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Design of A GaN-Based High-Frequency Inverter for
Electrosurgery

Highlights

«» Electrosurgery
< High Frequency
+ Resonant Inverter
Graphical Abstract

In this work presents the design of a class dual-ended (DE) resonant inverter with gallium nitride (GaN) based high-
frequency and full-bridge topology for electrosurgery.
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Aim

The aim of this work is to design a GaN-based high-frequency full-bridge class DE resonant inverter topology for
electrosurgery.

Design & Methodology

High-frequency and wide load range are taken into consideration in the design procedure. The selected switching
frequency is 500 kHz. Variable loads are applied to the designed inverter and measurements are taken.
Originality

In this study, a high-frequency full-bridge class DE resonant inverter operating in a wide load range for three modes
of electrosurgery applications is designed.

Findings

The presented design is verified on a prototype and results are obtained for all three modes, pure cutting, blend, and

coagulation, at variable loads. In addition, studies have been carried out on a different load simulating real tissue
for all three modes.

Conclusion

A high-frequency inverter design operating at wide load range has been obtained for electrosurgery. On the potato
load for pure cutting mode, an output voltage of 39.9 V and an output current of 0.7 A while the efficiency is around
35%.
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ABSTRACT

Electrosurgery performs cutting and coagulation procedures using high-energy and high-frequency electricecurrent. It reduces

bleeding during surgical interventions, shortens the operation time, and accelerates the healing process. In thi
high-frequency full-bridge class DE resonant inverter design is proposed for use in electrosurgery. The propos
AC voltage at high frequencies and the switches operate with zero voltage switching (ZVS) at low v

selected as 500 kHz for three different cutting modes of electrosurgery. After the theoretical a
proposed inverter, an experimental setup was designed and implemented in a laboratory envi
over a variable load range is analysed. Finally, three modes of electrosurgery (pure cutti
different loads, potato - chicken breast - liver, simulating real tissue. On the potato load for
of 39.9 V and an output current of 0.7 A while an efficiency of 35%.

Keywords: electrosurgery, high frequency, GaN, resonant inverter.

Elektrocerrahi, yiiksek enerji ve yiiksek frekansli ele
miidahalelerde kanamay1 azaltir, operasyon siiresi

1. INTRODU

William T. d Electrosurgery. Between

loped the first electrosurgical

Electrosurgery, vhich is important in the field of surgery,
enables the energy to be transmitted from the device to
the tissue by manual adjustment by the doctor. The
transmitted energy is adjusted according to the clinical
impact and actual human tissue type [2].

Electrosurgery is divided into monopolar electrosurgery
and bipolar electrosurgery. The main difference between
the two modes is the method of the tissue. Two electrodes
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coagulation) are tested on the
i ode, an output voltage

drak kesme ve pihtilasma iglemlerini gergeklestirir. Cerrahi
iyilesme siirecini hizlandirir. Bu galigmada elektrocerrahide

htarlar diisiik gerilim stresinde sifir gerilim anahtarlama (ZVS) ile
genis bant araliginda, yiiksek frekansta ve diisiik anahtarlama kayiplarinda
e modu i¢in anahtarlama frekans1 500 kHz olarak segilmistir. Onerilen
¢caWgmalarinin ardindan bir deney diizenegi tasarlanmis ve laboratuvar ortaminda
Wplilik performansi analiz edilmistir. Son olarak, elektrocerrahinin ti¢ modu (saf

iKsek frekans, GaN, rezonans inverter.

are used in monopolar electrosurgery, an active and a
neutral electrode, while bipolar electrosurgery uses the
forceps electrode [3,4]. The monopolar electrosurgery
structure can be shown in Figure 1. The active electrode
has a small surface area and the current density around it
is high. On the other hand, the neutral electrode with a
large surface area minimizes heating in the area and is
placed away from the active electrode to safely distribute
the current [5].

Electrosurgery has pure cutting, blend, and coagulation
modes. For pure cutting mode, current and voltage are a
continuous sine. Blend performs both pure cutting and
coagulation, so it needs to give a modulated waveform.
For coagulation, it gives a sudden sine output [2], [6], [7].
The modes of electrosurgery provide the desired clinical
effect for the surgical operation. To achieve this, it
generates signals with a lower limit frequency of 200 kHz
and an upper limit frequency of 5 MHz [8]. An
alternating current above 200 kHz is applied to avoid



muscle stimulation [9]. This is why electrosurgical
devices are designed in this way.

Human has different tissue impedances such as skin,
muscle, and fat [2], [10]. During surgery operation, the
tissue load changes across a broad spectrum, and the
output power must be maintained [11]. Therefore, high-
frequency AC output voltage with a wide range variable
load is required for electrosurgery [2], [11].

Switching losses can be minimized in high-frequency
resonant converter topologies [12]. High-frequency
resonant inverters are usually used in electrosurgery
applications [13]. Among the resonant inverters, class D,
class E, and class DE are commonly used resonant
inverters [11]. Class D resonant inverters are preferred
for high-voltage applications [14], [15] and their
switching current voltage stress is low [11], [16]. When
inductive only, turn-on switching losses are zero while
turn-off transition is hard. Therefore, switching losses are
high, meaning efficiency is low [17]. Class E resonant
inverters work with ZVS, so efficiency is high and they
are low cost because there is a single switch in the circuit.
However, it has high current and voltage stress [11], [17]-
[19]. Class DE resonant inverters include the advantages
of both class D and class E resonant inverters. Therefore,
it has no switching power losses and provided ZVS, that
is, it operates at high efficiency and the switch current

voltage stresses are low [11], [17], [20]-[22]. ..

Looking at recent studies for electrosurgery, a 2018 stud
proposed the design of a high-frequency pulse widt
modulation  (PWM)  half-bridge invert
electrosurgery cutting applications and test
chicken tissue [23]. In the 2021 study,

cutting mode of electrosurgery was exaff
stage power conversion was propos

full-bridge operations i
inverter provid ide-r oltage regulation for
ridge inverter operating
or surgical applications for
large surgical applications for
example p ing, the full-bridge inverter operating
nother study, a phase-shifted gallium
nitride high eleCtron mobility transistor (GaN HEMT)
based full-bridge very high-frequency AC inverter
(VHFI) providing three operation modes of
electrosurgery was proposed to power electrosurgery [2].
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2. OPERATING STATES OF THE PROPOSED
INVERTER

The schematic diagram of the proposed inverter is given
in Figure 2. It includes a voltage source (Vin), MOSFETS
(S1 ~ Sa4), capacitors (C1 ~ C4) connected in parallel with
the MOSFETS, a series resonant (Cy, L), a transformer
(T) with a 1:1 turns ratio (n) to isolation the circuit, and a
load (R).
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e f— <R
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Figure 2. The full-bridge class DE resonant inverter.

In order to reduce the switch current voltage stress, the
class DE resonant inverter is a full-bridge structure.
There is a certain period of dead time between the
switches to ensure ZVS. The operating conditions of the
proposed inverter at the time intervals are given in Figure



3 and the waveforms of the time intervals are given in
Figure 4.

[to, t1]: Switches S; - Sz are turn-on. The resonant current
flows through these two switches and the resonant begins
between the resonant elements (C; - L;). It is shown in
Figure 3 (a).

[tz, t2]: During the time interval given in Figure 3 (b),
switches S1 - S; are turn off and capacitors C; - C;
connected in parallel to these switches begin to charge.
At the same time, capacitors C3 - C4 are completely
discharged, and switches Ss - S4 turn ZVS on.

[t2, ts]: Switches Sz - S; are in turn on. This time the
resonant current flows through these two switches. The
resonant begins between the resonant elements (C; - L,).
It is given in Figure 3 (c).

[ts, tz]: During the time interval given in Figure 3 (d),
switches Sz - S4 turn off and capacitors Cs - C4 connected
in parallel to these switches begin to charge. At the same
time, capacitors C; - C, are completely discharged, and
switches S; - Sy turn on with ZVS again.

VinT

Vin]

Yin]

NS (d)

I ergting states of full-bridge class DE resonant
javerter. (a) [to, ta], (b) [t1, t2], (€) [t2, ta], (d) [ts, ta]

Figure 4. Waveforms of the operation of the proposed inverter



MOSFET is used because GaN devices operate in wide
bandwidth, high frequency, high power, low switching
losses, and high performance [25]-[30].

The resonant frequency of the inverter circuit can be
extracted as:

f, -1 1)

The expressions for the capacitance and inductance of the

Table 1. Parameters and specification

capacitor and inductor that provide series resonant are Cr Circuit
and L, respectively. It is calculated by the equation reul Symbol Value
Parameters

below.
Co=— L 2 Switch Si~S GS66508B

r T 2 1 4

C‘)R(Q_?)
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Switching f 5OWKH
The high preferred quality factor for a good total frequency ® X
harmonic distortion (THD) can be found in the equation * ‘\l
below. Resonant  }
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In this equation, ® represents the angular frequency and
the resonance impedance value is Zo.
In a full-bridge class DE resonant inverter, there are four R 50 Q ~ 300 Q
parasitic capacitors of MOSFETs in the f
C=C,=C,=C3=C.. These capacitors are located betwee g
the drain-source terminals of the MOSFETS and affe
the operation of the MOSFET. It can be calculate Transformer n 11
following equation: turns ratio '

C=C =C,=C;=C, =

following equations:
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3. SIMULA ND EXPERIMENTAL

RESULTS
3.1. Simulation Results

In this study, a simulation study was performed first. The
full-bridge class DE resonant inverter design, which
realizes three modes for electrosurgery has been
simulated and shown in Figure 5. The switching
frequency of the circuit is selected as 500 kHz. A variable
load range is used in the study as in the same tissue and
the input voltage is 200 V. The three modes of
electrosurgery are considered separately.

The values of the components used in the simulated
circuit diagram (Figure 5) are shown in Table 1. GaN
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At a switching frequency of 500kHz, the switches in the
cross arm (Si - Sy, Ss - Si) are being transmitted
simultaneously, and the results of the waveforms
providing ZVS for switches S, - Sz are shown in Figure

6. °

rms of the pure cutting mode are
0 kHz switching frequency, at
ed. In addition, the primary voltage
pacitor voltage (V¢), continuous sine
Vout) and output current (iout) are obtained
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Figure 6. The ZVS waveform of the Sz and Ss switches
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Figure 7. Waveforms for pure cutting mode. Primary voltage Vp, resonant cagacitor vd{fage Y, output voltage Vout, and output
current iout

Blend, unlike pure cutting mode, involves a modulated vides a sudden sine output voltage. Using
waveform. Using the catalog of Force FXTM-C f¥ g of Force FXTM-C [7] electrosurgical device,
electrosurgical device, the repeated frequency is set to 2 d frequency is set to 39 kHz, and the output
kHz. The output voltage and output current at 10 re
given in Figure 8. ‘ & )
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Figure 8. Waveforms for blend mode. Primary voltage V), resonant capacitor voltage Ver, output voltage Vout, and output current
fout
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3.2. Experimental Results ®

The simulation results are evaluated and based on thesl
results a prototype is built in the laborator
prototype is built considering the design pafamet
shown in Table 1 and the picture of the built pro@type is
given in Figure 10.

The control circuit is designed as open
control  signals are i
microcontroller. In order to g
class DE resonant i
inductive region which is
higher than resonant fr
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Figure 10. Prototype design built in the laboratory
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Figure 12. The experimental results of inverter f
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Figure 13. Efficiency graph over a variable load range. (a) pure
cutting, (b) blend, (c) coagulation

In addition, the built prototype is also tested on the
chicken breast, and the liver loads to validate its
performance. The cutting modes on the chicken breast



and liver are given in Figure 15
respectively.

and Figure 16,

Figure 14. Cutting results on the potato

Pure Cutting

4. CONCLUSION

In this paper, a GaN-based high-frequency full-bridge
class DE resonant inverter is designed for electrosurgery.
The selected switching frequency is 500 kHz,
considering the switching frequency of the
electrosurgical devices used. The design procedure of the
proposed inverter is based on the methods in the
literatures. The circuit design is simulated and a
prototype is built in the laboratory. It is tested for pure
cutting, blend, and coagulation modes. Each operating

esults on the chicken breast

Blend

= Coagulation

Figure 16. Cutting results on the liver

state's performance was evaluated by measuring the
efficiency over a specified load range (50 Q ~ 300 Q).
Finally, cutting operations were performed on potato,
chicken breast, and liver for all three operating modes.
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