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From Vacuum Tubes to Modern Semiconductors:
Opportunities for Industrial Heating Industry

Faheem Ahmad , Thore Stig Aunsborg , Asger Bjørn Jørgensen , and Stig Munk-Nielsen , Member, IEEE

Abstract—Industrial heating plays a significant role in the
modern society. It constitutes about 20% of the global energy
consumption. Modern industrial heating plants (especially in-
duction and dielectric heating) uses vacuum tube triode based
radio frequency (RF) generator. The vacuum tube RF generator
provides an efficiency of 60% or less. This is not optimum, as
almost half of the energy is being wasted as heat. Modern semi-
conductor 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
heating plants. However the industrial heating plants requires
high voltage output from the RF generator to deliver high power
which has been a technological barrier towards semiconductor
implementation in industrial heating industry. In this paper a
method is proposed to series connect multiple RF converters
to scale-up the output voltage from semiconductor based RF
generator. Class-PN is used as RF converter to demonstrate
the proposed multi-cell series connection method. Furthermore
a controller scheme is presented that allows individual Class-PN
RF converter to maintain optimum operation without the need of
communication between each cells. For the small-scale prototype
three Class-PN cells are operated in multi-cell configuration to
boost the DC input of 185 V to peak-peak RF voltage of 1.1 kV
at 6.78 MHz. Output power of 856 W at an efficiency of 80%
from DC input to RF load is demonstrated.

Index Terms—Gallium nitride (GaN) devices, industrial heat-
ing, multi-cell converters, radio frequency (RF) converters.

I. INTRODUCTION

IDUSTRIAL heating plays a significant role in moulding
modern human lifestyle. It is evident from the fact that

industrial heating constitutes 20% of the world total energy
consumption and more than 50% of direct greenhouse gas
emission of USA [1]. Industrial heating is used in multiple
applications for example in baking and packaging of food
products, paper and pulp industry, melting and annealing of
metals. There are broadly three basic categories of industrial
heating based on how the heat is generated: fuel-based heating,
steam-based heating, and electric-based heating [2]. However
in this article the focus is solely on electric-based industrial
heating where electrical energy is converted directly into heat
in the work material. This excludes conduction heating where
a resistive element generates heat which is transferred to
the work material. Electric-based industrial heating can be
classified into different categories based on the frequency
of operation and the work material as shown in Fig. 1 [1].

This work is supported by the Greenheat project which is sponsored by
Innovation Fund Denmark, and is a collaboration between Topsil Globalwafers
A/S, Kallesoe Machinery A/S, and Aalborg University. The Greenheat project
is stated to run for three years from 2023-2026 and aims to develop and
demonstrate two full-scale prototypes of radio frequency generators that
replaces existing vacuum tube triode based RF generators in the industry.

Frequency

Induction Radio Microwave Infrared

50 Hz – 500 kHz 2 – 100 MHz 200 – 3000 MHz 30 – 400 THz

Max temp ℃ 3000 2000 2000 2200

ISM band

Efficiency 50 – 90% 80% 80% 60 – 90%

Application
Rapid internal
heating of 
metals.

Rapid internal
heating of large 
volumes.

Rapid internal
heating of large 
volumes.

Very rapid 
heating of 
surfaces and
thin materials.

Fig. 1. Different electrification heating methodologies and frequencies at
which they are operated [1].

Induction heating has been used since early 20th century
for internal heating in metal work materials. When passing
an alternating magnetic field 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 few MHz for
silicon crystal growth [3], [4]. In applications where non-
conductive work material is to be heated, both radio (also
referred as dielectric) 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. The frequency range usually identified for the different
electric-heating methodologies are indicated in Fig. 1. For
high throughput in heating non-conductive materials, usually
dielectric heating is preferred over microwave as the longer
wavelength radio waves in dielectric heating penetrates deeper
in the work material. Within the range of 2-100 MHz, the
frequency bands allocated by governments authorities for
industrial heating purposes are 6.78, 13.56, 27.12, or 40.68
MHz. The frequency bands are referred as ISM band as they
are reserved for industrial, scientific and medical applications.
However induction heating applications operating below 2-3
MHz have no such guidelines or restrictions. The efficiency
values indicated in Fig. 1 represent the efficiency with which
electric energy can be converted into heat in the work material.

The high frequency operation at multi-MHz in the induc-
tion and dielectric heating industries have been historically
achieved by vacuum tube triodes as RF generator [5]. Fig.
2 shows a simplified schematic of a vacuum tube triode in
an induction or dielectric heating plant. The triode generates
the radio frequency (RF) output which is transformed through
transformer to match the load. The capacitive tuning element
on the secondary side is used to either match the varying

https://orcid.org/0000-0003-0079-3592
https://orcid.org/0000-0002-9784-3682
https://orcid.org/0000-0003-2171-4531
https://orcid.org/0000-0001-9653-5437
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Fig. 2. Schematic of vacuum tube triode coupled via high frequency
transformer to work material (a) in induction heating, and (b) dielectric heating
[5].

impedance of the work material or / and control the power
being delivered. Taking the case of dielectric heating, the
power density being delivered to the work material can be
defined as (1) [6],

P = k · f · ϵ · tan δ · E2 (1)

Where k is proportionality constant, f is triode frequency,
ϵ is dielectric permittivity of the work material, tan δ is loss
tangent, and E is electric field strength of the RF voltage
applied to the work material defined as E = V/d, where
V is the voltage applied on the work material and d is the
thickness of the work material. Therefore in principle it should
be possible to increase the power dissipated in the dielectric by
merely increasing either frequency (f ) or the applied voltage
(V ), given the remaining parameters in (1) are based on work
material properties. However, in practical considerations there
are limiting factors. For example, as the triode frequency is
increased it can lead to standing waves on the electrodes
causing non-uniform heating, or value of inductance required
for tuning is decreased to an unachievable minimum causing
difficulty in tuning, and most importantly the losses in triode
increases rapidly with increasing operation 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
[7].

The high voltage and radio frequency requirement has led
the induction and dielectric heating industries to be completely
reliant on vacuum tube RF generator. Although the vacuum
tube RF generator are highly inefficient, offering efficiencies
of only 60% [6], [8]. This does not need to be the case anymore
as modern semiconductor technology have achieved MHz
operation in RF region with an efficiency of more than 90%.
Thus it presents as an opportunity for the industrial heating
industry to incorporate semiconductor based RF generator and
phase out the ageing vacuum tube technology. In section II
the state-of-art semiconductor based high frequency converters
are summarized. The achievements of high frequency opera-
tion of modern semiconductor technology has been presented
along with the challenges that restricts its implementation
in industrial heating industry. Section III presents the four-

switch resonant converter topology Class-PN that will be
used as high frequency converter. The controller design for
a single Class-PN is presented in section IV. The controller
is designed to ensure independent operation of individual
Class-PN converter. Finally in section V, the proposed series
connection method to achieve multi-cell operation is presented
which is experimentally validated in section VI. Section VII
summarizes the results.

II. STATE-OF-ART HIGH FREQUENCY CONVERTERS

Historically in power electronics, silicon (Si) devices have
not been considered for operation at multi-MHz switching
frequency. However there have been few works such as [9],
[10], which are based on Si RF MOSFETs from IXYS have
demonstrated 5 kW at 89% and 1 kW at 85% efficiency
at 13.56 MHz respectively. Though the Si RF MOSFET
from IXYS have been discontinued. Other work using Si
device in a high frequency converter was presented at a
lower power of only 23 W at 6.78 MHz [11]. The advent
of modern semiconductor technology such as wide bandgap
(WBG) devices have demonstrated superior performance at
MHz switching operation compared to Si devices. Fig. 3 cites
output power and operation frequency achieved by some state-
of-art converters based on WBG materials utilizing silicon
carbide (SiC) or gallium nitride (GaN) devices [12]–[20].
The work in [17] is based on GaN device operating at 6.78
MHz and achieves an efficiency of 95.7% at 1.7 kW. From
Fig. 3 it can be understood that SiC devices are preferred
for switching frequency under 4 MHz (except [14]). This is
suitable for industrial induction heating applications as the
maximum frequency required in induction heating is usually
few MHz as seen in silicon crystal growth [4]. For example the
work in [19] is based on 1700 V SiC MOSFET (CPM2-1700-
0080B) operating at 2.5 MHz for induction heating application
and achieves 91% efficiency at 5 kW. For dielectric heating
that requires ISM band frequency of 6.78 or 13.56 MHz, GaN
devices are better suited for switching frequency beyond 4
MHz and have been demonstrated in other applications as
well like wireless power transfer [16], [17], [20]. All the three
works are based on 650 V GaN HEMT device. 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 efficiency of 94%
[12], [14].

Based on the literature survey a qualitative comparison ma-
trix of different technology for RF generator towards industrial
heating applications can be developed. In Table I a comparison
between the vacuum tube, silicon as well as next generation
WBG (SiC and GaN) material based MOSFET 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 significant.
Furthermore, across the world there are fewer manufacturers
of vacuum tube and thus it is not sustainable for the industry.
Silicon based power semiconductor technology have matured
over the decades and can attain the high voltage requirement to
a certain extent, however they are not suitable for RF operation
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Fig. 3. Frequency of operation and output power achieved by state-of-art
solid-state converter.

as seen by low efficiencies in [9], [10]. WBG materials have
demonstrated the high frequency operation and SiC based
MOSFETs are available in high voltage rating compared to
GaN devices. However the switching losses incurred in SiC
device is higher compared to the GaN and thus restricts
its operation under 4 MHz as seen in the literature survey.
Nevertheless the biggest challenge with semiconductor based
RF generator for industrial heating application is the output
power limitation. As seen in Fig. 3 the semiconductor based
multi-MHz converter are mainly limited to under 10 kW.

TABLE I
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 −− + ++ ++

In very-high frequency (VHF) and ultra-high frequency
(UHF) applications, in order to increase the output power a
standard strategy has been to use power combiners [21]. The
structure is shown in Fig. 4(a) where PA stands for power
amplifier which is a high frequency converter. As shown in the
figure that the output power of two PAs are combined using a
power combiner (PC). Then the output from the 1st stage PCs
are combined in the 2nd stage. This is a staggered approach
of combining output power from multiple high frequency
converters [21], [22]. Another approach to combine power
from multiple PAs is to use a single stage power combiner
as shown in Fig. 4(b) [23]. The power combiner strategy
solves the output power limitation of a single semiconductor
based high frequency converter however it adds additional
component in the circuit. Furthermore the RF generator in
industrial heating industry is required to generate high voltage
output. Therefore a semiconductor based RF converter using

(a) (b)
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𝑣PA1
−

+

PA

PA

𝑣PA 2
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+
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+
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+

Σ𝑣PA 𝑥
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+
PA

𝑣PA1
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+

PA
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𝑣PA 3
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+
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𝑣PA 4
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+
𝑍L

PC

PC

PC

1st

stage
2nd
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PA

𝑣PA1
−

+

PA

PA

𝑣PA 2
−

+

𝑣PA 3
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+
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𝑣PA 4
−

+
𝑍L

PC

Single
stage

(c)

Fig. 4. Different strategies to connect multiple power amplifers (PA) (a)
staggered power combiner (PC) [21], [22], (b) single-stage PC [23], and (c)
series connection of PA proposed in this paper.

power combiner will not be able to retrofit into an existing
plant.

In this paper we propose a method to combine the power
from several PAs without using power combiner. The proposed
method links up the output terminals of each PAs in a
series connection to scale-up the output voltage. The proposed
method is illustrated in Fig. 4(c) [24]. Next section presents
a high frequency, voltage source type, resonant converter
topology Class-PN that is used as individual power amplifiers
which are then series connected to scale-up the output voltage.

III. FOUR-SWITCH RESONANT CONVERTER TOPOLOGY
CLASS-PN

RF converters are normally based on soft-switching opera-
tion of the semiconductor devices. The state-of-art converters
presented in Fig. 3 are all based on soft-switched resonant
converter topologies such as Class-E, Class-EF2, Class-Φ2 etc.
Under ideal conditions, a soft-switched semiconductor device
generate zero switching loss which is crucial when operating at
multi-MHz. 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 operations 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 becomes a dominant loss factor
when operating at multi-MHz [25], [26]. Thus employing high
current rated GaN device to increase RF generator output
power will have high COSS value and thus high Ediss resulting
in larger switching losses. Therefore another challenge for
the power electronics engineer designing GaN based RF
generators is maximizing the RF power delivered from a
specific GaN device. Class-PN is a voltage source converter
that also achieves high frequency operation using zero voltage
switching (ZVS) resonant operation between load reactance
and COSS. When the load current is inductive, it charges and
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discharges the COSS and the GaN device achieves zero voltage
across its drain-source during the dead time and thus soft-
switches when the gate is turned-on. The phenomenon of
ZVS for voltage source type topology is explained in [27].
The switching mechanism and voltage/current waveforms of
the four GaN devices in Class-PN are illustrated in detail in
[28]. The four switches of Class-PN cell are GaN devices
(GS66506T) from Gansystems rated at 650 V and 22.5 A.
The device provides a superior output junction capacitance
(COSS) of only 49 pF at 400 V [29]. These GaN devices are
based on GaNPX package design that have a top side thermal
pad that allows for attaching the heatsink away from the
electrical drain, source and gate pads which are present on the
bottom side soldered directly to PCB. The concept is shown
in Fig. 5 [30]. For the current paper a 0.5 mm Gap-pad with a
thermal conductivity of 5 W/mK is used as thermal interface
material between the top side thermal pad and heatsink [31].
This leads to a junction-ambient thermal resistance (Rth(JA)) of
4.9◦C/W. The presented cooling solution and other approaches
considered for Class-PN have been covered in [32]. For future
work the authors are considering a direct bonded copper
(DBC) based design where a hybrid DBC/PCB design will
be used for a better thermal performance. The hybrid design
will be similar to what has been published in [33].

Fig. 5. Structure of GaNPX package for Gansystems top side cooled devices
[30].

However unlike single-switch topologies like Class-E, the
Class-PN delivers more than 6x higher output power using
the same GaN device type. This is explained by the power
handling capability of the resonant topology [28]. Power
handling capability (cp) is defined by 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).
Table II shows the cp of a few resonant topologies. Some of
the advantages and disadvantages of the topologies in Table II
are explained here. Class-E is a popular resonant topology due
to its low component count and ease of operation. However
it has a low power handling capability compared to all the
other resonant switching topologies presented in Table II. This
is due to the high voltage and current stress subjected to
the semiconductor switch in Class-E. Over the years there
have been several single-switch resonant topology derivatives.
Both Class-EF2 and Class-Φ2 combined the efficient switching
capability of Class-E with the improved switch voltage and
current waveforms of Class-F and Class-F−1. This leads to
improved power handling capability for both Class-EF2 and

TABLE II
THEORETICAL OUTPUT POWER LIMIT WHEN SEMICONDUCTOR DEVICE

SUBJECTED TO MAX. 450 V, 15 A

.

Topology Switches cp Pmax(TH) (kW)

Class-E [10], [15], [18] 1 0.09 0.66

Class-EF2 [11] 1 0.13 0.89

Class-Φ2 [12], [14], [17] 1 0.16 1.08

Class-D [9], [13] 2 0.32 2.15

Class-PN, FB [28] 4 0.64 4.30

Class-Φ2 compared to Class-E while still retaining the sim-
plicity of single switch topology. The disadvantage however
is that both Class-EF2 and Class-Φ2 contain multiple resonant
components which must be tuned for proper operation. These
resonant components can sometimes interact with each other
making it difficult to work with them [34]. Class-D is a popular
resonant topology for amplifier applications, which provides
significantly higher power handling capability compared to the
single switch topologies. However the requirement of dead
time and high side gate drive makes its implementation a
challenge at very high switching frequency. The challenges
observed for Class-D are the same for Class-PN and full-
bridge (FB) as well. However by further increasing the number
of semiconductor devices from two to four, both Class-PN
and FB increase the power handling capability by another
factor of 2. Utilizing the definition of power handling ca-
pability one can calculate the maximum theoretical power
(Pmax(TH) = cp ·VSMISM) that can be achieved by such resonant
topologies. For example, when the semiconductor device is
subjected to a VSM of 450 V and ISM of 15 A. Class-PN
has Pmax(TH) calculated to be 4.3 kW which is more than 6x
of Class-E. However, even though Class-PN increases device
utilization, a single cell with an output power of 4.3 kW will
be insufficient for industrial heating applications as discussed
in section II. And therefore the Class-PN will be expanded to
multi-cell operation using the proposed method in Fig. 4(c).

IV. ANALYSIS OF A SINGLE CLASS-PN CELL

Operating converters at several MHz leads to a very short
time period, for example at 6.78 MHz the time period is only
147.5 ns. Thus implementing central controller scheme that
communicates with individual converters will not be feasible.
Therefore in the proposed approach of series connecting the
power amplifiers as shown in Fig. 4(c), the idea is to imple-
ment a local controller within each Class-PN converter that is
able to ensure its own optimum operation. To achieve it in this
section the capacitor voltage balancing of a single Class-PN
cell is explained and the controller designed to ensure it.

A. Capacitor Voltage Balancing Mechanism in Class-PN

Class-PN consists of four-switches, a capacitor (C) and
two coupled inductors (L1, L2) as shown in Fig. 6(a). For
stable operation of Class-PN in multi-cell configuration, it
is necessary to ensure balanced voltage of the capacitor, C.
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Therefore, the voltage balancing mechanism of capacitor (C)
is presented. The load current path during the P -state and N -
state is indicated in Fig. 6(a). In [28] the switching scheme
for the four-switches of Class-PN is presented. When Q1
and Q4 turns-on, a positive voltage rise is seen in load ZRF
during the P -state and vice-versa for the N -state. In Fig. 6(b)
the switches have been replaced with an equivalent voltage
drop vSW for P -state in black and N -state in grey. And the
voltage across coupled inductors L1, and L2 are shown as
v1, and v2 respectively. Fig. 6(c) shows the inductor voltages
v1(t), and v2(t) during the initial transient stage when the
capacitor voltage (vC) is charging up to DC link voltage (VDC).
T represents the switching period.

𝑉DC

𝑳𝟏

𝑳𝟐

C

𝑍RF

Q1

Q2

Q3

Q4

P− state
N− state

(a) (b)

𝑖L1

𝑖L2

𝑣1

𝑉DC 𝑣C

𝑍RF

+ −

𝑣2+ −

𝑣SW
+

−
𝑣SW
+

−

+

−

𝐼DC

(c)

⟨𝒗𝟐⟩

𝑉DC

−𝑣C

𝑣𝑆𝑊

⟨𝒗𝟏⟩

𝑑′
0

−𝑉DC

𝑉DC
𝑣C

0

−𝑉DC

𝑣1(𝑡)

𝑣2(𝑡)

𝑑
𝑡

𝑡

T

Fig. 6. (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.

v1(t) =

{
vSW − vC ∈ t = dT
VDC − vSW ∈ t = d′T

v2(t) =

{
vSW − VDC ∈ t = dT
vC − vSW ∈ t = d′T

(2)

⟨v1(t)⟩+ ⟨v2(t)⟩ = (vSW − vC) · dT + (VDC − vSW) · d′T+
(vSW − VDC) · dT + (vC − vSW) · d′T

(3)

⟨v1(t)⟩+ ⟨v2(t)⟩ = (vC + VDC − 2 · vSW) · (d′ − d)T (4)

Fig. 6(b) is used to write the inductor voltage v1(t), and
v2(t) as shown in (2). In (3) the total average inductor voltage

Controller 

Circuit

Current 

Sensor

Sensor

Output

Fig. 7. Coupled inductors L1, L2 connected to Class-PN, and current sensor
based compensation circuit.

⟨v1(t)⟩+ ⟨v2(t)⟩ is shown and finally simplified in (4). Under
steady-state condition the capacitor voltage vC is equal to
VDC and the average inductor voltages ⟨v1(t)⟩, and ⟨v2(t)⟩
are 0. Thus at steady-state, d = 0.5 ensures the equality of
(4). However during the transient stage, for example when the
capacitor (C) is getting charged vC has not reached VDC and
thus |⟨v1(t)⟩| ̸= |⟨v2(t)⟩| as shown in Fig. 6(c). Therefore
the duty cycle (d) has to be varied to ensure the equality
of (4). This is achieved by maintaining equal amplitude of
average current in the coupled inductors, i.e., |iL1| = |iL2|. The
coupled inductors are designed in order of µH, thus it allows
DC current to charge the cell capacitor, while RF current at
6.78 MHz will be rejected or has significantly small value
due to the high impedance at this frequency. A controller is
implemented in Class-PN to achieve this functionality and is
presented next.

B. Controller Design
As discussed the controller in Class-PN topology is based

on maintaining equal value of average current in the coupled
inductors, i.e., |iL1| = |iL2|. In Fig. 6(b) the inductor currents
are shown as flowing in the same direction, thus under
optimum condition IL1 = −IL2 which are DC component
of inductor current. Thus the condition to maintain for the
controller circuit is given in (5),

IL1 + IL2 = 0 (5)

The coupled inductors are developed on a ultra-high fre-
quency powder based toroidal core from Micrometals with
a nominal AL value of 12 nH/N2 and an initial relative
permeability of 10 [35]. Fig. 7 shows the coupled inductors
L1 and L2 on the high frequency toroidal core. The coupled
inductor is connected to the Class-PN via a black PCB as a
busbar. A 50 A rated current sensor (LEM HASS 50-S) is
used to measure the total current as given in (5). Fig. 7 also
shows the controller circuit that receives input from the current
sensor.

Fig. 8 is the schematic of current-mode controller design as
well as the PWM generation for the four-switches in a single
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cell of Class-PN. The output from LEM sensor is fed into a
Type-II compensation network based on the very low noise,
precision operation amplifier AD8512 from Analog Devices.
A high resistance of 1 MΩ is placed to restrict the DC gain
of the compensation network. A pole is placed at 10 kHz
by the RC network of 20 Ω and 4.7 µH. And finally a
high frequency noise filter capacitor of 0.33 nF is added.
The compensation network is inspired from [36]. The output
from compensation network is compared with a triangular
waveform of frequency 6.78 MHz. The triangular waveform is
generated from a sinusoidal signal of 6.78 MHz coming from
an external signal generator (vSG) as shown in Fig. 8. The
signal generator supplies to the primary of a low power signal
isolation transformer (TS). Current output from secondary of
the signal isolation transformer is converted to voltage output
through a tank resistor which is fed into the comparator (CA)
to generate 50% duty cycle square wave of 6.78 MHz. The
coupling capacitance between primary and secondary of signal
isolation transformer is kept very low at 2 pF. This is important
because the same signal generator vSG is fed into all the
cells in multi-cell configuration of Class-PN. Thus keeping the
coupling capacitance to a minimum reduces conducted noise
from propagating between the cells. The duty cycle adjusted
PWM output from comparator (CB) is then fed into a dead
time generation circuit that creates two complementary signals
along with the specified dead time that is then provided to
the isolated type gate drivers of GaN devices. The dead time
generation circuit is based on quad 2-input NAND schmitt
trigger. The dead time generation circuit works independently
of the compensation network. This architecture is designed
to eliminate the impact of propagation delay of the current
sensor, controller and other ICs in the network. Details about
the different ICs used in the controller and duty generation
circuit is provided in Table III.

The compensator gain (GC) along with the plant (GP) and
overall loop gain (GPC) is plotted in Fig. 9. Based on GPC
the loop bandwidth is approximately 140 Hz. This gives
a sufficient phase margin (ϕm) of 80◦. The bandwidth of
controller is designed to be low for two reasons.

1) As the load in industrial plant heats up, the load varies

10-2 100 102 104 106 108

Frequency (Hz)

-100

-80

-60

-40

-20

0

20

40

60

80

100

G
ai

n 
(d

B
)

-300

-250

-200

-150

-100

-50

0

P
ha

se
 (
°)

G
P

G
C

G
PC 140 Hz

Fig. 9. Gain and phase for current-mode control of Class-PN.

very slowly over several minutes thus a high bandwidth
controller is not required.

2) Because each Class-PN cell in multi-cell configuration
have their own independent controller, thus a fast re-
sponse might lead to timing mismatch between the P -
state and N -state.

V. MULTI-CELL OPERATION OF CLASS-PN

Section IV has explained in detail the design and devel-
opment of a single Class-PN. This section will focus on
extending the operation to multi-cell configuration based on
the proposed series connection in Fig. 4(c). Fig. 10(a) shows
multi-cell configuration of Class-PN. Three Class-PN cells are
shown, where Cell 1 is closest to the input DC voltage (VDC).
The subsequent cells, Cell 2, and Cell 3 are connected to
previous cells capacitor Cx-1, where x denotes cell position.
The coupled inductors of the cells are connected directly to
VDC. As shown in section IV, the current of each cell’s coupled
inductors will be used to maintain its own capacitor voltage.
For simplicity, only the coupled inductor current flow path for
cell 2 is indicated here. Each of the cells in Fig. 10(a) have
their own controller as presented in Section IV.B. The signal
generator vSG is provided to all three cells thus synchronising
the P - and N -state.

Finally in Fig. 10(b) the output voltage seen by the load
ZRF is shown. During the N -state (d′T) the output voltage
(vPN) is the summation of voltages across capacitors C1, C2,
and C3. The current flow path during this time is highlighted
in blue in Fig. 10(a). Similarly in the P -state (dT) the voltage
across load will be the summation of voltages across DC, C1,
and C2. The voltage transition is shown to occur during the
dead time (Td) as Class-PN is a voltage source type converter
and achieves ZVS by inductive load current as discussed in
section III.

VI. OPERATION AND EXPERIMENTAL RESULTS

For testing the multi-cell configuration of three Class-PN
cells a high power load is designed using high power thick
film type resistors of 470 Ω ±5%, 800 W [37]. Fig. 11(a)
shows five of such thick film resistors attached to a copper
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(a)

-

+

(b)

Fig. 10. (a) Parallel multi-cell configuration of three Class-PN cells, and (b)
voltage seen by load ZRF.

TABLE III
SYSTEM PARAMETER SUMMARY

.

Parameter Value

Class-PN converter

GaN devices GS66506T (650 V, 22.5 A)

Gate driver Si8271AB-IS (isolated type)

Thermal interface Gap Pad® 5000S35 (5 W/mK)

Coontroller design and duty generation

Comparator (CA,CB) TLV3502 (high-speed comparator)

Compensator opamp AD8512 (precision opamp)

Dead time circuit 74VHC132 (2-input NAND schmitt)

Current sensor LEM HASS 50-S

Series-parallel resonant load

Compensating capacitors (CP, CS) CVUN-250AC/15-BAJA-2

Resistive load (RL) LPS 800 (470 Ω ±5%, 800 W)

tube based water cooled heatsink. A busbar is used to connect
all five resistors in parallel that gives an equivalent resistance
value of 93.5 Ω at 4 kW (RL). The busbar is designed to
add minimum parasitic capacitance and inductance. Fig. 11(b)
shows the overall load network (ZRF) along with RL. It is a
series-parallel resonant load where primary and secondary side
compensation capacitors (CP, CS) are adjusted to be 114 pF,
and 224 pF respectively. The series-parallel resonant load and
Class-PN converter parameters are summarized in Table III.

An air-core transformer is developed for the series-parallel
resonant load as shown in Fig. 11(b). The primary coil of
the transformer has higher number of turns than secondary
coil which sits within the primary in a helical structure. The

(a)

610mm

Without busbar

With busbar

(b)

Fig. 11. (a) Thick film resistor based 4kW load (RL) shown with and without
busbar, (b) series-parallel resonant load network (ZRF).

designed transformer is tested for its primary and secondary
coil inductance as well as series resistance (solid lines) using
impedance analyzer Keysight E4990A and is presented in Fig.
12. The figure also contains COMSOL based multiphysics
simulation (dotted lines) using the magnetic and electric fields
physics toolbox. The simulation results agree closely with the
measurement for both series resistance and self inductance
of the primary coil. For example the COMSOL simulation
predicted 170 mΩ primary coil series resistance at 7 MHz
which matches precisely with the measured results. However
the secondary coil results has a larger deviation that can
be accounted to measurement errors due to smaller size of
secondary coil. The air-core based design will eliminate core
losses in the transformer and will account for very low
conduction losses due low series resistance of approximately
200 mΩ in both primary and secondary coils. Fig. 13 shows
the current density distribution of the air-core transformer at
7 MHz. The development of the load network is presented in
detail in [20] where it is shown that the entire series-parallel
load network is 98.3% efficient.

The load is designed to emulate the structure of an in-
dustrial dielectric heating plant. However it can be extended
to also emulate induction heating application with necessary
changes. The designed load remains constant throughout the
operation. This is different from an actual industrial induction
or dielectric load which will show dynamic behavior during
the heating cycle and its value varies with the temperature.
There are many methods to compensate a varying load such
as dynamic tuning of a variable capacitor or an inductor in
the load. The capacitive tuning method is shown in Fig. 2
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Fig. 12. Impedance analyzer (Keysight E4990A) measurement (solid) and COMSOL simulation (dotted) on air-core transformers (a) primary coil, and (b)
secondary coil.

Fig. 13. COMSOL simulation of current density distribution in the primary
and secondary coil at 7 MHz.

[5]. Variable inductor method for compensating variable load
is presented in [6]. Third method to compensate for dynamic
load is varying the switching frequency of the RF generator
itself as presented in [38]. For this paper however the focus
is on validating the multi-cell operation of Class-PN therefore
the developed load shown in Fig. 11 is static in nature. Three
Class-PN cells are connected in multi-cell configuration as
discussed in section V and operated. Fig. 14 shows picture
of the hardware setup of three cells, connected to the load
network along with measurement voltage and current probes.
Cell 1, 2, and 3 are connected to the VDC via a busbar. The
load network is connected to Cell 3 where the Class-PN RF
generator output voltage vPN and current iPN are measured.
A high voltage passive probe PPE6kV (400 MHz bandwidth)
is used to measure vPN. PPE6kV has a maximum DC+peak
AC voltage rating of 6 kV until 10 MHz after which the
voltage capability rolls off [39]. The Class-PN RF generator
output current iPN as well as input current iDC are measured by
clamp type hall effect probes CP030. These clamp probes has
DC current capability of 30 A rms which rolls off beyond
1 kHz [40]. The current capability of CP030 is extremely

limited at the operation frequency of 6.78 MHz therefore for
further tests, higher rating current probes will be required.
A high voltage differential probe (HVD3605A) is used to
measure the load resistor (RL) voltage. HVD3605A (100 MHz
bandwidth) has a voltage measuring capability of 6 kV rms
voltage until 200 kHz after which it rolls off to approximately
400 V rms at 7 MHz [41]. Similar to the current probe, the
differential probe HVD3605A has also been a limiting factor
for further tests. And therefore for future work, better probes
will be acquired. All the probes and oscilloscope are from
Teledyn Lecroy which provides good compatibility between
the equipment.

Fig. 15(a), and (b) show experimental waveforms at VDC
of 185 V. Fig. 15(a) shows the RF generator output voltage
vPN that has peak-peak voltage of 1.1 kV. The load resistor
voltage (vRL) has a peak-peak value of 800 V which gives an
output power of 856 W at 93.5 Ω. In Fig. 15(b), the current
waveforms are shown, iPN is the Class-PN output current
whereas iDC is the DC input current to the RF generator.
Average value of iDC is 5.8 A which gives an input power
of 1.1 kW at 185 V VDC. This includes the gate drive power
as well. Thus the overall RF generator and load efficiency is
approximately 80%.

VII. DISCUSSION AND CONCLUSION

Industrial induction and dielectric heating industry relies on
vacuum tube triode for high voltage and high frequency output
RF generator. Modern semiconductor technology, especially
WBG devices such as SiC and GaN devices have achieved
the high frequency output as required for industrial heating,
however the high voltage and output power is still insufficient
to replace triodes. To achieve this, in this paper a series
connection method is proposed to scale-up the output voltage
from semiconductor based RF generator. The proposed method
is different from power combiner method as used in VHF
and UHF applications. As the proposed method does not add
additional components in the system and can be implemented
as a turn-key solution in existing industrial heating plants.
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Fig. 14. Three Class-PN in multi-cell configuration connected to ZRF, along with measurement probes.
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Fig. 15. Experimental results when operating three Class-PN in series
connected multi-cell configuration (a) RF generator output voltage and load
resistor voltage, and (b) RF generator input and output current.

Another consideration while selecting semiconductor device
for the individual RF converter which has not been addressed
in this paper is input junction capacitance (CISS). Selecting
high current rated semiconductor devices will lead to high
dissipation energy losses in output capacitance (COSS) as
discussed in section III. Furthermore the high CISS value of
high current rated devices will be a limiting factor in switching
frequency capability. The gate loop RC time constant (τ ) has
to be less than 1/4th the available turn-on time for a standard
totem-pole gate driver to charge the gate to its nominal voltage.
The gate loop time constant (τ ) for the design in this work

is 8.4 ns which leads to a value of 33.5 ns (4τ ). Thus the
GaN HEMT have been able to switch properly at 6.78 MHz
with an available turn-on time of 60 ns in each half-cycle
and 14 ns of dead time. However if we want to increase the
switching frequency to 13.56 MHz, modifications to the gate
loop is required either in the form of reduced gate resistance
or smaller current rating GaN device.

Class-PN is used as the high frequency power amplifier
due to its high power handling capability. A current-mode
control is designed to maintain the capacitor voltage and
ensure balanced operation in each individual RF converter
without the need of inter-communication between the cells or
with a central controller. The results achieved with three Class-
PN cells validates the methodology proposed and achieves
1.1 kV peak-peak output voltage using 650 V GaN HEMT
devices. It is to be pointed that the efficiency of 80% achieved
in this paper is lower than other WBG device based works
presented in state-of-art discussion in section II. This is due
to the fact that results presented in this paper has been achieved
at a low DC link voltage of 185 V. In a previous work a single
Class-PN converter has been shown to achieve an efficiency of
90% [20]. Therefore by further increasing the DC link voltage
and the number of cells, the proposed methodology of series
connecting Class-PN can be considered as a candidate for GaN
based RF generator suitable for the industrial heating industry.
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