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Modeling and Operation of Series-Parallel
Resonant Load in Industrial RF Dielectric Heating
Application

Faheem Ahmad @, Asger Bjgrn Jgrgensen

Abstract—Radio Frequency (RF) based heating application is
used in multiple industries like drying cross-laminated woods,
food and packaging, melting silicon etc. These industrial RF
heating plants operate at frequencies of 6.78 MHz, 13.56 MHz,
or 27.12 MHz (ISM band). Historically, the high frequency
requirement has forced the industry to rely on vacuum tube
based RF generator, which are only 60% efficient. Modern
semiconductors like wide bandgap (WBG) devices have achieved
the high frequency operation that is required to replace the
inefficient vacuum tubes. However, a comprehensive study of
load network for an industrial RF heating plant has not been
undertaken such that an existing plant can be retrofitted with
semiconductor based turn-key solution. In this paper the authors
present design equations for an industrial RF dielectric heating
load structure and suggest necessary modifications required to
replace vacuum tube RF generator with voltage source converter
(VSC). A new figure of merit (FOM) is defined that impacts the
load structure efficiency. Finally, a small-scale prototype load is
manufactured as a case study. The prototype demonstrated an
output power of 750 W at 6.76 MHz with an overall efficiency
of 90% from DC input to RF load which can not be achieved
with a vacuum tube technology.

Index Terms—Compensation, dielectric heating, induction
heating, semiconductor devices, wood industry.

I. INTRODUCTION

BOUT 20% of total energy consumption across the globe

is used for industrial heating applications such as drying
wood pulp and laminated wood, melting metals, food and
packaging [1]. In the United States more than 50% of its
industrial direct greenhouse gas (GHG) emissions is due to
burning fossil fuel in aforementioned applications. Thus, there
is an opportunity to reduce human carbon footprint by electri-
fication of such industrial processes. Electric industrial heating
can be categorized into two main methodologies - induction
and dielectric [2]. Induction heating is applied in the frequency
range of few 100 kHz - 3 MHz while dielectric heating mostly
operates from 5-30 MHz [3], [4]. Both these methodologies
together can be referred to as radio frequency (RF) heating.
Induction heating occurs when the work material is placed
inside an electromagnetic field. This induces high circulating
current in the work material which generates heat. Therefore
induction heating is only used for heating metallic materials
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such as heating of steel, metal hardening or zone melting of
silicon for producing ultra-pure silicon for the semiconductor
industry. On the other hand dielectric heating applies an
alternating electric field to heat up non-metallic work materials
such as cooking and packaging of food products, textile and
paper manufacturing or drying glued cross-laminated wood
that can be used in civil infrastructure as an alternative for
cement [5]-[7].

Industrial RF heating plants require RF generators. Histor-
ically the high voltage, high frequency required by the RF
generators can only be generated by vacuum tubes. Fig. 1(a)
shows a schematic of push-pull type RF generator circuit
using vacuum tube for dielectric heating [2]. The schematic
comprises of a grid voltage step-up transformer which is then
rectified to high voltage (HV) DC. The HV DC is then fed
to oscillator tubes which outputs RF power to a resonant tank
circuit including the load. In this example the work material is
directly coupled to the RF generator. Fig. 1(b) shows examples
of indirectly coupled load structures of induction and dielectric
heating [8].

In the past 50 years several industries have transformed by
incorporating semiconductor devices, such as power genera-
tion and distribution. Past decade has seen exponential growth
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Fig. 1. (a) Schematic of directly coupled load with RF generator, (b) air-core
transformer based indirectly coupled load from RF generator.
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in electrification of automobiles by adopting semiconductor
based electric traction system. But industrial RF heating
industry is still reliant on vacuum tube technology, even
though vacuum tube based RF generators offer efficiencies
of only 60% [9], [10]. The industry has been satisfied with
such low efficiency as an alternative solution did not exist.
Advances in semiconductor technology coupled with novel
resonant topologies such as Class-D, Class-E, Class-EF have
led to multi-MHz DC-AC converter solutions [11]-[13]. The
work in [11] is based on Class-D, which is a voltage source
topology consisting of two power semiconductor switch in
a half-bridge configuration. The Class-D based RF generator
is operated at 13.56 MHz to cater to industrial process that
require several kilowatts at one or more of the industrial,
scientific and medical (ISM) band frequencies. The paper
demonstrates an efficiency of 89% using silicon based IXYS
RF MOSFETs. In [12], a single switch current source Class-E
based RF generator is presented operating at ISM frequency
of 13.56 MHz and achieves 85% efficiency. Finally in [13],
a current source Class-EF topology with ISM frequency of
6.78 MHz is demonstrated. With Class-EF topology, efficiency
of 91% was achieved using a low power silicon MOSFET.
In these three papers, the high efficiency is achieved using
soft-switching condition of zero voltage switching (ZVS). The
topologies Class-D, Class-E, and Class-EF are presented in
Fig. 2(a)-(c). Further advent of wide bandgap (WBG) power
transistors such as gallium nitride (GaN) and silicon carbide
(SiC) with improved switching capability have led a revolution
in multi-MHz high efficiency DC-AC converters. Using the
same ZVS soft-switching principles, however with superior
WBG devices, converters operating from 2.5-13.56 MHz have
shown to achieve efficiencies above 92%, which is higher
than silicon MOSFET based converters. For example, SiC
is predominantly preferred to operate at under 4 MHz [14]-
[16]. A team from Stanford University have demonstrated both
SiC (900V C3MO0065090J) and GaN (650V GS66508B) based
13.56 MHz high frequency resonant converter that achieves an
output efficiency of 94% [17], [18]. GaN on the other hand
have proved to be far superior in operating at higher than
10 MHz and is preferred in applications like wireless power
transfer (WPT) [19], [20]. The results in [17]-[19] are all
based on a new current source resonant converter topology
called Class-®5 that operates in ZVS condition. The topology
is shown in Fig. 2(d). Although the application target for
[17]-[20] is towards WPT, it is important to notice that the
converters are operated at one of the ISM frequency of either
6.78 MHz or 13.56 MHz.

The above overview presents that electrification of industrial
heating application will have significant impact on carbon
emission. However, continuing to employ inefficient vacuum
tube based RF generator will lead to significant loss of energy.
Therefore to increase the efficiency, industrial RF heating
plants have to adopt semiconductor based RF generators.
Furthermore, to maximize the return on investment it is also
important to sustain the rest of existing plant with minimal
modification and changes to the operation mechanism. Thus,
the overall system of industrial RF heating can be consid-
ered of consisting of two components, the RF generator that

Ry

(b) (d)

Fig. 2. Different resonant topologies that have demonstrated multi-MHz
operation (a) Class-E, (b) Class-D, (c) Class-EF, and (d) Class-®2.

converts DC to AC and the rest of network that forms the
compensated load. The efficiency of the system thus can be
shown as (1).

Nlsystem = TTRFGen * "Load ()

Semiconductor based RF generators will require sufficient
reactive energy to achieve soft-switching and ensure safe
operation area (SOA) [21]. This is critical for ensuring high
efficiency of the RF generator, that forms one component of
(1). Therefore, the changing dynamics of work material while
heating up needs to be compensated. However, a research
gap exists on a comprehensive study of industrial RF heating
plant load network such that the semiconductor based RF
generator can be integrated as turn-key solution. There has
been publications on industrial RF induction heating utiliz-
ing semiconductor technology [22], [23]. But a generalized
discussion on load design does not exist. And even sparse
literature is available on industrial RF dielectric heating due
to higher frequency requirement. Therefore this paper takes an
industrial RF dielectric heating as an example and develops a
series of design equations that can be used to define current
and power rating of semiconductor based RF generator. This is
conducted by first developing an efficiency expression for the
compensated load network which forms the second component
of (1).

The remaining paper is divided into three sections. In
Section II fundamental principle of dielectric heating is pre-
sented. Parallel equivalent load of dielectric work material is
derived and different compensation topologies are introduced.
In Section III a set of questions are posed that leads to selection
of a compensation topology for industrial RF dielectric heating
load structure. Analysis of the proposed load structure is dis-
cussed. A new FOM is identified that takes into consideration
the load structure efficiency. Finally Section IV presents a case
study and experimental validation of a small-scale prototype
load.

II. INDUSTRIAL RF HEATING

As stated in Section I, industrial RF heating is classified
between induction and dielectric heating. For induction heating



the operating frequency can be as low as 20 kHz and thus
previous work have sufficiently covered its transition from
vacuum tubes to semiconductor based generators [22]. On the
other hand dielectric heating has not received the same atten-
tion and thus a larger knowledge gap exists in understanding
dielectric loads for turn-key solutions using semiconductor
based generators. Therefore in this paper the authors take
industrial RF dielectric heating as an example for discussion.

A. Principle of dielectric heating

Dielectric heating is achieved by polarization of dielectric
material when subjected by a time varying electric field E(t).
The current density J(¢) in the dielectric due to the electric
field has been postulated by Maxwell and it comprises of
conduction and displacement current as given in (2) [24],

J(t)=0cE(t) + dD(t) )
dt

Here, o represents the DC conductivity of the work material
while E(t) is the electric field applied to the work material.
The second term in the equation is displacement current which
originates from the polarization of the dielectric material. To
provide an equivalent capacitive behavior it is better to present
the time-harmonic form of the Maxwell equation given in (3)
[25].

V x H=0F + jweFE 3)

€ is permittivity of the dielectric material. It is a complex
quantity thus, breaking the dielectric permittivity of material
into real and imaginary components, i.e., substituting e = ¢ —
je” leads to (4).

V x H=(0c+we)E + jwe'E 4)

Again, the second term is the displacement current. Because
of imaginary component, displacement current will represent
the capacitive current whereas the first part is the real load
that will dissipate power in dielectric work material. Therefore
the total dielectric load in (4) is a parallel combination of
capacitive and resistive elements. Fig. 3 shows high frequency
RF generator output applied to wood planks with an unset
layer of water based glue between them. As derived earlier,
the equivalent dielectric load will be a parallel combination
of capacitor and resistor as shown. The values for equivalent
dielectric load components are given as susceptance and con-
ductance to maintain similarity with (4). Here A, d represent
the geometrical dimensions of area, and thickness respectively,
of the dielectric work material.

When RF power is applied to wood planks with a layer
of unset glue between them, it induces heat and dries out
the glue in a short span. The equivalent parallel capacitance
and resistor values will not remain constant, which varies as
the water content changes in the wood plank and the glue
heats up [26], [27]. The varying load characteristics presents
a significant challenge in simply replacing vacuum tube with
semiconductor based RF generator. To design a suitable cou-
pling between the semiconductor based RF generator and the

Wood plank (dry/moist)

RF
Generator

n
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Fig. 3. Equivalent load model of dielectric work material.

existing dielectric load material, the following section covers
compensation topologies.

B. Indirect coupling and compensation topologies

Majority of industrial RF dielectric heating plants over the
decades have been developed with an indirectly coupled load
utilizing transformer as shown in Fig. 1(b) [26]. The trans-
former 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 controlling power to the work material by
varying its coupling [8]. Because of high voltage and high fre-
quency operation, air-core transformers are preferred for such
plants. However, the air-core leads to low coupling between
the primary and secondary coils of the transformer which is
compensated by series or parallel connected compensating
capacitors on both sides. Similar compensating topologies
are also seen in wireless power transfer applications due to
relatively large distance between the transmitting and receiv-
ing coils. In WPT field four configurations of compensation
topology have been identified as Series-Series (SS), Series-
Parallel (SP), Parallel-Series (PS), and Parallel-Parallel (PP)
as shown in Fig. 4 [28].

In Fig. 4, depending on how the capacitors are connected
on the primary side of the transformer either voltage source
converter (VSC) or current source converter (CSC) is utilized.
This is because an inductor can be regarded as a current source
and the capacitor as a voltage source. As two current sources

Rp Cp Rs Cs
M
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VRF Lp Lg Ry, VRF
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Rs Cs

Lg R, IrF = =Cs| | RL

Fig. 4. Four basic compensation topologies, (a) Series-Series, (b) Series-
Parallel, (c) Parallel-Series, and (d) Parallel-Parallel.
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cannot be connected in series and two voltage sources cannot
be placed in parallel connection, thus for series compensation
network on primary a VSC is used while a CSC for parallel
compensation network [29]. Furthermore on the secondary
side as well, capacitors can be used in series or parallel
compensation. The compensating capacitors on either side
makes the load structure for industrial RF heating similar to
indirectly coupled load structure with vacuum tubes presented
in Fig. 1(b). In next section, arguments will be presented
to choose one of these four structures for an industrial RF
dielectric heating plant and additional modifications required.

III. LOAD STRUCTURE OF INDUSTRIAL RF DIELECTRIC
HEATING

Previous section presents four different configurations of
load structure. Therefore it is important to identify right
configuration for the semiconductor based application. A few
questions can be posed that can assist in deciding configuration
selection, like,

1) Load dynamics has to be taken in account to maximize
semiconductor device utilization in RF generator and min-
imize losses.

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

3) The peak current in semiconductor device of RF gener-
ator shall not exceed device continuous rating under any
operation point.

As shown in [28], the compensating capacitor can be
designed to resonate either with leakage inductance of the coil
or the coil self-inductance [30], [31]. Shown in these papers is
the expression for primary side compensating capacitance (Cp)
value. Table I presents the primary capacitance expression for
different compensation topologies. In all four compensation
configurations, the primary capacitance is dependent upon
the self-inductance of primary (Lp) and secondary (Lsg), as
well as the secondary side compensating capacitance (Cs).
But for PS and PP compensation topologies, the Cp is also
dependent upon mutual inductance (M) and load resistance
(Rp). As described in Section I, as the work material heats
up the equivalent dielectric load characteristics changes. This
is not optimal because maintaining soft-switching for the
semiconductor devices is important. If the Cp value is not
updated constantly with varying Ry, value, the semiconductor
devices can enter into hard-switching conditions which will
lead to high losses and be destroyed. Therefore PS and PP
topologies are eliminated from consideration.

At this stage in order to decide between SS and SP, the
load impedance seen by the RF generator can be utilized. For
a series compensated primary system, the load impedance will
be (5),

1

Zp = ——~ +jwlp + Z; &)
JjwCp

Here Z,. is the impedance of secondary side reflected to

primary side. When the secondary side tank is at resonant

TABLE I
PRIMARY COMPENSATION CAPACITOR UNDER DIFFERENT COMPENSATION
TOPOLOGY [31].

Topology Primary Capacitance (Cp)
CsL
Series-Series (SS) z S
P
. CsL3
Series-Parallel (SP) B
LpLg — M?2
CsL
Parallel-Series (PS) 45 S
I
LpCsLs Ry, ’

(LpLs — M?)CsL2
MA4CsRy,
Ls

Parallel-Parallel (PP)

+ (LpLs — M?)?

frequency, the reflected load for series compensated secondary
only contains the real component which is calculated as (6),

wi M?
Ry

and for the parallel compensated secondary the reflected
resistance is calculated as (7) [31],

M2R
R.sp) = TL @)
S

Zy = Ryss) =

(6)

For dielectric loads, the resistance ([Rp) are large in value
usually 100 € or higher. Therefore series compensation on
the secondary will lead to large primary current. This will
lead to under utilization of semiconductor devices and the
power delivered to the load cannot be maximized for the
given current in RF generator. Furthermore, the equivalent
dielectric load model shown in Fig. 3 consists of parallel
combination of capacitor and resistor which can be utilized
as parallel compensated network on secondary. Therefore for
the rest of this paper the RF generator is a VSC and load
topology is SP configuration. Fig. 5 shows selected SP con-
figuration of industrial RF dielectric heating plant. Secondary
side compensation capacitance is represented by equivalent
dielectric load capacitance (CL). On the secondary side there
is an additional tuning inductor (Lt). The tuning inductor will
match the varying dielectric load capacitance. This is how
current industrial RF dielectric heating plant control power
delivered to the glued wood planks. In order to maintain
operation mechanism of the existing plant when replacing the
vacuum tube based RF generator with semiconductor based
solution this functional behavior needs to be sustained. Here
the coupling between the primary and secondary coil is shown
by coupling coefficient (k) as it will be used to develop an
efficiency expression of the load structure.

A. Analysis of proposed load structure

The final plant model is shown in Fig. 5 with addi-
tional tuning inductor arm. To analyze the load structure
and predict its behavior, Fig. 6 shows two simplifications.
First, the transformer windings have been replaced by an
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Fig. 5. Proposed Dielectric Heating Plant using semiconductor based VSC

equivalent transformer model presented in highlighted portion
[32]. Second, the equivalent series resistance (ESR) of the
secondary resonant tank Rg is replaced with its equivalent
parallel resistance value QgRS [33]. Here ()5 is the unloaded
quality factor of secondary side resonant tank and it is defined
as (8),

Ls//L
Qs = LISID g oo ®)
Rs
Rp Cp (1—k?)Lp
Q3Rs || Ry

IRF o e
VRF Ls L ==C,
k:n -

equivalent transformer model

Fig. 6. Simplified load structure with equivalent transformer model.

In Fig. 7(a) Ls and Ly are combined into a single compo-
nent L§. By tuning Ly the combined parallel inductance L
can be made to resonate with Cp, at the RF generator operating
frequency (frp = 1/27+/ LiCYt). Here Ry is combined with
QgRs and presented as Rj, as defined in (9). Finally, trans-
ferring the R] to primary side with turns ratio transformation
gives a final simplified series resonant structure as shown in
Fig. 7(b).

/ LS ) LT

L= 55" nd, R =
ST Let Ly ¢

Q%Rs - Ry
2Rs + R

At first the efficiency of the load structure will be evaluated.
Then the expression for power dissipated in the load as
well as peak current stress from the RF generator will also
be derived. These three parameters help to identify three
important questions, (a) output power that can be delivered to
the dielectric load, (b) current rating of semiconductor devices
to achieve the rated output power, (c) efficiency of the overall
load under the operating conditions.

The efficiency of the load structure is defined as the ratio
of power dissipated in load resistance Ry to the total power
dissipated in all the resistive components. According to Fig.
7(b) the output power (Poyr) is the power dissipated in
(k?/n?)R; and input power (Piy) is total resistive power.
Furthermore, since R; is a combination of Q2Rs and the
actual load resistance Ry as given in (9). It has to be taken

€))

IRF

(b)

Fig. 7. (a) Load structure with combined parallel components on secondary
side, and (b) simplified series resonant equivalent load seen by RF generator.

into consideration as well when calculating load structure
efficiency. These two factors of load structure efficiency is
given in (10) where vgy is assumed to be the voltage across
the secondary side components in Fig. 6.

2 UlzzL

iy (10)

URL
RLQ%Rs
Ri + Q2Rs

The expression in (10) is simplified and presented again
as the first expression in (11). In the subsequent steps in
(11) the resistances are replaced with quality factors whose
definitions are provided together, underneath the expression.
As the efficiency of a resonating inductive link depends on
many parameters, such as the ESR of windings, value of
inductance, coupling coefficient etc. Discussing the impact
of each term explicitly on the overall efficiency can get
convoluted as the parameters are all interlinked. Utilizing
quality factor to assess efficiency of high frequency structures
is often preferred. But as shown in the efficiency expression
(11) both loaded and unloaded quality factors are involved.
Therefore in the final efficiency expression two new terms are
defined,

-2 /
thn—= R
RE 2 1ML

_ Pour
’r]_ fr

P o k2 .
llzzF(ﬁRi + Rp)

L
FOM = k‘\/QSLQp and, o = fS
T

kv/QsLQp is defined as figure of merit (FOM) that ties
together unloaded and loaded quality factor of both primary
and secondary side. Similar FOM have also been defined
for WPT load structures [34]. The FOM also contains the
coupling coefficient k between the two coils of the transformer.
The FOM can be imagined as a quantitative study of the
construction of the RF dielectric load. The second term defined
in the efficiency expression (11) is tuning ratio (o). When

12)
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Lt varies to match Cp, the efficiency of the load structure is
impacted as the value of « changes.

Finally, based on the simplified series resonant equivalent
load seen by the RF generator as shown in Fig. 7(b) the peak
value of output current from the RF generator can be estimated
as (13) [35]. And using (11), (13) the output power dissipated
in Ry is calculated, given in (14). Vpc in the expression is DC
link voltage applied to the RF generator. The AC output from
RF generator oscillates between +Vpc.

4Vpe

IRF(p) = (13)
TR\1+ (Quls — %))
-9 2
YRF(p) 8Vpe
P = = 14
our =y R = R T Qe — a9

The discussion so far provides three sets of expressions to
estimate the efficiency of industrial RF dielectric load design,
the peak RF generator current and the output power dissipated
in the load. Fig. 8 is a contour plot for the three quantities. The
DC link voltage (Vpc) defined for the plot is 5 kV, resulting in
10 kV peak-peak AC output from RF generator at 13.56 MHz.
To understand the impact of different size of the transformer
coils, the self inductance is varied from 0.5—5 pH at unity
turns ratio of the coils. The primary coil ESR (Rp) is fixed at
0.5 Q and secondary coil ESR (Rg) at 0.1 €. The discussion
on selecting these ESR values is provided in next subsection.
The coupling coefficient is set at 0.55 which is typical for
concentric helical winding type design with air-core. The load
resistor (Ry) is set at 100 2. The tuning inductor (Lt) is set
at 0.5 pH that varies the tuning ratio («) from 1—10.

Fig. 8(a) shows the efficiency of the load design. It can be
seen that higher FOM leads to higher efficiency in the load.
However the efficiency is not linearly progressing as the FOM
increases. For example, in Fig. 8(b) as the RF generator peak
current value increases from 80 to 100 A, the output power
increases from 100 to 150 kW in Fig. 8(c). But the highest
efficiency of 98% is only achieved when FOM is beyond 18
and drops linearly as tuning ratio («) increases from 1 to 8.
This is because as transformer coils size increases from 0.5—5
uH, the primary quality factor (Qp) increases linearly with
it. However the secondary quality factor (QJs) growth slows
down because of parallel tuning inductor arm (Lt). This, along
with decreasing loaded secondary quality factor (Qr) leads
to the efficiency pattern achieved in Fig. 8(a). As stated in

_ _QsQu
Qs+ QL

(1-k?*)Lp

Qu = L R—m+Eg
L2 = Cr R = hp+ sl

Section I, that the dynamics of work material changes as it
heats up, i.e., Ry varies over time as RF power is applied.
This will lead to change in output power (Poyr) which in
turn will impact output current (¢gp) from the RF generator. As
shown in [21], [36], this can lead to hard-switching or partial
hard-switching. However showcasing the impact of individual
parameters like Ry, Lt, and k separately in this paper will
be difficult. Therefore the unifying quantity - FOM, that ties
together all of these individual parameters is presented. And
one is free to vary any of these individual parameters to see
the impact on converter dynamics.

The values taken here for the contour plot are reasonable
estimates based on the literature survey, and are only intended
to showcase the capability of the discussion thus far in
designing an industrial RF dielectric load structure.

B. Discussion on FEA based ESR estimation

The values for the winding inductance, their ESR values,
and coupling coefficient are important as they form the
constituents of FOM. Amongst the various components of
load, the transformer has the maximum number of degrees
of freedom in terms of physical design which will impact the
FOM and therefore the efficiency. Various architectures of the
transformer are feasible. In industrial RF heating applications
copper tube based helical structures are preferred [8]. Liquid
cooling is usually employed given the high power requirement
of RF heating plants. The hollow structure of the cooper
tubes thus present an opportunity to effectively dissipate heat
without additional cooling systems. Utilizing the hollow struc-
ture for flowing cooling liquid also does not impact electrical
performance of the system since the RF frequency forces the
current on the circumference due to skin effect.

Amongst the different parameters, the copper tube ESR
plays a significant role in deciding efficiency of the load
network. To estimate reasonable values of ESR for the primary
and secondary side coil, finite element analysis (FEA) is
conducted using COMSOL Multiphysics simulation on 2D
axio-symmetric geometry of helical design of the transformer
where secondary coil sits within the primary coil. The 2D
axio-symmetric structure of the transformer is shown in Fig.
9.

Previous works have calculated coil ESR using analytical
method dependent upon skin effect at specific frequencies [37].
But it does not consider extremely large impedance near self
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Fig. 8. Variation of load parameters for varying self-inductance value of inductive power link from 0.5—5 pH, (a) efficiency, (b) output power, and (c) peak

current in primary side.
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Fig. 9. 2D Axio-symmetric model of the transformer in COMSOL Multi-
physics simulation with 5 turns each on Primary and Secondary Coil.

resonant frequency when the inductive and capacitive effect
cancel each other out [38]. Therefore COMSOL Multiphysics
based FEA is conducted to estimate the ESR values. The ESR
values for both primary and secondary coil is extracted at
multiple frequencies as shown in Fig. 10. Furthermore the
ESR value changes with number of turns, therefore number
of turns is swept as indicated, starting from 5 to 11 turns. At
5 turns the coils have lowest ESR values which increases as
the number of turns increases and maximum for 11 turn coil.
Solid lines in Fig. 10 indicate primary coil ESR whereas the
dashed lines are for secondary coil. Given that secondary coil
helix is designed within primary coil as shown in Fig. 9, for
the same number of turns the total length of secondary coil
will be smaller than primary coil and thus the ESR value is
lower for secondary coil as compared to primary coil. Fig.
10(a) represents ESR values for the transformer dimensions
specified in Fig. 9. All the dimensions indicated in Fig. 9
are then increased by a factor of 2 and then by factor of 4
and presented as Dimension 2z and 4x in Fig. 10(b), and (c)
respectively.

Fig. 10 shows that as the dimension of the transformer
increases from x — 2x — 4z, the ESR at 1 MHz decreases
due to increasing copper tube thickness. However the self
resonant frequency of the coils also drops. For example in
Dimension z the resonant frequency of primary coil at 11 turns

is 15 MHz which drops down to 4 MHz in Dimension 4. This
will limit the operating frequency of the system. Therefore for
the contour plot in Fig. 8 primary coil ESR (Rp) is selected at
0.5 © (marked by star in Fig. 10(a)) and secondary coil ESR
(Rg) at 0.1 © which are worst case values at 13.56 MHz.

IV. CASE STUDY

The FEA model developed to analyse the coil ESR has
been extended to design a transformer for a case study. The
transformer is designed with 11 turns on the primary coil for
higher impedance and limit the current from the RF generator.
The secondary coil is designed with 5 turns. The winding
dimensions are same as Fig. 9. The primary coil diameter is 12
cm while the secondary is 8 cm in diameter. The transformer
and overall series-parallel (SP) load configuration is shown in
Fig. 11. In the load structure analysis in Section III a tuning
inductor Lt is added to compensate the varying dielectric load
capacitance Cr. But for the case study a fixed capacitance is
used as the dielectric load C1. shown in Fig. 11(b). Therefore
no tuning inductor is required to maintain load behavior during
operation. Both the C, and Cp are vacuum type capacitors, that
can sustain high current and high voltage at MHz frequency
with extremely low inductance value of less than 9 nH. This
load is also presented in [39].

The designed transformer is tested using an LCR meter for
the inductance values of the primary and secondary coil as well
as the mutual inductance between the two sides. The results
are presented in Fig. 12. The primary coil self inductance (Lp)
stays constant at 9 ©H until 10 MHz. The secondary coil has
self inductance (Lg) value of 2.4 yH until 20 MHz. Using the
mutual inductance (M) value of 2.46 pH from Fig. 12(b) the
coupling coefficient (k = M/+/LpLs) is calculated to be 0.53
at 6.76 MHz. The measured results are also compared with
simulation values from COMSOL Multiphysics. As results
show the simulation has been successful in predicting the
inductance values as well as the self-resonant frequency of
the windings. The first resonant point occurs beyond 20 MHz,
therefore the transformer is operable until 13.56 MHz.

In Section I various resonant converter topologies have been
presented that have shown multi-MHz operation capability.
However single-switch topoligies shown in Fig. 2, that are
preferred for high frequency operation suffer from low power



Dimension x

Dimension 2x

Dimension 4x

100 100
I
‘ ')
= Py —~ / !
S c < ! / /
= = = / ; /
% 1 (n/:) 1 % 1 /Iy /
@10 @10 %10 S
3 3 3 fv r,
o o O A
l4NP4l o e
mm—— Primary Coil
— — — - Secondary Coil
2 -2 -2
10 0 5 10 15 20 10 0 5 10 15 20 10 0 5 10 15 20
Frequency (MHz) Frequency (MHz) Frequency (MHz)
(a) (b) (c)

Fig. 10. Variation of ESR in primary (solid) and secondary (dashed) coil with increasing number of turns in, (a) Dimension X, (b) Dimension 2x, and (c)

Dimension 4x.

Fig. 11. (a) Designed transformer with 11 turns on primary and 5 turns on
secondary, (b) Series-Parallel load configuration with the designed transformer
[39].

handling capabaility which indicates low semiconductor de-
vice utilization as presented in [39]. Also shown in the same
paper, four-switch topologies have a higher power handling
capability. Therefore in this work a four-switch topology called
Class-PN is utilized for the RF generator. Similar to full-
bridge (FB), Class-PN is also a voltage source type converter
however unlike FB where the load is floating Class-PN allows
for grounding the load [39]. The schematic of the Class-PN is
presented in Fig. 13(a). It shows two half-bridge structures that
are connected at the switching node. The coupled inductors
L, and L, ensures the voltage across capacitor C' is equal to
Vbe. The load shown in the schematic is a simplified series
resonant structure for representation purposes. As discussed
in Section I that for high frequency operation GaN devices
have been preferred. The four switches in Class-PN are GaN
devices (GS66506T) from Gansystems rated at 650 V and 22
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Fig. 12. (a) Self inductance of the primary and secondary side and, (b)

Mutual inductance between the winding of the inductive power linke using
FEM simulation (COMSOL) and measurement from RLC meter.

A. The device is chosen due to its low output capacitance
(Coss) of 49 pF at 400 V. Furthermore in Fig. 13(b) the
PCB layout for the four GaN devices of Class-PN topology
is shown. The switching node is kept non-overlapping to the
drain terminal of @Q1,Q3 and source terminal of ()2, and Q4
thus minimizing the parasitic capacitance. Also, the layout is
designed symmetrically such that the GaN devices are kept in
close proximity to reduce parasitic inductances.

The load presented in Fig. 11 is connected to Class-
PN RF generator operating at 6.76 MHz. The primary side
compensating capacitor (Cp) and the load capacitance (CL) is
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set such that the simplified series resonant equivalent load seen
by the Class-PN RF generator has natural frequency (fy) of 6.5
MHz. This ensures that the RF generator operates in inductive
region and maintains soft-switching. As the DC link voltage
(Vpe) is increased the Class-PN RF generator input current
(pc) and output current (igp) are measured using current probe
CP030 [40]. The load resistance (Ry) is 33 €). The output
voltage on load resistance is also measured which gives the
output power dissipated in the load (Poyt). The output voltage
is measured using differential probe HVD3605A [41]. Fig. 14
plots peak igr and Pout. As Vpc increases from 100 to 300 V,
the Poyr is increasing from 56 to 750 W respectively. Dashed
lines in the Fig. 14 represents the predicted values from the
model developed in (11) - (14). For the model the secondary
coil self inductance is taken as 3.1 pH, which is higher than
2.4 pH as measured in Fig. 12. The additional 0.7 pH parasitic
inductance coming from connecting foils and terminals. The
coupling coefficient is set at 0.5 in the model which is slightly
lower than 0.53 measured. This can also be explained by
additional parasitic inductance due to connecting foils on both
the primary and the secondary side that reduce the overall
coupling between the winding. The experimental measurement
is in close agreement with the model predicted values. The
FOM is calculated to be 7.7 for this load structure. The value
of QL is 0.2506, and sy being a parallel combination of
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Fig. 14. Comparison between experimental measurement and model predic-
tion.

QL and Qs is also equal to 0.2506. Using these values, the
model predicts 98.3% efficiency for the load structure in this
case study. The efficiency is comparable to the study done in
Sec. III-A even though FOM is relatively lower. That is due
to the absence of tuning inductor (L) in the load structure
of case study as it makes the tuning ratio (a)) equal to O in
the efficiency calculation in (11). Fig. 15 shows experimental
waveform at 300 V DC link voltage. It shows the RF generator
input current (ipc), output current (irp) and output voltage
(vrp) as well as load resistance voltage (vg,). As discussed
for Fig. 13(b) that focus had been on symmetrical layout,
compact design and reducing parasitic capacitance to minimize
EMI issues. Shown in 15(a) the RF generator output voltage
(vrp). The rising and falling edges will correspond to the drain-
source voltage of the devices Q1 — Q4. For example, when
@1 and 4 turns-on a positive voltage rise is seen in VRg.
This will be same as the rising voltage across the drain-source
of @2 and Q3. Similarly vice-versa for the falling edge of
vrp. For the 750 W output power the ipc is measured to be
2.8 A which gives an input DC power of 840 W and the
overall system efficiency including the RF generator and load
is approximately 90%.

V. CONCLUSION

This paper has addressed the knowledge gap that exists
in understanding industrial RF heating load structure when
transitioning from vacuum tubes to semiconductor based VSC
topologies. The knowledge gap has been a major hurdle to-
wards retrofitting existing industrial plants with semiconductor
based turn-key solution and replace inefficient vacuum tube
based RF generator that are only 60% efficient. The paper
identifies series-parallel load configuration for industrial RF
dielectric heating plants when powered with semiconductor
based VSC topologies. The load structure behaviour can be
estimated by model expression which can be used for deciding
specification of different components in the load and RF
generator. An air-core transformer is designed using FEA that
successfully estimates coils ESR and coupling coefficient. A
new FOM is identified that quantifies the construction of the
load structure based on loaded and unloaded quality factors.
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Finally a case study shows that a small-scale prototype can
achieve efficiency close to 90% at 6.76 MHz frequency for
output power of 750 W.
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