår hłj halvleder-
anvendelse i resonanskonvertertopologi og leverer hłj udgangse�ekt. Afhandlingen ud-
vider derefter Class-PN fra selvstændig til multicelle tilgang for at opnå den hłjspænd-
ingsudgang, som kræves af industrielle RF-generatorer.

Afhandlingen yderligere modellerer og analyserer en industriel dielektrisk anlægsbe-
lastningsstruktur. Undersłgelsen begynder med at overveje forskellige belastningskom-
pensationstopologier og identi�cerer, at serie-parallel kompensation er bedst egnet til
industrielle dielektriske varmeanlæg. Belastningsstrukturanalysen udfłres således, at
den hjælper med at identi�cere ratingen af RF-generatoren. Endelig drives den ud-
viklede belastningsstruktur baseret på analysen og tre-celle-kon�gurationen af Class-PN
ved 6,78 MHz og genererer 1,1 kV peak-peak RF udgangsspænding fra 185 V DC in-
dgangsspænding. Class-PN er baseret på 650 V GaN HEMT. Den samlede e�ektivitet
opnået fra DC-input til RF-output er cirka 80% for en udgangse�ekt på 856 W.
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Chapter 1

Introduction

Industrial heating is required in multiple industries for example in food baking and
packaging, paper and pulp industry, melting and annealing of metals. Across the globe,
industrial heating constitutes 20% of the world total energy consumption and more
than 50% of direct greenhouse gas emission of USA [1]. Industrial heating can be
broadly classi�ed into three basic categories: fuel-based heating, steam-based heating,
and electric-based heating [2]. Electric-based heating or electric heating can be further
classi�ed into di�erent categories based on the frequency of operation and the work
material as shown in Fig. 1.1 [1]. To heat metals, induction heating have been used
since early 20th century. When passing alternating magnetic �eld through conductive
materials it generates eddy currents in the material that induces heat. The frequency of
operation for induction heating ranges from 50 kHz in high volume metal production to
2.5 MHz for silicon crystal growth [3], [4]. In applications where non-conductive work
material is to be heated, both radio and microwave heating can be applied such as in
drying cross-laminated wood, paper and pulp industry, drying ceramic products, food
baking and packaging etc. Radio heating is commonly referred as dielectric heating and
the frequency of operation is much lower than microwave heating. As shown in Fig. 1.1
that dielectric (radio) heating frequency extends from 2-100 MHz whereas microwave
heating spans from 200 MHz - 3 GHz. The longer wavelength radio waves in dielectric
heating penetrates deeper into the work material than microwave heating and achieves
uniform volumetric heating. Dielectric heating industries use frequency bands allocated
for their process, such as 6.78, 13.56, 27.12, or 40.68 MHz. The frequencies are referred
as ISM band as they are used for industrial, scienti�c and medical applications.

As stated earlier that along with electric heating, both fuel-based and steam-based
heating is used extensively in industrial process heating. However there is a push towards
electri�cation of the industrial processes and eliminate fuel-based and steam-based heat-
ing. There are two main drivers towards electri�cation. First, combustion of fuel for
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4 Chapter 1. Introduction

Fig. 1.1: Di�erent electri�cation heating methodologies and frequencies at which they are operated
[1].

generation of heat or steam leads to greenhouse gas emission. Second, electric heating
on average have 80% or higher e�ciency in transferring electric energy to heat energy,
see in Fig. 1.1. For example, by using RF dielectric heating up to 1 kW per cubic inch
of power dissipation can be attained in thick dielectric work materials. For practical
operations such as gluing, power concentrations seldom exceed 10 W per cubic inch.
Whereas in case of conduction heating only 0.05 W per cubic inch can be achieved [5].
It is apparent that while electri�cation of industrial process have major advantages, the
industries that are already electri�ed such as induction or dielectric heating still utilize
vacuum tube based RF generator. These vacuum tube RF generator are highly ine�-
cient, o�ering e�ciencies of only 60% [6], [7]. This does not need to be the case anymore
as modern semiconductor technology have achieved MHz operation in RF region with
an e�ciency of 90% and above, as it will be presented in the state-of-the-art. Therefore,
in this thesis the focus is on dielectric heating and developing a solid-state RF generator
for industrial RF dielectric heating plants. The thesis will investigate both solid-state
RF generator as well as the dielectric load structure and how it can be made compatible
with the next generation RF generator technology. In this regard the thesis will �rst
present the principle of dielectric heating.

Principle of dielectric heating

Dielectric heating is done by polarization of dielectric material when subjected by a
time varying electric �eld E(t). Eq. (1.1) de�nes the current density J(t) through a
dielectric material when subjected by the varying electric �eld [8].
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J(t) = �E(t) +
dD(t)
dt

(1.1)

� represents the DC conductivity of the heating work material. dD(t)=dt in (1.1)
is displacement current in the dielectric material due to the varying electric �eld. The
displacement current is created by the polarization of the work material. In (1.2) the
current density is presented in time-harmonic form [9].

r�H = �E + j!�E (1.2)

In (1.2), � is dielectric permittivity of the work material. The permittivity is a
complex quantity and therefore can be split into its real and imaginary components,
i.e., substituting � = �0 � j�00 gives (1.3).

r�H = (� + !�00)E + j!�0E (1.3)

First component in (1.3) is the real component that represents the real load that
leads to power dissipation in the work material. The second term in (1.3), again is the
displacement current which represents the capacitive e�ect in the work material. From
the expression of current density of a dielectric work material when subjected by a time
varying electric �eld E(t), it can be understood as a parallel combination of resistive and
capacitive elements. Fig. 1.2 shows RF generator output applied to wood planks with
an unset layer of water based glue between them. The equivalent load seen by the RF
generator due to this glued wood planks will be a parallel combination of resistance and
capacitor elements as shown. To maintain similarity with (1.3), the values for the load
components are presented as susceptance and conductance. A, and d in the component
values present the physical dimension of the work material like area, and thickness. The
application of RF power induces heat in the water based glue and dries it out in a short
time span.

Fig. 1.2: Equivalent load model of dielectric work material [Paper C].
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The discussion so far shows the advantages of dielectric heating in curing non-
conductive materials. The principle of dielectric heating is also presented. The industry
still employs vacuum tube based RF generator which are highly ine�cient. Thus, there
is an opportunity to improve the e�ciency of industrial RF dielectric heating plants
using solid-state technology.

1.1 State-of-the-art
The principle of dielectric heating was known in the late 19th century, however the
phenomenon was not exploited for industrial heating application until the �rst half of
20th century [7]. The frequency range for dielectric heating is 2-100 MHz as shown in
Fig. 1.1. Thus for most of the history, the RF generator used by the industry have been
based on vacuum tube. Fig. 1.3(a) shows schematic of one such industrial dielectric
heating plant from 1947 [10]. The schematic shows grid AC voltage recti�ed to DC before
being fed to a dual push-pull type oscillator circuit that generates the high frequency
output to resonant tank circuit comprising of the work material. The oscillator shown
in the �gure is responsible for generating the high frequency output voltage as required
by the dielectric heating load. The oscillator is usually a high power RF triode. Fig.
1.3(b) shows a 120 kW and 16.8 kV rated power triode from e2v technologies [11].

Fig. 1.3: (a) Schematic of directly coupled load tank in dielectric heating [10], [12], (b) picture of an
120 kW and 16.8 kV RF power triode used as oscillator in industrial applications [11].

Every couple of decades, several industries see major transformation by incorporat-
ing solid-state technology such as power generation and distribution. Or the current
phenomena of electri�cation of drive train in automobile sector. However the indus-
trial RF heating industry have been reliant on low e�ciency vacuum tube devices as
solid-state solution have not been realized yet. Although the e�ciency achieved by
these vacuum tube based RF generator are reported to be approximately 60% [6], [7].
With the advent of modern semiconductor technology such as wide bandgap (WBG),
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semiconductor devices have demonstrated e�cient multi-MHz switching capability. Fig.
1.4 cites output power and operation frequency achieved by some state-of-art converters
utilizing silicon carbide (SiC) or gallium nitride (GaN) devices [13]�[19]. From the state-
of-art survey presented in Fig. 1.4 it can be understood that SiC devices are preferred
for switching frequency under 4 MHz (except [15]). On the other hand, GaN devices
are better suited for switching frequency beyond 4 MHz such as 6.78 or 13.56 MHz
in applications like wireless power transfer [17], [18]. A research group from Stanford
University have showcased 13.56 MHz operation using both SiC (900V C3M0065090J)
and GaN (650V GS66508B) devices with an output e�ciency of 94% [13], [15]. However
silicon (Si) devices can not be completely disregarded for high frequency operation. In
[20], [21], which are based on Si RF MOSFETs from IXYS have demonstrated 5 kW at
89% and 1 kW at 85% e�ciency at 13.56 MHz respectively. Though the Si RF MOS-
FET from IXYS have been discontinued. Other work Si device based high frequency
converter was presented at a lower power of only 23 W at 6.78 MHz [22].

Fig. 1.4: Frequency of operation and output power achieved by state-of-art solid-state converter.

Based on the discussion we can develop a qualitative comparison matrix of semicon-
ductor material technology in regards to industrial RF dielectric heating applications.
In Table 1.1 a comparison between the vacuum tube, silicon as well as next generation
WBG (SiC and GaN) is presented.

Vacuum tube has been successful so far because of its superior voltage, frequency and
output power capability. However the losses incurred in a vacuum tube RF generator
is signi�cant. Furthermore, across the world there are fewer manufacturers of vacuum
tube based RF power triode and thus it is not sustainable for the industry. Silicon
based power semiconductor technology have matured over the decades and can attain
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Table 1.1: Comparison of Vacuum Tube, Silicon (Si), and WBG transistor technology

Characteristics Vacuum Tube Vertical Si SiC GaN

Voltage +++ + ++ �

Frequency +++ � + ++

Power Loss �� � + ++

RF Output Power ++ � + �

Future Proof �� + ++ ++

the high voltage requirement to a certain extent, however they are not suitable for RF
operation as seen by low e�ciencies in [20], [21]. WBG materials have demonstrated
the high frequency operation and SiC based MOSFETs are available in high voltage
rating compared to GaN devices. However the losses incurred in SiC device is higher
compared to the GaN. This is mostly due to higher gate voltage of SiC devices. As
gate loss is directly proportional to V 2

g (gate voltage), higher gate voltage of SiC devices
increases gate loss compared to GaN devices [23]. Thus the only challenge persists with
GaN device is to achieve the high voltage and therefore high RF output power. This
leads to the research gap as identi�ed in this thesis and presented in next section.

1.2 Research gap
As discussed until now that though the GaN based semiconductor technology have
achieved the high frequency operation, yet the RF output power levels achieved are well
below the vacuum tube technology in industrial RF dielectric heating plants. Therefore
in this project we aim to develop a methodology through which the power level can be
scaled up. Furthermore the load design of an industrial RF dielectric heating plant have
not been studied in the context of solid-state high frequency generator. Such that the
solid-state generator can be implemented in industrial plants via a turn-key solution.
That is, the plant has to go through minimal modi�cations and the existing load design
can be sustained when replacing the vacuum tube RF generator.

1.3 Research objectives
The PhD project began with an objective to consider di�erent semiconductor device
technology available in the market for the high frequency RF generator. Given the ISM
band frequency of 6.78 or 13.56 MHz involved in the industrial RF dielectric heating,
GaN devices have been studied speci�cally. However it was soon realized that the low
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voltage rating of GaN devices will be a major challenge. Furthermore, the solid-state
RF generator has to be based on resonant circuit topology. These considerations lead
to the �rst research objective,

To propose resonant converter topology capable of switch-
ing at ISM band frequency utilizing commercially avail-
able semiconductor technology. The converter shall be
able to generate high voltage output to retro�t existing
RF generator in industrial RF dielectric heating plant
and replace ine�cient vacuum tube.

During the work of this thesis it was realized that understanding the load structure
of an industrial dielectric heating plant is important for ensuring soft-switching and
safe operation area of the RF generator based on semiconductor device. This led to an
additional objective for successful completion of the thesis project. The second objective
is,

To study load network of an industrial RF dielectric
heating plant comprising of low coupled high frequency
air-core transformer and additional compensating com-
ponents.

1.4 List of publications
The thesis is based on the list of papers that are published during the course of this
work. The papers are appended in Part II of the thesis.

A �Thermal Performance of an Integrated Heat Spreader for GaN HEMT devices�, Fa-
heem Ahmad, Thore Stig Aunsborg, Szymon Michal Beczkowski, Stig Munk-Nielsen,
and Asger Bjłrn Jłrgensen, published in 12th International Conference on Integrated
Power Electronics Systems (CIPS 2022).

B �Four-switch Class-PN Power Ampli�er for High Power Handling Capability in Wire-
less Power Transfer�, Faheem Ahmad, Asger Bjłrn Jłrgensen, and Stig Munk-Nielsen,
published in International Power Electronics Conference (IPEC 2022 ECCE Asia).

C �Modeling and Operation of Series-Parallel Resonant Load in Industrial RF Dielec-
tric Heating Application�, Faheem Ahmad, Asger Bjłrn Jłrgensen, and Stig Munk-
Nielsen, published in IEEE Transactions on Industry Applications.
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D �Multi-cell Operation of Class-PN at 6.78 MHz for Industrial RF Dielectric Heat-
ing�, Faheem Ahmad, Asger Bjłrn Jłrgensen, and Stig Munk-Nielsen, submitted and
accepted to 11th International Conference on Power Electronics (ICPE 2023-ECCE
Asia).

E �Modular Power Converter�, Faheem Ahmad, Asger Bjłrn Jłrgensen, Szymon Michal
Beczkowski, Christian Uhrenfeldt, and Stig Munk-Nielsen, �led in Danish Patent and
Trademark O�ce, P77168PC01, 2022-03-25.

F �A Phase Detection Method using Power Handling Capability in Resonant Con-
verters�, Faheem Ahmad, Asger Bjłrn Jłrgensen, Stig Munk-Nielsen, and Szymon
Michal Beczkowski, submitted and accepted to 25th European Conference on Power
Electronics and Applications (EPE 2023 ECCE Europe).

In addition to the appended papers which are included in the thesis, there is a main
authorship/co-authorship of the following papers which have been published during the
PhD-project period.

1. �IGBT and GaN Hybrid Half-Bridge Applications Based on Multi-Sampling Tech-
nology Considering Cost, E�ciency and Transient Performance�, Guihua Mao,
Guohua Zhou, Yuan Gao, Zhixing Yan, Faheem Ahmad, Stig Munk-Nielsen, and
Hongbo Zhao, published in 48th Annual Conference of the IEEE Industrial Elec-
tronics Society (IECON 2022).

2. �Improving Load Transient Performance of the DAC Control for the Fractional
Power Processing in an IGBT and GaN Hybrid Half-bridge Circuit�, Guihua Mao,
Guohua Zhou, Yuan Gao, Zhixing Yan, Faheem Ahmad, Stig Munk-Nielsen, and
Hongbo Zhao, submitted to IEEE Transactions on Circuits and Systems II: Ex-
press Briefs.

1.5 Thesis outline
The thesis is divided in to �ve chapters. Chapter 1 introduces the principle of dielectric
heating and the challenges that the industry faces in regarding the low e�ciency of
their existing vacuum tube based RF generators. The chapter presents the state-of-
art in high frequency converters based on modern semiconductor technology that have
the potential to replace vacuum tube. However there are certain challenges that still
persist, like low voltage rating of gallium nitride devices. The chapter thus concludes
by presenting the two research objectives tackled in this thesis.

Chapter 2, and 3 are focusing on the two research objectives respectively. Chapter 2
presents the novel four-switch topology Class-PN that achieve signi�cantly higher power
handling capability compared to other single-switch resonant topology. The topology
can be extended to multi-cell con�guration to achieve the high voltage output from RF
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generator as required by the �rst research objective. Chapter 3 presents a methodology
to identify the right compensation topology for dielectric heating load structure and
presents modeling of the load such that it assists in identifying RF generator component
values.

Finally chapter 4 presents overall experimental results of three cell con�guration of
Class-PN with series-parallel developed load structure to validate the work done in this
thesis. Chapter 5 concludes the thesis with a summary of the results achieved and a
brief introduction of future project that is a direct outcome of this thesis.
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Chapter 2

High voltage RF generator

Chapter 1 introduced the principle of dielectric heating and developed the equivalent
load model as shown in Fig. 2.1(a) where a high frequency RF generator is connected
to metal plates. The metal plates act as electrode at which the alternating �eld is
applied. Between the plates, there are wood planks with an unset layer of water based
glue in-between. Fig. 2.1(b) shows an equivalent electrical circuit that replaces the RF
generator with a voltage source (V ). The focus of this chapter is understanding, what
kind of resonant converter topologies can be considered for the RF generator. Various
single and multi-switch resonant converter topologies will be introduced and compared.
The chapter will also introduce a new four-switch resonant topology called Class-PN.
The chapter will then present discussions towards device, layout, and thermal design
considerations.

Fig. 2.1: (a) Equivalent load model of dielectric work material, (b) electric circuit and phasor diagram.

As it was stated, when time-varying electric �eld (E(t)) is applied it leads to polar-
ization of the dielectric material. The time-harmonic form of the Maxwell equation for
the current density was derived as (2.1).

13
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r�H = (� + !�00)E + j!�0E (2.1)

Thus the heat produced in the dielectric work material is the energy dissipated in
the equivalent resistance R given by (2.2)

Hp = I2
RR =

V 2

R
=
V 2 � tan�
XC

=
V 2 � tan�!�0A

d
(2.2)

Thus the heat generated in watts per cubic volume of the dielectric material is given
by (2.3).

P = ! � �0 � tan� � V 2 (2.3)

In most dielectric heating application oriented works the power dissipated in work
material is given as (2.4) [6], [24]. �0 which is de�ned as the real part of complex
permittivity is the relative permittivity usually discussed. (2.4) shows the standard
representation of power dissipated in dielectric material per cubic volume.

P = k � f � � � tan� � V 2 (2.4)

Where k is proportionality constant, f is RF frequency, � is dielectric constant of
the work material, tan� is loss tangent, and V is the RF voltage applied to the work
material. Therefore in principle it should be possible to continue increasing the power
dissipated in the dielectric by merely increasing either RF frequency (f) or the ap-
plied voltage (V ). Given the remaining parameters in (2.4) are based on work material
properties. However, in practical considerations there are limiting factors. For exam-
ple, as the RF frequency is increased it can lead to standing waves on the electrodes
causing nonuniform heating, or value of inductance required for tuning is decreased to
an unachievable minimum causing di�culty in tuning, and most importantly the losses
in vacuum tube increases rapidly with increasing RF frequency. The other controlled
variable, voltage applied (V ) can also be increased to increase the heat dissipation.
However, at very high voltages corona discharge starts to take place which leads to
voltage breakdown. A reliable and reproducible upper limit of voltage has usually been
found to be approximately 10 kV [25].

The voltage, and frequency requirement has been a hurdle in developing a solid-
state RF generator. However new semiconductor device technology coupled with novel
resonant converter topologies have shown a way forward. In this chapter, various single
and multi-switch resonant converter topologies will be introduced and compared with
respect to power handling capability. The thesis presents a new four-switch topology
Class-PN. In later sections, further challenges regarding the gate driving and non-ideal
losses that are encountered in wide bandgap devices when operating at multi-MHz
switching frequency is presented. Section 2.3 presents layout considerations for the gate
and high frequency commutation loop. Finally the chapter ends with discussion on a
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new method of cooling using integrated heat spreader thermal solution for GaN devices
in section 2.4.

2.1 Topology consideration
Radio frequency operation using solid-state converters usually employs resonant con-
verters topologies. Class-E is one of earliest resonant converter topology that was �rst
introduced in 1975 [26]. Class-E schematic is shown in Fig. 2.2(a). Another publica-
tion in 1977 presented that the topology can achieve 100% theoretical e�ciency [27].
The simple design and operation based on a single switch with near ideal performance
led to major adoption of the topology in many �elds, from very low power electronics
for wireless communication to several kW high power industrial applications [28], [29].
Though Class-E is often criticised due to the high voltage and current stress on the
switching device. The topology is documented to subject 3.6x the DC link voltage and
2.86x the choke inductor (Lchoke) current on the switching device [30]. Fig. 2.2(b) shows
the current and voltage waveforms through the switch in Class-E topology as well as
the load current (iAC). The voltage stress on switching device in Class-E is further
exacerbated by non-linear output capacitance of the semiconductor switch. Therefore
the peak drain-source voltage (VSM) can be as high as 4.4x of DC link voltage [31].

Fig. 2.2: (a) Schematic of Class-E topology, and (b) switching device voltage and current waveform
in Class-E and load current [Paper B].

Over the years several single-switch derivatives of Class-E have been proposed. In
2002 a new family of topologies called Class-E/F was proposed [32]. Class-E/F combine
the e�cient switching capability of Class-E with the improved switch voltage and current
waveforms of Class-F and Class-F�1 [22]. A di�erent track based on Class-F ampli�ers
was adopted for development of single switch resonant converter topology with reduced
voltage stress at MIT. This led to the development of Class-� in 2007 [33]. In Class-�



16 Chapter 2. High voltage RF generator

the voltage stress on semiconductor switch is only 2x of the DC link voltage. However
the topology utilizes quarter wavelength (�=4) transmission-line network which increases
design complexity. Thus the same team from MIT came up with another topology in
2008 called Class-�2 [34]. The topologies are shown in Fig. 2.3.

Fig. 2.3: Resonant converter topologies that have demonstrated multi-MHz operation (a) full bridge
(FB), (b) Class-D, (c) Class-E/F, and (d) Class-�2.

High voltage and current stress to the semiconductor device in Class-E, lead to the
development of other single-switch topologies. This is due to fact that high voltage and
current stress results in low power handling capability which can be used as a �gure of
merit (FOM) [30]. Power handling capability (cp) is de�ned as the ratio of maximum
voltage subjected to semiconductor switch drain-source (VSM) to the DC link voltage
(VDC), multiplied by the ratio of peak current through the switch (ISM) and the DC
current (IDC). As power handling capability (cp) is a FOM, therefore lower value means
worse device utilization. cp is shown in (2.5). Table 2.1 shows the power handling
capability of the resonant topologies discussed above.

cp =
VDC � IDC

VSM � ISM
(2.5)

2.1.1 Novel four-switch resonant topology Class-PN

Seen in Table 2.1, the single-switch Class-E derivatives have improved power handling
capability. However, two-switch topology Class-D has a power handling capability that
is almost twice of single-switch variants. And four-switch topology like full-bridge (FB)
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Table 2.1: Power handling capability of resonant converter topology

.

Topology Switch Count VSM / VDC ISM / IDC cp

Class-E 1 3.6 2.86 0.0981

Class-EF2 1 2.31 3.26 0.1323

Class-�2 1 2 � 1=2� = 0.16

Class-D 2 1 � 1=� = 0.318

Full-bridge 4 1 �=2 2=� = 0.636

Class-PN 4 1 �=2 2=� = 0.636

has more than four times higher power handling capability than single-switch topology.
The PhD thesis introduces a novel four-switch topology called Class-PN [35]. The Class-
PN is also a four-switch resonant converter topology as shown in Fig. 2.4(a). Therefore
the Class-PN also achieves the same power handling capability as FB, which is more
than 6x of Class-E. However unlike FB where the load is �oating as shown in Fig.
2.3(a), the Class-PN allows grounding the load as other topologies like Class-E, D, EF2,
and �2. Therefore we have termed this topology as "Class-PN". The power handling
capability (cp) along with current and voltage stress on the semiconductor devices for
these topologies is provided in Table 2.1.

Fig. 2.4: (a) Schematic of Class-PN topology, (b) switching device voltage and current waveforms and
output waveforms [Paper B].

According to the Table 2.1, Class-PN has twice the power handling capability of
Class-D, because in Class-D only one-half of the period is used to supply AC power to



18 Chapter 2. High voltage RF generator

the load. Mathematically the output voltage and current of Class-PN is (2.6),

vPN =

(
VDC 2 (0; �]
�VDC 2 (�; 2�]

iPN = Imsin(!t�  ) 2 (0; 2�]

(2.6)

Output voltage is a dual-pole voltage application (Positive and Negative) on the
resonant load.  is phase angle due to load. Current �ow from the devices can be
expressed as (2.7),

iS1 = iS4 =

(
Imsin(!t�  ) 2 (0; �]
0 2 (�; 2�]

iS2 = iS3 =

(
0 2 (0; �]
�Imsin(!t�  ) 2 (�; 2�]

(2.7)

By combining current through the switches, DC input current from the DC link can
be acquired as (2.8),

IDC =
1
�

Z �

0
Imsin(!t�  ) d(!t) =

2Imcos( )
�

(2.8)

At natural frequency (f0) of resonant load, maximum DC link current is obtained
(2.9),

IDC =
2Im
�
; at fsw = f0 =

1
2�
p
LrCr

(2.9)

Thus, maximum current and voltage stress seen by the devices in Class-PN is given
by (2.10)

ISM = Im = IDC
�
2
; VSM = VDC (2.10)

2.1.2 Multi-cell operation of Class-PN

In (2.4), the power dissipated in the dielectric work material is given. It shows that the
power dissipated is directly proportional to f , and V 2. Therefore to deliver high power,
usually 10 kW or higher in industrial dielectric heating applications, high voltage is
applied to the work material provided by the RF generator. In Chapter 1, in the state-
of-art discussion it is shown that for more than > 4 MHz operation, GaN devices are
preferred. Thus implementing a 650 V commercially available GaN device in Class-PN
with a DC link input voltage of 400 V can generate 800 V peak-peak output. This is
not su�cient for the high power requirement of industrial dielectric plant. Therefore
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for the high voltage operation, either a step-up transformer or multi-cell architecture is
required to boost the voltage. In this thesis we have explored the multi-cell architecture
approach. The following discussion presents multi-cell operation of Class-PN.

Fig. 2.5(a) shows multi-cell con�guration of Class-PN. Here, three Class-PN cell
are connected in multi-cell con�guration. Cell 1 is closest to the DC busbar with input
voltage, VDC. Cell 2, and Cell 3 are connected to previous cells capacitor Cx, where
x denotes cell position. This leads to a series connection between the cells capacitor
during operation. The coupled inductors of the cells Lx1, Lx2 are connected to the
busbar VDC. It will be discussed in section 4.1 how the inductor currents iLx of each cell
are used to maintain its capacitor voltage. For simplicity the coupled inductor current
�ow path of only cell 2 is shown here.

Fig. 2.5: (a) Parallel multi-cell con�guration of three Class-PN cells, and (b) voltage seen by load
ZRF [Paper D].

Fig. 2.5(b) shows the output voltage waveform seen by the load ZRF. During the
N -state (d0) the output voltage (vPN) is the total of voltages across capacitors C1, C2,
and C3. Fig. 2.5(a) highlights the current �ow path (in blue) during this time. Similarly
during the P -state (d), the voltage across load will be total of voltages across DC, C1,
and C2.

2.2 Semiconductor device technology consideration
Section 2.1 presented di�erent resonant topologies. Given the high voltage and high
power output requirement a multi-cell approach of Class-PN will be adopted in this
thesis. However unlike single-switch topologies, Class-PN is a voltage source type con-
verter that contains switches operating in complement to each other which leads to
severe restrictions on switching requirement, such as limited deadtime of 10-15 ns, and
at 50% duty cycle the semiconductor device will have only 22-27 ns for gate turn-on at
13.56 MHz. For a totem-pole gate driver in order to charge the gate capacitor (CISS)
within the limited duty-period, the RC time constant (�) of the gate circuit becomes
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a fundamental limiting factor. This time constant depends on the total resistance in
gate loop and the gate capacitance. Shown in Fig. 2.6 are the gate voltages for a 22 A,
650 V GaN device (GS66506T) when switching under zero voltage switching condition.
The input capacitance for this device in the datasheet is de�ned at 185 pF at 400 V
drain-source voltage (VDS). When this device is driven with an external gate resistance
value of 12
 for turn-on, it is seen that the time constant is large enough that the driver
is incapable of charging the gate to the rated value of 6 V when operating at 13.56 MHz
(Fig. 2.6(b)). Whereas, when operating the device at 6.78 MHz (Fig. 2.6(a)), the
gate is able to reach its nominal gate turn-on voltage within su�cient time. Therefore
increasing the size of semiconductor die for high current rating will also present a large
gate input capacitance. Having said that, during the course of work in this thesis it was
realized that the modern semiconductor, device datasheet is incomplete to accurately
model and predict losses for semiconductor operating in RF region of 6.78, or 13.56
MHz. It is discussed in detail in the next section.

Fig. 2.6: LTspice simulation waveform of gate voltage at (a) 6.78 MHz, (b) 13.56 MHz.

2.2.1 Challenges with limited gate time

In Fig. 2.6 it is shown that the GaN device of 650 V, 22 A has a gate time constant
large enough that it impedes the gate from reaching nominal gate voltage of 6 V at 13.56
MHz. This is due to the large gate input capacitance (CISS) of 185 pF at 400 V drain-
source voltage (VDS). However when using this value along with total gate resistance of
15.1 
 (2 
 = gate driver internal resistance, 12 
 = external gate resistance, and 1.1 

= GaN device internal gate resistance), the RC time constant (�) is 2.8 ns. Taking 4�
as the time to reach �nal gate voltage gives 11.1 ns. Thus, given the datasheet value of
CISS, the gate should have been able to reach the nominal VGS(ON) of 6 V even at 13.56
MHz. However it does not seem to be the case. The reason being signi�cant under
representation of gate input capacitance for the semiconductor devices in datasheet.
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The CISS, and therefore the gate charge (QG) reported in datasheet is measured as
the device is subjected to hard turn-ON, and does not represent the conditions seen
by the gate driver under soft-switching operation [36], [37]. Fig. 2.7(a) shows the CISS
plot as reported in the device datasheet. As seen that the gate capacitance is �xed at
approximately 200 pF as the VDS varies from 0-600 V. However, to measure the CISS
under soft-switching condition we take the approach presented in [38]. In this method
impedance analyzer is used. The GaN device is shorted at the drain-source to emulate
soft-switching condition. Small-signal measurements of CISS at 10 MHz is conducted
while varying the VGS from �5 - 6 V. Fig. 2.7(b) shows the gate capacitance increases
to 760 pF at 3 V. This is more than 3 times higher than the datasheet reported value.

Fig. 2.7: 650 V, 22 A GaN device (GS66506T) input capacitance plot from (a) datasheet, (b) measured
in impedance analyzer Keysight E4990A.

Based on the measurement in Fig. 2.7(b), the charge required by the gate input
capacitance has to be calculated by,

QG =
Z VGS(ON)

VGS(OFF)

CISS(v)dv (2.11)

For the LTspice simulation shown in Fig. 2.6, VGS(OFF), and VGS(ON) are -3 V
and 6 V respectively. From the CISS measurement from impedance analyzer, the total
gate charge (QG) is calculated at 5 nC. Thus the equivalent gate input capacitance
CISS(eq) is 556 pF. Using this value to calculate the gate loop RC time constant (�)
is 8.4 ns and thus 4� will be 33.5 ns. Thus it validates, why the gate was unable to
reach the nominal voltage of 6 V at 13.56 MHz in Fig. 2.6(b). Semiconductor device
with higher current rating will have higher capacitance values. Therefore to increase
the output power rating of solid-state RF generator, increasing the current rating of
the semiconductor devices will penalize with higher gate input capacitance signi�cantly
limiting the maximum frequency capability of the RF generator. For example, apart
from the previously presented device 1 which is 650 V, 22 A rated (GS66506T), two more
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GaN devices of higher current rating have been analyzed through impedance analyzer
for their gate capacitance. Device 2 is 650 V, 30 A rated (GS66508T), and �nally device
3 is a 100 V, 90 A rated (GS61008T). All the devices chosen are from GaN Systems. Fig.
2.8 shows the gate capacitance for the three devices. Increasing the device current from
22 to 30 A increasing CISS by 100 pF in negative VGS region but increases by almost
300 pF for VGS 3 V and higher. Whereas for the higher current rating device 3 the gate
capacitance is signi�cantly higher for all VGS region. This observation thus supports the
methodology of multi-cell approach taken this thesis to achieve higher output voltage
from RF generator rather than using a step-up transformer approach, as it would have
required higher current rated semiconductor devices.

Fig. 2.8: Input capacitance measured in impedance analyzer Keysight E4990A for (a) device 1 (650
V 22 A), (B) device 2 (650 V 30 A), and (c) device 3 (100 V 90 A).

2.2.2 Output capacitance (COSS) loss

RF converters are normally based on soft-switching operation of semiconductor device.
The state-of-art converters presented in Chapter 1, Fig. 1.4 are all based on soft-
switched resonant converter topologies such as Class-E, Class-EF2, Class-�2 etc. Under
ideal conditions soft-switched semiconductor device generates zero switching loss which
is crucial when operating at multi-MHz frequency. This is achieved by resonant charging-
discharging of the output capacitance (COSS) of the semiconductor device by an external
reactive element in every cycle. Thus under ideal operation, increasing the current rating
of GaN devices will only increase the reactive power required to achieve soft-switching
operation. However, there are growing number of literature demonstrating that soft-
switching of GaN or SiC devices are not completely loss-less. A dissipation energy
(Ediss) is lost every time resonant charging-discharging of COSS is conducted which
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becomes a dominant loss factor when operating at multi-MHz [39]�[41]. In [39] it is
pointed out that the dissipation energy of COSS can be equal or higher than the device
conduction losses. However the paper presents only a quantitative analysis of the output
capacitance loss. The work in [40] further investigates this phenomenon and presents
that dissipated energy is the result of dielectric loss in the output capacitance. This
can be modeled as a frequency dependent resistance in series with the output capacitor
shown in Fig. 2.9(a).

Fig. 2.9: (a) Small-signal model for output capacitance [40] (b) output capacitance , (b) series resis-
tance measured in impedance analyzer Keysight E4990A.

The output capacitance in series shown in Fig. 2.9(a) is not the small-signal COSS

provided in datasheet but an e�ective capacitance (CeffOSS) which is a large-signal value.
The calculation for this e�ective capacitance is given as (2.12),

CeffOSS =

s
1
VDS

Z VDS

0
C2
OSS(v)dv (2.12)

The value for e�ective output capacitance in comparison with the datasheet small-
signal value is shown in Fig. 2.9(b). Finally in Fig. 2.9(c) is a small-signal measurement
of the series frequency dependent resistance (Rs(f)) responsible for dissipation energy
loss in soft-switching. The frequency dependent resistance is small-signal measurement
using the impedance analyzer while the frequency is swept from 100 kHz - 100 MHz.
According to the paper [40], the dissipation loss in the output capacitance due to this
series resistance is calculated as (2.13).

Pdiss = k � f2 � V 2
DS � C

eff �2
OSS �Rs (2.13)

Here k is waveform factor which is given as 4 for triangular waveform [42]. For
the given device 1 (650 V 22 A), using (2.13) to calculate the dissipation loss at 13.56
MHz gives 1 W. The low value is due to the smaller chip size of the GaN device. Thus
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employing high current rated GaN device to increase RF generator output power will
have high COSS which in turn will lead to high value of CeffOSS and thus high Pdiss resulting
in larger switch dissipation losses.

2.3 Layout consideration

2.3.1 Development of high frequency power loop

When designing the electrical layout of a converter, parasitic components are a major
consideration. Both trace partial inductance and parasitic capacitance between high
frequency switching node and quiet plane have to be optimized. These parasitic compo-
nents if unchecked or unaccounted, can lead to noise due to conductive coupling and or
additional losses in the devices [43], [44]. To design the electrical layout, it is important
to understand the critical nodes and high frequency commutation loops in the topology.
Since the RF generator in this thesis is based on Class-PN which is a novel contribu-
tion, thus no existing literature was available for guidance. Therefore the development
of electrical layout has gone through several iterations. Fig. 2.10(a) shows the Class-PN
schematic. Highlighted nodes show the portion of circuit for which PCB layout needs
to be developed. Class-PN consists of two high frequency commutation loop on either
side as shown. The commutation loops are similar to a standard half-bridge structure
witch a decoupling capacitor. There have been many works on PCB layout guidelines to
reduce the parasitic inductance (LPAR) of a half-bridge layout such as lateral, vertical
or hybrid layout [45]. GaN devices are available in small package, usually smaller than
high voltage ceramic type decoupling capacitors. Thus it was decided to use the vertical
layout where the GaN devices are kept on bottom layer and decoupling capacitors on
top layer of the PCB. In this methodology a standard heatsink can be attached to GaN
and avoid height mismatch issues between di�erent components.

Fig. 2.10(b) shows di�erent iterations of the layout. Based on standard guidelines,
the �rst version (I) is designed to minimize the parasitic inductance of high frequency
commutation loop. To achieve this, the switching node which is kept at the bottom
layer (shown in green) is designed to overlap with top layer trace that connects to
the decoupling capacitors. However, overlapping PCB layout to decrease the parasitic
inductance is suited towards hard-switching devices. Because under hard-switching, the
device output capacitance retrieves energy from the decoupling capacitor at a high di=dt.
In Class-PN, soft-switching is achieved via zero voltage switching (ZVS) by charging
and discharging the device output capacitance (COSS) during the deadtime (Td) by the
reactive energy in load current [41]. And therefore the high parasitic capacitance CPAR
between the switching node and quiet nodes on top layer (shown in yellow) in layout
I will be a bigger problem. The values for LPAR and CPAR for all the iterations are
summarized in Table 2.2. The values parasitic components is extracted using ANSYS
Q3D.

Based on the observation in layout I, it was realized that overlapping layout has to
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Fig. 2.10: (a) High frequency commutation loop and parasitic capacitance between switching and
quiet node identi�ed in Class-PN, and (b) layout evolution.

be avoided. This led to layout iteration second version (II), where the bottom layer
switching is kept non-overlapping to top layer quiet nodes as much as possible. This
approach shows signi�cant improvement of CPAR from 8 to 1.2 pF while increasing
LPAR. Layout III was another attempt to further reduce the CPAR, which also helped
in reducing LPAR. At this instance it was realized that keeping the decoupling capacitor
far away from the switching node will be most bene�cial. This way, the most optimized
design was achieved in fourth version (IV) where the CPAR was reduced to its lowest
value of only 0.3 pF which is an improvement of 96% while sacri�cing LPAR by 50%
compared to layout version I. This digital design framework was adopted based on the
work in [46].

Shown in Fig. 2.11 is the �nal PCB layout of the high frequency power trace and
placement of the four GaN devices in a single Class-PN cell. Two ceramic type 650
V, 22 nF capacitors are used for decoupling under partial hard-switching conditions.
The switching node is kept completely non-overlapping to the drain terminal of Q1, Q3
and source terminal of Q2, Q4. CPAR is shown only between switching node and drain
of Q1, but the same parasitic capacitance exists with other nodes due to symmetric
PCB layout design. The value of CPAR for the �nal layout is calculated to be 0.29 pF.
Capacitor (C) as shown in Fig. 2.11 also provides the high frequency switching current
to the semiconductor devices during partial hard-switching. LPAR is calculated to be
2.84 nH in the �nal layout.



26 Chapter 2. High voltage RF generator

Table 2.2: Summary of LPAR and CPAR for the four layout iterations.

.

Layout iteration LPAR (nH) CPAR (pF) Remarks

I 2 nH 8 pF Very high CPAR

II 2.7 nH 1.2 pF Improvement in CPAR

III 2 nH 1.1 pF Both CPAR and LPAR improved

IV 3 nH 0.3 pF Best CPAR while sacri�cing LPAR

Fig. 2.11: PCB layout for the four GaN devices in Class-PN topology.

2.3.2 Challenges with gate circuit layout for GaN devices

So far it is argued that GaN devices are theoretically better candidate when operating
at multi-MHz due to their smaller gate voltage requirement. Unlike silicon carbide (SiC)
or silicon (Si) devices, GaN devices operate at low range of gate voltage with -3/0 V to
5/6 V for turn-o� and turn-on state respectively. However the small voltage range also
becomes a practical challenge in safe operation of GaN devices. A small margin of 1-2
V from VGS(on) to VGS(max), requires knowledge of exact gate loop inductance to drive
gate circuit at critical damping during on-stage. Apart from cascode type structure,
GaN devices manufactured using insulated and non-insulated type gate design have
a very low gate threshold voltage (VGS(th)) of 1.2-1.7 V. Low VGS(th) further exacer-
bates gate sensitivity to noise during o�-state. Low threshold voltage coupled with fast
switching speed makes these devices extremely sensitive to noise, originating from PCB
layout parasitic.There are two major conditions that need to be met during gate voltage
transitions in order to operate safely.

� Vgs shall not surpass maximum allowable gate voltage (VGS(max)) during turn-on
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process.

� Another known major challenge for GaN devices originates from common source
inductance (LCSI). LCSI is the trace that is shared between the gate driver loop
and power loop shown in Fig. 2.12. During device o�-state when load current
is commutating to the complementary device, voltage induced on the LCSI can
induce voltage spike across gate - source. If the value of LCSI is large enough, it
can hamper gate operation and can lead to device failure.

Fig. 2.12: Schematic showing common source inductance (LCSI) with respect to gate and power loop.

Importance of minimizing LCSI have been understood since Si devices. The require-
ment to reduce this parasitic component has lead to the development of kelvin source
in packages [47]. Many new generation of GaN devices thus include kelvin source ter-
minals. But some of the packages available in market does not include kelvin source
terminals. Especially in low current rated devices. Thus it is up to the designers to put
a suitable layout that decreases LCSI.

To demonstrate gate sensitivity to LCSI, SPICE simulation while sweeping LCSI
in a half-bridge circuit is conducted. GaN device LTspice model containing thermal
parameters as well as package parasitic is utilized for highest accuracy. Gate turn-
on voltage is 6 V whereas -3 V turn-o� voltage is used to provide additional bu�er.
Switching waveform for DC link voltage of 450 V and 15 A load current is shown in Fig.
2.13. At 0.3 nH LCSI leads to marginally stable operation and the oscillations induced
is more than 2 V in peak amplitude in Fig. 2.13(a). If Vgs(OFF) had been kept at 0 V
this would lead to false turn-on of the device and short-circuit. High LCSI is not only
detrimental for OFF device but it also impacts turning-on gate voltage as well. Fig.
2.13(b) shows that during gate turn-on transition LCSI of 0.3 nH can lead to oscillations
on VGS far exceeding 6 V.

As shown, higher LCSI can lead to false switching. For devices without kelvin source
in the package, a standard guideline presented by manufacturers is to route gate return
path orthogonal to the power loop as shown in Fig. 2.14 [48]. The guideline does not
clarify whether this orientation is suitable for all type of power loop layout. Although
e�ective, the guideline is not exhaustive and other designs can be utilized.
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Fig. 2.13: Impact of LCSI on gate voltage during switching transition (a) high side gate voltage, (b)
low side gate voltage.

Fig. 2.14: Standard guidelines for creating kelvin source to minimize LCSI, gate driver kept orthogonal
to the power loop [48].
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For example the layout shown in Fig. 2.15(a) is actually one-half of the �nal layout
IV developed for Class-PN in previous subsection. It will be used to discuss the gate
layout. Both high side and low side devices are shown along with the DC link capacitor.
Highlighted in Fig. 2.15(a) are kelvin source which will lead to the gate driver and GaN
device source pad for low side device. In Fig. 2.15(b) AC current density is shown on the
power loop. The simulation is done in ANSYS Q3D. Solution frequency for simulation
is 240 MHz. As visible, due to non-overlapping design of layout IV, high AC current
density is formed along the inner edges of power loop. Based on this, a wider region can
be used around the GaN device for placement of driver. In this layout, kelvin source is
extended directly in-line with the source pad unlike the standard guideline presented in
Fig. 2.14. The decision was based on the deeper understanding of AC current density
distribution facilitated by �nite element analysis (FEA) in ANSYS Q3D. This also
lets gate driver to be placed further away from GaN device as long as gate loop trace
inductance is known using the FEA and compensated for with proper gate resistance
value. In multi-layer design, the drivers can be placed on opposite layer to the GaN
device. It keeps gate circuit away from noisy environment, and also provide room around
the GaN device to mount heatsink and design for better thermal performance.

Fig. 2.15: DC commutation loop and AC current density suggest new position for Kelvin source

Class-PN PCB is developed as shown in 2.11, and only one-half as shown in Fig. 2.15
is used for conducting double-pulse test and validate switching waveforms. GaN device
used is 650 V 22 A GS66506T. Gate driver used is Silicon Labs Si8271 Single Driver .
Turn-on gate resistance (RG(on)) is 15 
, where as 1 
 is used for turn-o� (RG(o�)). The
inductive load is connected across high side device. Fig. 2.16(a) shows gate voltage of
low side during turn-on transition and Fig. 2.16(b) shows low side drain - source voltage
at 450 V of DC link voltage and 3 A of load current. In the �gure, simulation result
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using digital-twin model are also overlaid with experimental results. In the experimental
waveform it is seen that the gate voltage has a dip in the miller region when the voltage
across drain-source starts to change. This phenomenon is also clearly captured by the
digital-twin model simulation. Thus the proposed gate layout performs as expected in
the hard-switch double pulse test. Therefore it can be extrapolated that the complete
Class-PN layout IV will also perform as expected in soft-switching condition as well.

Fig. 2.16: Experimental and simulation waveform in a double pulse test during low side turn-on (a)
gate - source voltage, (b) drain - source voltage

.

2.4 Thermal solution consideration
Previous section presented the layout development with focus on achieving desired elec-
trical performance, and therefore PCB was selected which allows for multi-layer elec-
trical layout. However in terms of thermal performance, PCBs are signi�cantly poor
when compared to insulated metal substrate (IMS) and direct bonded copper (DBC)
[49]. But the improved thermal dissipation capability of IMS and DBC comes at the
cost of restricted single layer electrical layout. Although the electrical layout in this
thesis is designed to keep only GaN devices on bottom layer and thus can be cooled by
a standard heatsink. To reduce the layout parasitic inductance, often it is required for
the auxiliary components like DC link capacitor and gate driver to be designed closed
to the semiconductor device. However due to small package of GaN devices, the auxil-
iary components create an uneven surface which makes it di�cult to attach heatsink as
shown in Fig. 2.17(a).

Therefore during this thesis another cooling methodology of integrated heat spreader
was also investigated as a possible thermal solution. Here, instead of utilizing a �at sur-
faced heatsink, a cavity is machined into it. The cavity is designed to contain not
only the semiconductor device but other auxiliary components as well, and thermal
compound is �lled in the cavity. The concept is shown in Figure 2.17(b). Therefore
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Fig. 2.17: Cooling of GaN components by (a) conventional �at heatsink limiting height of neighbour
components and (b) an integrated heat spreader with more �exibility of layout [Paper A].

the integrated heat spreader can help in heat dissipation for not only the semiconduc-
tor device but the auxiliary components as well such as gate drivers, linear voltage
regulators etc. The performance of integrated heat spreader is compared to a stan-
dard cooling solution of �at heatsink and Gap-pad as thermal interface material. Fig.
2.18(a) shows the �at heatsink with Gap-pad. A top-side cooled GaN device is used
for both methodologies. Both commercial thermal compounds and in-house mixtures
are tested for integrated heat spreader methodology. For testing the integrated heat
spreader methodology a cavity is machined in the same heatsink such that the heatsink
to ambient thermal resistance is kept same, shown in Fig. 2.18(b). To understand the
impact of thermal compound thickness, three di�erent cavity depth are machined at 1.7,
1.3, and 1.0 mm. For the best thermal performance it is obvious to go with the smallest
cavity depth. However, larger depth might be required based on operating voltage of the
semiconductor devices and thus the electrical insulation required. Furthermore, going
with the smallest clearance between device and cavity surface might lead to unwanted
contact due to the tolerance of CNC machine. Fig. 2.18(c) shows the machined cavity
of integrated heat spreader �lled with thermal compound.

Fig. 2.18: (a) Flat heatsink with Gap-pad, (b) integrated heat spreader with cavity machined, and
(c) �lled with Filler A.
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For the standard cooling solution of �at heatsink, a Gap-pad of 0.5 mm thickness
is used as thermal interface. Thermal conductivity of Gap-pad is 5 W/m�K [50]. Two
di�erent thermal compound as cavity �ller are tested for the integrated heat spreader.
Filler A is a commercial o�-the-shelf two-component liquid gap �ller of conductivity
3.6 W/m�K [51]. Apart from the commercial thermal compound there was an attempt
at developing an in-house mixture. Filler B is a low thermal conductivity hardening
resin (1.5 W/m�K) [52] and therefore to improve the thermal conductivity of Filler B,
10% by volume Aluminium Nitride (AlN) powder (particle size distribution D50 of 7-11
�m) is added [53]. The in-house mixture was developed and tested to see if by adding
AlN powder in a relatively inexpensive matrix material like Filler B can lead to better
performance compared to commercial thermal compounds. The in-house mixture is
termed as Filler C (B + 10% AlN) from now on. Concentration of >10% of AlN was
attempted, however the mixture was non-workable due to high viscosity. Table 2.3
summarizes the thermal conductivity and dielectric strength of the thermal interface
materials discussed so far. Thermal conductivity of Filler C (B + 10% AlN) is not
known and thus will be ascertained by experimental results, while its dielectric strength
is out of scope for this thesis.

Table 2.3: Properties of TIM [Paper A]

TIM Thermal Cond. Diele. Strength
(W/m�K) (V/mil)

Gap-pad [50] 5 254
Filler A [51] 3.6 275
Filler B [52] 1.5 388
Filler C To be meas. �

To test the thermal performance of di�erent cooling solution, the GaN device is
subjected to constant dissipation loss. The device gate is turned-on and a constant
drain current of 8 A is sourced through. GaN device is the same 650 V 22 A (device 1)
as discussed in section 2.2. The RDS(on) for device 1 is 67 m
 which gives a conduction
loss of 4.3 W dissipated in the device. For both methodologies, a 24 V/3.6 W fan is kept
at a distance of 6 cm from heatsink. The conduction loss is continuously dissipated in
the device for 100 s as the device temperature reaches steady-state. The measurement
setup is shown in Fig. 2.19(b). Temperature measurement is done via Opsens �bre
optic temperature sensor inserted through a pinhole in the PCB. Fig. 2.19(a) shows the
concept where Opsens �bre optic sensor is inserted through a pinhole in PCB. According
to the device manufacturer GaN Systems, under normal device temperature range the
di�erence between junction and package temperature shall be close to 1�C [54].

Fig. 2.20(a) shows temperature measurement for di�erent solutions. Gap-pad per-
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Fig. 2.19: (a) Structure of GaNPX package for GaN Systems top side cooled devices[54], (b) experi-
ment setup with integrated heat spreader [Paper A].

forms best with lowest device temperature. Filler A is tested at all three cavity depth,
and unsurprisingly the best performance is obtained at the lowest cavity depth of 1.0
mm. However it needs to be pointed out that Filler A (at 1.0 mm cavity depth) which
has a thermal conductivity of 3.6 W/m�K performs slightly worse than 0.5 mm thick
Gap-pad with thermal conductivity of 5 W/m�K. Filler B’s thermal conductivity is
known to be lower than Filler A, therefore it is not tested. Filler C is tested at only 1.0
mm cavity depth. Filler C due to the low thermal conductivity matrix component Filler
B, registered the highest device temperature. Integrated heat spreader methodology was
anticipated to perform better than �at heatsink thermal solution as the device is com-
pletely embedded in the thermal compound and thus the entire surface of GaN device
can dissipate heat. However, the results do not completely agree with this hypothesis.

Fig. 2.20: (a) DUT temperature in di�erent solution at 4.3 W loss, (b) calculated thermal resistance
(Rth(JA)) for experimental and FEA simulation results [Paper A].
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To understand the observed results, 3D geometry of the experimental setup is ex-
ported to COMSOL Multiphysics 5.6 to conduct FEA. Fig 2.21(a) shows the mesh
elements de�ned for the geometry. Extremely �ne mesh elements are set to capture
the e�ect of vias and copper traces on thermal performance. Fig. 2.21(b) shows the
temperature distribution on the GaN device when simulated in �at heatsink solution.
The temperature color legend is restricted from 47�C to 49.5�C. This shows that the top
pad has a temperature gradient, therefore a volumetric average of the temperature is
taken. Table 2.4 shows the volumetric average temperature of the top pad in COMSOL
for di�erent cooling methodologies.

Fig. 2.21: (a) High density of mesh elements de�ned around thin features like edges and vias, (b) GaN
HEMT temperature distribution at P = 4.3W on heat source, h = 1500W/m2�K on heatsink surface,
and TA = 25� C in �at heatsink methodology [Paper A].

Table 2.4: Volumetric average temperature of top pad in COMSOL [Paper A]

Gap-pad Filler A Filler B
1.0mm 1.3mm 1.7mm 1.0mm

�C 48.9 51.0 59.8 68.1 73.7

Based on the experimental and COMSOL simulations, junction to ambient thermal
resistance (Rth(JA)) is shown in Fig. 2.20(b). As discussed earlier Filler B will not be
tested experimentally as its thermal conductivity (1.5 W/m�K) is known and the lowest
amongst all considered thermal compounds. Finally, Filler C’s experimentally measured
thermal resistance is presented. It is seen that it is slightly lower than Filler B simulated
results which makes sense, because Filler C is mostly composed of Filler B and a small
percentage of AlN that helps to slightly improve its performance. One of the biggest
challenge for FEA simulations is to be sure whether the boundary conditions have been
set correctly. As seen in Fig. 2.20(b) the simulation results for Gap-pad and Filler A
have a small error of 5-15% compared to experimental results. Thus it validates that
the boundary conditions set in COMSOL Multiphysics are correct. Therefore following
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conclusion can be deduced about the results. From FEA it is understood that embedding
the pre-packaged GaN chip in thermal conductive material in integrated heat spreader
methodology will not increase the thermal dissipation capability because apart from the
top thermal pad, the rest of boundary surfaces of pre-packaged GaN chip is essentially
a poor thermally conductive silica material. Therefore embedding does not provide any
signi�cant additional thermal dissipation boundary in the pre-packaged devices. Thus
for the hardware development of Class-PN RF generator, Gap-pad thermal interface is
used.

2.5 Conclusion
In this chapter the focus was on identifying a resonant converter topology that can
achieve high frequency operation at high output voltage for industrial dielectric heating
application. Class-PN, a novel four-switch resonant topology is presented. The topol-
ogy achieves high power handling capability compared to other single switch topology
and has the potential to operate in multi-cell con�guration to achieve the high output
voltage. The chapter further investigates challenges associated with high current rating
GaN devices. It shows that the high gate capacitance of high current rating rating
GaN devices will be di�cult to switch at multi-MHz frequencies due to the high gate-
loop time-constant. Thus the discussions supports the multi-cell methodology proposed
in this thesis to achieve the high output voltage as required by industrial dielectric
heating application. The chapter further presents discussion of layout of gate as well
as the the evolution of high frequency commutation loop in order to achieve the op-
timum performance at multi-MHz soft-switching operation. Finally the chapter ends
with considerations of thermal solution to cool the GaN devices based on integrated
heat spreader method. However the performance of integrated heat spreader was found
to be inferior than the commercial Gap-pad.
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Chapter 3

Compensating load network

Previous chapter focused on RF generator, based on Class-PN topology and electrical
layout for GaN devices as well as the devices themselves. However it is equally important
to understand the load that this RF generator will feed into, to ensure safe operation.
This chapter focuses on understanding the load structure. In section 1.1 a push-pull type
RF generator that was directly coupled with the dielectric load was shown. However
majority of industrial RF dielectric heating plants over the decades have developed with
an indirectly coupled load utilizing a high frequency (HF) transformer as shown in Fig.
3.1 [24]. The transformer allows for greater physical distance between the RF generator
and the work material by maintaining match between generator side and load side tank
circuit. The transformer can also be used for power control to the work material by
varying its coupling [12].

Fig. 3.1: High frequency (HF) transformer based indirectly coupled load from RF generator. The
overall system is comprised of these two components- RF Gen, and Load.

37
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Chapter 2 delved into RF generator however the overall system of industrial RF
heating can be considered of consisting of two components, the RF generator that
converts DC to AC and the rest of network that forms the compensated load as shown
in Fig. 3.1. The e�ciency of the system therefore can be shown as factor of two
components as (3.1)

�system = �RFGen � �Load (3.1)

Solid-state RF generators will be based on resonant converter topologies. Therefore
semiconductor devices in high switching frequency RF generators will require reactive
energy for soft-switching operation and maintain safe operation area (SOA) [55]. If
the semiconductor devices enter in partial or complete hard-switching conditions due
to insu�cient reactive energy, the RF generator e�ciency drops which in turn will lead
to overall system e�ciency drop as governed by (3.1). Therefore changing dynamics of
work material while heating up needs to be compensated. As stated in section 1.2, a
research gap exists for a comprehensive study of industrial RF dielectric heating plant
load structure. This is important to ensure the safe operation area of the semiconductor
devices as well as provide an opportunity to integrate solid-state RF generator in exist-
ing plants as a turn-key solution for economical reasons. However literature available
on industrial RF dielectric heating is limited and seldom from the perspective of tran-
sistorization of vacuum tube based systems. This chapter develops a series of design
equation that can be used to de�ne ratings of semiconductor devices in the solid-state
RF generator such as current and power. In this regard, an indirectly coupled load
structure is �rst selected and simpli�ed to an equivalent circuit. This is used to develop
an e�ciency expression for the overall compensated load structure (�Load) forming the
second component in (3.1).

The RF energy induces heat in the dielectric work material and dries the water
based glue between wood planks in a short span. This leads to variation in parallel
capacitance and resistance values in equivalent dielectric load model presented in Chap-
ter 1, and 2 [24], [56]. Therefore, the varying load characteristics presents a challenge
for the semiconductor based RF generator. To understand this phenomena and design
an appropriate coupling between the semiconductor based RF generation and dielectric
work material, the following section �rst covers di�erent compensation topologies.

3.1 Compensation topologies for indirect coupling
As derived in (2.4) to deliver high power to industrial RF dielectric heating load, high
voltage and high frequency output is required from the RF generator. Therefore air-core
transformer are usually incorporated as HF transformer for indirectly coupled industrial
RF dielectric heating plants shown in Fig. 3.1. This removes the challenges with core
material at high frequency as well as the larger air-gap avoids arcing issues. However due
to the air-core, low magnetic coupling is achieved between the primary and secondary



39

winding of the transformer. And thus it requires compensating capacitors either in series
or parallel connection. Interestingly this issue is also encountered in wireless power
transfer (WPT) applications as the two coils (transmission and receiving) in WPT also
have low magnetic coupling due to large distances between them. The four compensating
topologies in WPT �eld are Series-Series (SS), Series-Parallel (SP), Parallel-Series (PS),
and Parallel-Parallel (PP) as shown in Fig. 3.2 [57]. If the capacitor on the primary side
is connected in series with the primary winding (LP) a voltage source converter (VSC)
is used (Fig. 3.2(a), (b)) and current source converter (CSC) is shown if the primary
compensating capacitor is connected in parallel to LP (Fig. 3.2(c), (d)) [58]. On the
secondary side, the compensating capacitor (CS) can be connected either in series or
parallel to the secondary winding (LS). RP, and RS represents the equivalent series
resistance in the windings. It is to be pointed out that the compensated load structures
in Fig. 3.2 looks similar to the indirectly coupled load structure with vacuum tube RF
generator shown in Fig. 3.1.

Fig. 3.2: Four basic compensation topologies, (a) Series-Series, (b) Series-Parallel, (c) Parallel-Series,
and (d) Parallel-Parallel [Paper C].

To identify the right compensation topology among the four presented in Fig. 3.2,
a few questions can be posed that can assist in deciding compensation selection. These
questions were �rst postulated in [Paper C] and are presented as follows,

1) "Load dynamics has to be taken in account to maximize semiconductor device uti-
lization in RF generator and minimize losses.

2) The RF generator is operating at several MHz (ISM band). Soft-switching for semi-
conductor devices shall be ensured at all load operating points.

3) The peak current in semiconductor device of RF generator shall not exceed device
continuous rating under any operation point."
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There are two ways to select the compensating capacitor values. They can be selected
to resonate either with the leakage inductance or the self-inductance of the windings [59],
[60]. Table 3.1 shows the expression for the primary side compensating capacitor (CP)
for the four di�erent topologies. Based on the expression for CP given in Table 3.1, for
all the four topplogies it is dependent on self-inductance of primary (LP) and secondary
(LS) winding as well as secondary side compensating capacitance (CS). However for PS
and PP topology, additional dependence on mutulal inductance (M) and load resistance
(RL) is present. It has been discussed multiple times so far that as the dielectric work
material heats up, its characteristics changes. Therefore in PS and PP topology, the
expression for primary side compensating capacitor have to continuously update as the
work material heats up and its RL changes. This can lead to a signi�cant challenge for
the semiconductor devices in RF generator. If CP is not updated continuously along
with changing RL, the desired operating point of the load structure will be lost and the
semiconductor devices will lose soft-switching behavior leading to signi�cant losses or
even possible failure. Therefore PS and PP topology is eliminated from consideration.

Table 3.1: Primary compensation capacitor under di�erent compensation topology [60] [Paper C].

Topology Primary capacitance (CP)

Series-Series (SS)
CSLS

LP

Series-Parallel (SP)
CSL2

S
LPLS �M2

Parallel-Series (PS)
CSLS

M4

LPCSLSRL
+ LP

Parallel-Parallel (PP)
(LPLS �M2)CSL2

S
M4CSRL

LS
+ (LPLS �M2)2

After eliminating PS and PP, a decision has to be made between SS and SP. This is
achieved by analyzing the load impedance seen by the RF generator for SS and SP. For
a series compensated primary, the load impedance seen by the RF generator is (3.2),

ZP =
1

j!CP
+ j!LP + Zr (3.2)

In (3.2), Zr represents the secondary side impedance re�ected to primary. If the
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secondary side series resonant tank (in SS topology) is operated at its resonant frequency,
Zr will consist of only real component as shown as (3.3),

Zr = Rr(SS) =
!2

0M2

RL
(3.3)

and for parallel compensated secondary (in SP topology) the re�ected resistance is
calculated as (3.4) [60],

Rr(SP) =
M2RL

L2
S

(3.4)

Industrial dielectric loads have high resistance (RL) value in the order of 100 

or higher. Based on series compensated secondary re�ected resistance given in (3.3),
the value of Zr will decrease. Therefore the overall load seen by the RF generator as
per (3.2) will also decrease. This will result in higher RF generator current. In other
words the semiconductor device in RF generator will have a high current stress and
thus leading to under utilization. Furthermore, the equivalent dielectric load model
shown in Fig. 2.1 consists of a parallel capacitor and resistor network, identical to
parallel compensated secondary topology. Based on these two observations, low current
stress on semiconductor device and similarity with equivalent dielectric load model a
series-parallel (SP) compensation topology is selected for the solid-state RF generator.
And the rest of chapter will solely focus on SP topology supplied by a VSC type RF
generator. Fig. 3.3 shows the schematic of proposed load topology. Here, the secondary
side compensating capacitor is indicated as the equivalent dielectric load capacitance
(CL). Additionally, a variable tuning inductor (LT) is added on the secondary side.
The tuning inductor can be varied to match the varying dielectric load capacitance CL
as the work material heats up. This mechanism of using tuning inductor to match the
varying CL is also used by current industrial RF dielectric heating plants. For example
in machines used for glued wood curing by controlling the impedance match between
LT and CL, power delivered to the load can be controlled. In Fig. 3.3, the coupling
between the primary and secondary winding is shown by the coupling coe�cient (k) as
it will be used moving ahead for developing e�ciency expression of the load structure.

Fig. 3.3: Proposed dielectric heating load schematic using semiconductor based VSC as RF generator
[Paper C].
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3.2 Analysis of proposed load structure
Fig. 3.3 shows the proposed load schematic with additional tuning inductor arm (LT).
To further analyze the load structure, Fig. 3.4 shows two simpli�cation. Firstly, the
transformer winding is replaced with equivalent transformer model, shown as highlighted
section in Fig. 3.4 [61]. Secondly, the secondary side resonant tank equivalent series
resistance (RS) is replaced with its parallel equivalent resistance Q2

SRS [62]. QS is
unloaded quality factor of secondary side resonant tank and de�ned as (3.5),

QS =
!0(LS==LT)

RS
and; QS >> 1 (3.5)

Fig. 3.4: Simpli�ed load structure with equivalent transformer model [Paper C].

Fig. 3.5 shows further simpli�cation of the proposed load structure. In Fig. 3.5(a)
LS and LT are combined into a parallel equivalent variable inductor L0S resonated with
CL at the RF generator operating frequency (fRF = 1=2�

p
L0SCL). Similarly R0L is a

parallel equivalent combination of RL and Q2
SRS. The two components are de�ned in

(3.6). Fig. 3.5(b) shows �nal simpli�ed schematic of the series resonant equivalent load.
Here R0L is transferred to the primary side with turns ratio transformation.

L0S =
LS � LT

LS + LT
and; R0L =

Q2
SRS �RL

Q2
SRS +RL

(3.6)

The series resonant equivalent load in Fig. 3.5(b) has multiple resistive components.
Therefore e�ciency of the load is de�ned as the ratio of power dissipated in load re-
sistance RL (POUT) compared to total power dissipated in all the resistive components
(PIN). Furthermore, according to (3.6) R0L is a parallel combination of Q2

SRS and the
actual load resistance RL. In the load e�ciency expression (3.7), the two factors are
considered. Here, vRL is taken as the voltage across the secondary.
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Fig. 3.5: (a) Load structure with combined parallel components on secondary side, and (b) simpli�ed
series resonant equivalent load seen by RF generator [Paper C].

� =
POUT

PIN
=

i2RF
k2

n2R
0
L

i2RF(
k2

n2R
0
L +RP)

�

v2
RL
RL
v2
RL

RLQ2
SRS

RL +Q2
SRS

(3.7)

Eq. (3.8) is a continuation of (3.7) and presents further simpli�cation. The resistive
components in (3.8) are replaced with various quality factors. These quality factors are
de�ned underneath (3.8). As seen, the e�ciency of proposed load depends on multitude
of factors such as winding ESR, inductance and coupling coe�cient etc. Instead of ana-
lyzing the impact of each of these terms separately on the e�ciency, a common practice
in high frequency converter community is to use the load quality factor. However as
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shown in (3.8) both loaded and unloaded quality factors are present. Thus they are all
clubbed together and two new parameters are de�ned as shown in (3.9),

FOM = k
p
QSLQP and; � =

LS

LT
(3.9)

The �gure of merit (FOM) is de�ned as k
p
QSLQP. The FOM ties both loaded and

unloaded quality factor of both primary and secondary side as well as their coupling
coe�cient factor k. Similar FOM have also been de�ned for WPT load structure [63].
The FOM presents a quantitative analytical value to asses the indirectly coupled dielec-
tric load. Another new term de�ned in (3.8) is tuning ratio (�). As LT varies to match
the changing load capacitance CL, it leads to variation in � value and thus impacting
the load structure e�ciency.

Using the proposed dielectric heating load schematic shown in Fig. 3.3, it will be
di�cult task for the power electronics engineer designing the solid-state RF generator to
estimate the ratings of semiconductor devices for a given output power load. However
when it is simpli�ed to the series resonant equivalent load schematic as shown in Fig.
3.5(b), the peak current output from the RF generator can be easily expressed as (3.10)
[64]. Here, VDC is DC link voltage to the RF generator, which has an output voltage
oscillating between �VDC. R in (3.10) is also de�ned in (3.8) along with quality factors
de�nition. And using (3.8), and (3.10) the output power dissipated in RL is de�ned as
(3.11).

iRF(p) =
4VDC

�R
q

1 + (QL2( !!0
� !0

! ))2
(3.10)

POUT = � �
i2RF(p)

2
R = � �

8V 2
DC

�2R(1 + (QL2( !!0
� !0

! ))2)
(3.11)

This section has provided three key takeaway expressions. The expression of load
structure e�ciency (3.8), the peak current output from RF generator (3.10), and �nally
the power dissipated in dielectric load resistance RL based on the previous two expres-
sions (3.11). Using these three values, it will be rather straight forward for the power
electronics engineer to identify the semiconductor device ratings based on the topol-
ogy that is being considered for the RF generator and the output power rating required.
Next section will focus on the design of high frequency transformer and important points
of concern when operating at multi-MHz switching frequency.

3.3 Development of high frequency air-core transformer
Magnetics design is one of the complex aspect of power electronics because of the high
degree of freedom in coil and core design. For ultra-high frequency, high power appli-
cations in industrial RF dielectric heating plants air-core type transformer is utilized as
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shown in Fig. 3.1. Even without the core there is still a large number of parameters
to be chosen like the values of the winding inductances, their ESR values, and coupling
coe�cient. These parameters are important as they form the constituents of FOM as
presented in Section 3.2. And the FOM is an integral part of overall series-parallel load
network e�ciency as derived in (3.8). Furthermore, various architecture of transformer
design are feasible such as �at spiral, concentric spiral, or solenoid [65]. Fig. 3.6 shows
2D axio-symmetric structure of solenoid and concentric spiral type transformer.

Fig. 3.6: 2D axio-symmetric model of the transformer coil for (a) solenoid design, and (b) concentric
spiral design.

Previous works have calculated coil parameters like ESR values using analytical
method dependent upon skin e�ect at speci�c frequencies [66]. But it does not consider
extremely large impedance near self resonant frequency when the inductive and capac-
itive e�ects cancel each other out [67]. Therefore in this thesis COMSOL Multiphysics
based FEA is conducted to estimate the self, and mutual inductance of the primary
and secondary coil as well as their ESR values. Nevertheless, as discussed that large
design space makes it a tedious task to create geometry, simulate and store data for
each of the coil structure in di�erent coil number, turn ratios and coil dimension. Thus
COMSOL Multiphysics coupled with main processing script implemented in MATLAB
helps in sweeping the myriad of parameters as well as coil structure and quantifying
design space. COMSOL has provided access to MATLAB via their product COMSOL
Multiphysics with MATLAB. Similar to the Model Builder in COMSOL graphical user
interface (GUI), where di�erent aspects of FEM simulation can be de�ned such as Pa-
rameters � Geometry � Materials � Physics � Mesh � Study. A similar model
de�nition could also be achieved via scripting inside MATLAB environment as shown
in Fig. 3.7. However, with MATLAB one is not constrained by the parameter sweep-
ing, data storage and plotting options as provided by the COMSOL GUI. Thus taking
advantage of advanced scripting capabilities of MATLAB, di�erent functions can be
called within the same program rede�ning the geometry without manual intervention
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thus accelerating the process.

Fig. 3.7: Scripting di�erent parts of COMSOL model tree in MATLAB.

In order to decide between the two winding structure shown in Fig. 3.6, separate
MATLAB function is written to develop the geometry of winding structures whereas
same materials, physics, mesh size, and study parameters are invoked. In both design
the secondary winding sits within the primary winding thus the average diameter of sec-
ondary winding is smaller than primary winding. The outer radius of secondary is kept
at 40 mm. The spacing between the primary and secondary is kept at 20 mm in both the
designs. The copper thickness in both scenario is kept at 1 mm. The secondary winding
number of turns are �xed at 5 turns while the primary winding is swept from 2!5
turns. The primary coil inductance is then calculated at di�erent frequency sweep from
1!100 MHz. This is achieved by implementing full-wave solvers of coupled magnetic
and electric �eld physics (mef) in COMSOL Multiphysics with MATLAB. The coupled
magnetic and electric �eld also calculates the electric �eld across the winding and how it
interacts with the magnetic �eld. This analysis provides the additional understanding of
self-resonant frequency of the windings. Fig. 3.8 plots the primary winding inductance
on y-axis and its self-resonant frequency on the x-axis for both solenoid design and
concentric spiral design as the number of turns increases. Apart from primary winding
turn sweep the rest of parameters are kept same as indicated in Fig. 3.6. As shown that
the solenoid design has a higher self-resonant frequency as compared to the concentric
spiral, because the large surface area of the copper foils in concentric spirals leads to
higher parasitic capacitance. The lower self-resonant frequency of concentric spiral de-
sign is therefore less favorable as it limits the operation range of the transformer. Thus
solenoid design is chosen for hardware development.

Liquid cooling is usually employed in industrial heating plants due to high power
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Fig. 3.8: Primary winding inductance as number of turns increases from 2! 5 against its self-resonant
frequency for (a) solenoid design, (b) concentric spiral design.

requirement. Therefore the hollow copper tubes in the solenoid design can also be used
to �ow cooling liquid. Furthermore, the skin e�ect at high frequency will restrict the
current distribution close to the outer surface of the tube. The designed transformer
has 11 turns on primary and 5 turns on the secondary. By keeping higher number of
turns on the primary, a high impedance will be seen by the RF generator thus limiting
its current (iRF). The designed transformer is shown in Fig. 3.9(b). Fig. 3.9(a) shows
the electric �eld distribution around the windings at 8 MHz of solution frequency.

To validate the characteristics of the designed air-core transformer shown in Fig.
3.9(b), its self and mutual inductance is measured with an impedance analyzer and
compared to simulation results from COMSOL Multiphysics. In Fig. 3.10(a) the mea-
sured primary coil self-inductance is 9 �H in the linear region while the secondary coil
self-inductance is 2.4 �H. From Fig. 3.10(b), the mutual inductance (M) of 2.46 �H
gives a coupling coe�cient (k = M=

p
LPLS) of 0.53 at 6.76 MHz. It can be seen

that the simulation results have been highly successful in predicting the behavior in
linear region. The divergence between measurement and simulation beyond 20 MHz is
addressed next. The secondary coil self inductance as well as mutual inductance exper-
iment and simulation shows strong correlation until 20 MHz. According to simulation,
the �rst self-resonance lies at about 20 MHz where the simulated values peak. Beyond
the �rst resonance of 20 MHz, the simulation and experimental waveforms have large
di�erences possibly due to additional parasitic of connecting terminals in experimental
setup. However for the purpose of this project, it was important to predict the �rst
resonance frequency as well as the inductance values below it which has been success-
fully achieved. The �rst resonant point occurs at approximately 20 MHz, therefore the
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Fig. 3.9: (a) Axio-symmetric view of electric �eld simulation using COMSOL at 8 MHz, (b) HF air-
core transformer developed.

transformer is operable until 13.56 MHz.

Fig. 3.10: (a) Self inductance of the primary and secondary side and, (b) Mutual inductance between
the winding of the inductive power link using FEA simulation (COMSOL) and measurement from RLC
meter [Paper C].
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3.4 Validation of load model
Fig. 3.11 shows the �nal series-parallel (SP) load developed and connected to a single
Class-PN RF generator. It does not contain a tuning inductor LT as a �xed capacitor
is used as dielectric load capacitance CL which does not vary during the operation. The
capacitors CL and CP are high frequency type vacuum capacitors designed speci�cally
for operation in MHz region with a very low parasitic inductance of 9 nH [68].

Fig. 3.11: Series-Parallel load con�guration with the designed transformer connected to Class-PN RF
generator [Paper F].

The operating frequency for Class-PN RF generator (fSW) is 6.76 MHz. According
to the discussion presented for Fig. 3.5(a), the load capacitance (CL) must resonate with
secondary side inductance (LS) at the RF generator operating frequency fSW. The CL is
set at 179 pF which gives approximately 6.76 MHz with LS at 3.1 �H. The value of LS in
Fig. 3.10(a) was measured to be 2.4 �H, the additional 0.7 �H is coming from connecting
foils. The primary side compensating capacitor (CP) on the other hand is set at 79 pF.
This gives the simpli�ed series equivalent load natural frequency (f0) of 6.5 MHz as
seen by the RF generator. The experiment is conducted by continuously increasing
the DC link voltage (VDC) to the Class-PN RF generator. Four di�erent quantities are
measured, the RF generator input current (iDC) and output current (iRF) using current
probe CP030 [69] as well as RF generator output voltage (vRF) and �nally the load
resistance voltage (vRL) using di�erential probe HVD3605A [70]. The load resistance
(RL) value is 33 
. Fig. 3.12(a) plots peak iRF and POUT at six di�erent operating
points of VDC from 100 to 300 V. This leads to increasing output power in RL (POUT)
from 56 to 750 W. The dashed lines in Fig. 3.12(a) shows the values predicted by the
model developed in (3.8) - (3.11). The coupling coe�cient in the model is set 0.5 instead
of 0.53 as measured in Fig. 3.10(b) due to the parasitic inductances of connecting foils
reducing the coupling between the two windings. It is seen for both iRF(p) and POUT,
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the model has been successful in predicting the experimental values to high degree of
accuracy at all operating points. The FOM for the designed load is calculated by the
model to be 7.7. Primary side quality factor QP predicted by the model is 950, whereas
QSL is 0.2506. The model predicts that the developed load e�ciency is 98.3%. Fig.
3.12(b), (c) are the experimental waveform of the four measured quantities at VDC 300
V. As seen, load resistance voltage (vRL) is a pure sinusoidal waveform with a peak
voltage of 223 V that leads to POUT of 750 W at 33 
 (RL). And based on the input
DC current iDC value of 2.8 A, the input DC power is 840 W. Therefore the overall
system e�ciency from DC input to RF load is 90%.

Fig. 3.12: (a) Comparison between experimental measurement and model prediction, (b), (c) experi-
mental waveforms for 300 V DC link voltage and fSW of 6.76 MHz [Paper C].

3.5 Conclusion
The chapter focused on identifying compensation topology for industrial dielectric heat-
ing plant when integrated with solid-state RF generator. Based on the discussion, it was
shown that series-parallel resonant con�guration is best suited. An air-core transformer
based on solenoid design is developed. The load is tested with a Class-PN RF generator
and it is seen that the model had been very accurate in predicting the RF generator
output current and the power dissipated in load. Furthermore, the overall system e�-
ciency of 90% from DC input to RF load. Thus this methodology can be scaled up and
used for designing solid-state RF generator for industrial dielectric heating plants.



Chapter 4

Multi-cell operation of
Class-PN

At the beginning of this thesis two research gaps had been shown, which are dealt
separately. In Chapter 2, the discussion was focused on understanding di�erent high
frequency resonant converter topologies and comparing with the Class-PN topology
proposed in this thesis. And in Chapter 3 a series-parallel compensated load is analyzed
and developed. Finally in this chapter we will bring together the two components of a
solid-state RF dielectric heating system and acquire experimental results.

As discussed thus far, to retro�t existing industrial RF dielectric heating plants with
solid-state solution requires high voltage output converter. Thus in section 2.1 Class-
PN was expanded from standalone operation to multi-cell approach in order to boost
the voltage of the RF generator. To achieve the multi-cell operation it is important to
ensure that the capacitor voltages are balanced. Thus the capacitor voltage balancing
mechanism in Class-PN will be presented in section 4.1. Section 4.2 presents the con-
troller design for Class-PN based on coupled indcutor current. The section also shows
the impact of the unbalanced operation on the semiconductor device in the absence of
controller. Finally in section 4.3 the results for three Class-PN multi-cell operation at
6.78MHz is presented.

4.1 Capacitor voltage balancing mechanism in Class-PN
Class-PN is a four-switch topology that consists of a capacitor (C) and two coupled
inductors (L1, L2) as shown in Fig. 4.1(a). It also highlights the current path for the
load during P -state and N -state. To achieve a stable multi-cell operation of Class-PN,
it is important to ensure that the voltage across capacitor C is balanced. Therefore
this section presents the necessary condition for achieving the stable operation and the
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voltage balancing mechanism for capacitor C. Fig. 4.1(b) replace the switches with
equivalent voltage vSW for P -state in black and N -state in grey. Also the voltage across
inductors L1, and L2 are presented as v1, and v2 respectively. Fig. 4.1(c) is the inductor
voltages v1, and v2 as the capacitor voltage (vC) is charging up from o�-state to the DC
link voltage (VDC).

Fig. 4.1: (a) Current paths during the P -state, and N -state highlighted, (b) equivalent voltage loops
of Class-PN, (c) average voltage across the inductor L1 and L2 during the transient stage at d = 0.5
[Paper D].

v1 =

(
vSW � vC 2 d = tP
VDC � vSW 2 d0 = tN

v2 =

(
vSW � VDC 2 d = tP
vC � vSW 2 d0 = tN

(4.1)

hv1i+ hv2i = (vSW� vC) � d+ (VDC� vSW) � d0+ (vSW�VDC) � d+ (vC� vSW) � d0 (4.2)

hv1i+ hv2i = (vC + VDC � 2 � vSW) � (d0 � d) (4.3)

The instantaneous inductor voltages v1, and v2 are de�ned as (4.1) based on Fig.
4.1(b). Eq. (4.2) then gives the total average inductors voltage hv1i+hv2i and simpli�ed
in (4.3). During the steady-state operation, the capacitor voltage vC is equal to VDC
leading to 0 on LHS in (4.3). Therefore maintaining a constant duty cycle, d = 0.5 at
steady-state ensures the equality of (4.3). However during transient, for example shown
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in Fig. 4.1(c) vC has not reached VDC and thus jhv1ij 6= jhv2ij. This requires variation in
the duty cycle (d) and maintain the validity of (4.3). To maintain the inductor voltage
magnitude to be equal to each other during the transient state, the necessary condition
of jiL1j = jiL2j is obtained. To achieve this necessary condition a current controller is
designed and explained in next section.

4.2 Controller design
The coupled inductors L1, and L2 for Class-PN are designed in several �H, thus at 6.78
MHz the RF current will have very insigni�cant value and thus iL1, and iL2 will be
almost equal to its DC components IL1, and IL2. In Fig. 4.1(b), the inductor currents
are shown in the same direction. Therefore the necessary condition for the controller to
maintain is (4.4),

IL1 + IL2 = 0 (4.4)

The coupled inductors core is a ultra-high frequency powder based toroid from Mi-
crometals with a nominal AL value of 12 nH=N2 and an initial permeability of 10 [71].
Fig. 4.2 shows the coupled inductors L1 and L2 and current sensor (LEM HASS 50-S).
The current sensor measures the total current as required by (4.4) and generates an
error signal if the condition is invalidated. A section on the PCB is marked showing
controller circuit.

Fig. 4.2: Coupled inductors L1, L2 connected to Class-PN, and current sensor based compensation
circuit [Paper D].
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Fig. 4.3(a) is the schematic of the current-mode controller and PWM generation
circuit for the four switches in a single Class-PN. The error signal from LEM sensor is
supplied to the Type-II compensation circuit. The compensation uses a very low noise,
precision opamp AD8512 from Analog Devices. The three branches of compensation
circuit have speci�c purposes. 1 M
 resistor branch restricts the DC gain and 0.33 nF
capacitor branch behaves as a �lter against high frequency noise. The RC branch of
20 
 and 4.7 �H places a pole at 10 kHz. This compensation circuit is based on the
work in [72]. On the other side, an external signal generator (vSG) supplies a sinusoidal
signal of the desired switching frequency of 6.78 MHz to a signal isolation transformer
(TS). The secondary of TS feeds into the comparator (CA) that generates a 50% duty
cycle square wave of 6.78 MHz. The signal isolation transformer TS is designed with
a very low coupling capacitance of 2 pF. This is important to limit conducted noise
from propagating between the cells as the same vSG is fed to all the cells in a multi-cell
con�guration of Class-PN. The output from CA is converted to a triangular waveform
using an integrator and compared with compensation circuit output by comparator
CB. The duty-adjusted output from CB is fed into a dead time generation circuit that
creates the complementary signal for the four switches in Class-PN.

Fig. 4.3: (a) Controller design and duty generation, (b) gain and phase response for current-mode
controller for a single cell of Class-PN [Paper D].

Fig. 4.3(b) shows the compensator gain (GC) along with the plant gain (GP) and
overall loop gain (GPC). The loop bandwidth (BW) is designed at approximately 140
Hz giving a su�cient phase margin (�m) of 80�. The BW of the controller is designed
to be low for two speci�c reasons as �rst presented in [Paper D] as follows,

i.) "As the dielectric load in industrial plant heats up the load varies very slowly over
several minutes thus a high BW controller is not required.

ii.) Because each Class-PN cell in multi-cell con�guration have their own independent
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controller, thus a fast response might lead to timing mismatch between the P -state
and N -state."

4.2.1 Requirement of controller from semiconductor device perspective

It is shown that the controller is designed to ensure the condition in (4.4). This is
done to maintain the capacitor (C) voltage to the VDC. However, without the con-
troller the unbalanced coupled inductors current presents another challenge in the form
of additional DC o�set current loss in the semiconductor devices. Under unbalanced
operation, for example when jIL1j > jIL2j, the additional DC current has to �nd a dif-
ferent path as the capacitor (C) will be seen as an exceptionally large impedance to
the DC current path. Therefore the additional DC current in iL1 will be forced to pass
through the semiconductor devices during N - state. Fig. 4.4(a) shows the inductor L1
has a higher DC value than L2. Thus as shown that additional DC component of L1
which is not supported by L2 will be directed towards the switch Q2; Q3 during the
N -state as shown as the DC o�set in current iQ2. This will result in additional thermal
losses in the device as conduction losses and therefore decreasing overall e�ciency of
the system. The phenomenon was veri�ed by thermal measurements on the devices
during operation. Fig. 4.4(b) shows the device temperature measurement on Q2 and
Q4 during operation. Without the controller the duty-cycle to the switches is controlled
manually. When the duty-cycle is 46%, device Q2 is at a higher temperature. When
the duty-cycle is decreased to 45% the temperature di�erence between Q2 and Q4 in-
creases signi�cantly. This is because the di�erence between jIL1j; jIL2j further increases,
increasing the DC o�set on Q2. And �nally when the duty-cycle is increased to 47%
the current unbalance shifts towards IL2, and the additional DC o�set is now �owing
in Q1; Q4 during the P -state. The temperatures of the devices move in the opposite
direction and Q4 registers higher temperature now. These temperature measurements
are done using Opsens �bre optic temperature sensor and temperature signal acquisition
method described in section 2.4.

The devices temperature measurement shown in Fig. 4.5 are conducted after the
controller implementation. These temperature measurement are conducted during the
load model validation study presented in section 3.4 in a single Class-PN. As the DC link
voltage is turned on and gradually increased the temperature in the two devices start
rising rapidly until 100 s. However the controller is ensuring the balanced operation
and temperature in the two devices stay relatively close to each other. At 100 s the RF
generator enters partial soft-switching, therefore the temperature stabilizes. At 170 s,
the DC link voltage and the output power dissipated in RF load is 100 V and 56 W
respectively. At approximately 300 s, the device temperature drops slightly as the RF
generator enters complete soft-switching. Thus from 400 - 800 s, the RF generator is
operating in soft-switching condition while the DC link voltage is increased, raising the
output power from 380 to 750 W. Unlike the temperature measurements in Fig. 4.4(b),
here the temperature in the two devices show no sudden movements through the entire
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Fig. 4.4: (a) Unbalanced DC o�set in coupled inductor leading to additional DC o�set in device
current, (b) Opsens temperature measurement of the devices at varying duty-cycle (without controller).

operation from 0 to 750 W and stabilizes to within 3�C as the controller is maintaining
the balanced operation.

Fig. 4.5: Temperature measurement on the N , and P -state devices with current controller operating.
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4.3 Multi-cell operation of Class-PN
To test the multi-cell con�guration of three Class-PN cells a high power load is designed
using thick �lm resistors of 470 
 �5%, 800 W [73]. These thick �lm type resistors are
better suited for high frequency operation as they have less than 100 nH parasitic in-
ductance. Fig. 4.6(a) shows �ve of these resistors connected to a water cooled heatsink.
The resistors are connected in parallel using a busbar that makes the total equivalent
resistance value of 93.5 
 at 4 kW (RL). Fig. 4.6(b) shows the overall load network
(ZRF) along with RL. Due to the large size of the busbar and �ve resistors, the resis-
tance load RL also adds some parasitic components to the circuit. Measurement with
an impedance analyzer shows that the busbar adds a series LC component of 350 nH
and 450 pF respectively. The parasitic component of the load RL is shown in Fig. 4.7(a)
along with the rest of load schematic. The primary and secondary side compensation
capacitors (CP, CL) are adjusted at 114 pF, and 224 pF respectively. This gives the
simpli�ed series resonant equivalent load seen by the Class-PN RF generator natural fre-
quency (f0) of 6.2 MHz. Fig. 4.7(b) shows the frequency response of the load structure
measured by impedance analyzer as well as the LTspice simulation.

Fig. 4.6: (a) Thick �lm resistor based 4kW load (RL) shown with and without busbar, (b) series-
parallel resonant load (ZRF) [Paper D].

To validate the multi-cell con�guration, three Class-PN cells are operated together.
Fig. 4.8(a) is picture of hardware setup showing three cells, connected to load along
with measuring voltage and current probes. Fig. 4.8(b), and (c) shows experimental
waveforms at 185 V VDC. In Fig. 4.8(b), the RF generator output voltage vPN is shown
to achieve peak-peak voltage of 1.1 kV from 185 V VDC. Thus the three-cell Class-PN
achieved 6 � VDC peak-peak RF generator output voltage as expected. The load resistor
voltage (vRL) has a peak-peak value of 800 V which gives an output power of 856 W at
93.5 
. Fig. 4.8(c) shows the Class-PN output current iPN and DC input current iDC.
The iDC has an average value of 5.8 A which gives an input power of 1073 W at 185 V
VDC. This includes the gate drive power as well. The overall system e�ciency from DC
input to RF load is approximately 80%.
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Fig. 4.7: (a) Schematic of series-parallel resonant load with RL busbar parasitic, (b) frequency response
of the load as measured by impedance analyzer overlaid with simulation.

Fig. 4.8: (a) Three Class-PN in multi-cell con�guration connected to ZRF, probes, and (b) RF
generator output voltage and load resistance voltage, and (c) RF generator input and output current
[Paper D].
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4.4 Conclusion
The fundamental research objectives had been solved in the previous two chapters. This
chapter tackled the challenges of controller design during the hardware development of
the RF generator. The controller based on current sense has provided dual advantage,
�rst it balances the capacitor voltage, and that further leads to balanced current through
the semiconductor devices and thermal stress. Finally, three Class-PN in multi-cell
con�guration is operated with the series-parallel resonant load developed in previous
chapter. An output RF voltage of 1.1 kV is achieved using only 185 V DC link voltage.
Thus the concept of achieving higher voltage using low voltage GaN devices proposed in
this thesis has been validated. For the prototype an output power of 856 W is achieved
at 80% e�ciency which will be increased over the course of future work.
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Chapter 5

Conclusion and future work

To transistorize the industrial dielectric heating plants and replace the ine�cient vacuum
tube based RF generator with solid-state counterpart, two objectives were de�ned in
Chapter 1 as follows,

� To propose resonant converter topology capable of switching at ISM band fre-
quency utilizing commercially available semiconductor technology. The converter
shall be able to generate high voltage output to retro�t existing RF generator in
industrial RF dielectric heating plant and replace ine�cient vacuum tube.

� To study load network of an industrial RF dielectric heating plant comprising
of low coupled high frequency air-core transformer and additional compensating
components.

In relation to the PhD thesis objectives listed above, the main research contributions
of this thesis towards development of high frequency high voltage RF generator for
industrial dielectric heating are summarized as follows,

� Proposed a novel four-switch resonant topology Class-PN for high power
handling capability
Based on literature survey it was clear that GaN devices due to their low gate volt-
age (VGS) are theoretically better suited for the RF operation. However to achieve
the high power rating required by industrial dielectric heating plant necessitates
achieving high device utilization factor (power handling capability). Full-brige
(FB) topology has the highest power handling capability amongst the presented
topologies, however the load is left �oating. Therefore a novel four-switch topol-
ogy is proposed called Class-PN. The topology achieves the same device utilization
factor as FB that is more than 6x higher than single-switch topology like Class-E.
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� Multi-cell operation of Class-PN for high output voltage of RF gener-
ator
Although Class-PN achieves one of the highest power handling capability, the
output power from a single Class-PN will not be su�cient for industrial dielectric
heating application. Furthermore, the industrial dielectric heating load requires
high voltage output from RF generator which is limited in a single Class-PN cell
by the low voltage rating of GaN devices. Both these challenges are solved by
multi-cell operation of Class-PN. By stacking multiple cells in series, an output
voltage of �n � VDC can be achieved where n is the number of cells. Addition-
ally, by employing multi-cell operation it is also possible to use low current rating
of GaN devices. Higher current rated GaN devices have high gate input capaci-
tance (CISS) that will lead to larger gate time constant and inhibiting high ISM
band frequency operation. For example two devices studied in this thesis device
1 and 2 which are 650 V, 22 A, and 30 A respectively. Device 2 is almost 300 pF
higher CISS for VGS 3 V and higher. Furthermore, practical GaN devices COSS are
lossy and leads to dissipation energy loss in soft-switching condition. High current
rating GaN devices will have higher dissipation energy loss.

� Considerations of parasitic components in the development of electrical
layout for the fast switched GaN devices and integrated heat spreader
thermal design concept
While GaN devices are fast, they are also sensitive to noise. Therefore, common
source inductance (LCSI) in the gate loop and parasitic switching node capacitance
in the high frequency power loop was analyzed. Voltage induced on the LCSI due
to high di=dt can re�ect on GaN device gate which can trigger false switching due
to low gate threshold voltage. For the high frequency power loop layout, it was
prioritized to reduce the parasitic coupling capacitance CPAR to 0.3 pF. This re-
duces the capacitive coupling current between the switching node and quiet nodes
due to high dv=dt. Furthermore, commercial GaN devices are packaged in ex-
tremely low inductance packages. This leads to challenges in cooling design. The
auxiliary components surrounding GaN device are usually bigger in size which
can hinder a standard �at heatsink approach for thermal solution. Thus in this
thesis a new cooling strategy of integrated heat spreader was analyzed. Integrated
heat spreader with Filler A that has a thermal conductivity of 3.6 W/m�K per-
formed almost as well as standard Gap-pad (thermal conductivity 5 W/m�K) in
�at heatsink solution. For the work in this thesis, �at heatsink was used as the
electrical layout allowed the usage of standard Gap-pad based heatsink solution.

� Identifying dielectric heating load structure and analysis of series-parallel
compensated load
Industrial dielectric heating is usually based on indirectly coupled load from RF
generator. As the load resistance (RL) in dielectric heating varies, based on the
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expression of primary side compensating capacitor (CP) it is identi�ed that se-
ries compensated primary is better suited for industrial dielectric heating. This is
also suitable for the Class-PN based RF generator as it is a voltage source type
converter. Therefore a series-parallel compensated network is proposed for the
industrial dielectric heating load structure using a solid-state RF generator. To
design the high frequency transformer, COMSOL Multiphysics in association with
MATLAB was used to sweep through multiple degrees of freedom which identi�es
that solenoid type winding design is better suited for high frequency operation at
6.78 or 13.56 MHz. A novel �gure of merit (FOM) is identi�ed for the entire load
structure. Expressions for the output power on RF load and RF generator output
current is developed which can be used for identifying generator speci�cation. The
load model is validated with experimental results. And the model predicted an
e�ciency of 98.3% for the proposed load design at an output of 750 W at 6.76
MHz.

� Controller development for balanced operation in multi-cell con�gura-
tion
For stable operation of Class-PN in multi-cell con�guration, it is necessary to
maintain balanced operation of cell capacitor, C. Therefore a current based con-
troller that ensures the DC current across the coupled inductor to be zero, i.e.,
IL1 + IL2 = 0 is developed. The controller has a low bandwidth of 140 Hz and
su�cient phase margin of 80�, as the dielectric load in industrial plant heats up
the load varies very slowly over several minutes. The controller also removes any
DC o�set in the semiconductor current, and equalizes the thermal stress on the
two states of operation. This is validated by thermal measurement on the GaN
devices operating with and without controller. Three Class-PN cell are connected
and operated for an output power of 856 W at 6.78 MHz with an overall e�ciency
of 80% from DC input to RF load.

5.1 Future work: Greenheat project
This thesis introduced the challenges that have existed towards replacing the ine�cient
vacuum tube RF generators in industrial dielectric heating plants with solid-state solu-
tions, and presented methodologies to solve these challenges. Based on these �ndings
a Grand Solution1 project called Greenheat has been funded by Innovation Fund Den-
mark2 to further investigate challenges of transistorization of industrial dielectric heating

1The Grand Solutions program invests in ambitious, cross-cutting research and innovation projects
that can create new, concrete solutions to important politically prioritized societal challenges that
create value to Denmark.

2Innovation Fund Denmark creates a framework for entrepreneurs, researchers and businesses so
they can develop innovative and viable solutions to society’s challenges. Innovation Fund Denmark was
created to strengthen and foster strategic research and innovation projects in all of Denmark.
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and develop a demonstrator of 50 kW operable in real application scenario (Technology
Readiness Level - 9). The project is stated to run from 2023-2026. The project has two
additional industrial partners, Kallesłe Machinery A/S and Topsil Globalwafers A/S.
Kallesłe Machinery A/S is a manufacturer of industrial dielectric heating machinery
for gluing cross laminated timber (CLT), whereas Topisl Globalwafers A/S is leading
producer of silicon crystals using �oat-zone (FZ) process. Both of these companies are
based in Denmark. The Innovation Fund Denmark has invested 7.8 million DKK (dan-
ish krones) in this project, with an overall budget of the project to be 11.08 million
DKK.

Fig. 5.1: (a) Float-zone process for the production of ultra-pure silicon via RF induction heating used
by Topsil Globalwafers A/S, and (b) industrial RF dielectric heating machine developed by Kallesłe
Machinery A/S for curing glued cross laminated timber.
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