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Dual-Frequency Ultra-Wide-Load Resonant Inverter for Electrosurgical
Generator System

Yifan Jiang ", Xinlin Wang

Haoyu Wang

Abstract—This letter presents a dual-frequency electrosurgical
generator (ESG) based on a Class EF inverter, designed to ac-
commodate ultra-wide impedance variations encountered during
surgical procedures. The inherent load-insensitive characteristics
of the Class EF inverter at a single frequency are further en-
hanced through the adoption of a dual-frequency operation strat-
egy. To explore the design potential, inequality constraints and an
impedance-based analysis method are employed. High operational
efficiency is established as the primary design goal, and a simple
dual-frequency and current control scheme is implemented to
maintain stable output power. In the experimental validation, a
3/4-MHz ESG system is developed, achieving an efficiency above
63% and delivering 20 W of output power across a wide load range
of 50-1500 €2.

Index Terms—Dual-frequency design, electrosurgical generator
(ESG), inequality constraints, ultra-wide load variation.

1. INTRODUCTION

LECTROSURGICAL generators (ESG) have been widely
E used in surgical operations, such as laparoscopy,
arthroscopy, and tumor ablation. The traditional electrocautery
utilizes the electrical current to heat the metallic probe and
apply it to body tissue. Unlike electrocautery generators, ESG
achieves the surgical effect (such as cutting and coagulation)
through high-frequency electrical current [1], [2], [3]. A low-
frequency alternating current would cause neuromuscular exci-
tation, which would lead to pain, muscle contraction, and even
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cardiac arrhythmia. As the frequency increases, such neuromus-
cular stimulation would be negligible, and it would also help the
energy transfer inside the tissue cells. The increasing switching
frequency of the ESG system enables fast cutting and deep
coagulation and would reduce intraoperative bleeding during
the surgery.

During surgical procedures, the equivalent load of body tissue
varies significantly due to the constantly changing morphology
at the surgical site. This variation includes both resistive and
reactive components, posing challenges for stable and efficient
power delivery. Conventional solutions, such as full-bridge con-
verters at kHz frequencies [4], [5] and impedance matching
networks (IMNs) [6], [7], introduce additional complexity or
are limited in frequency scalability. Moreover, fluctuations in
delivered energy can lead to inconsistent cutting depth or co-
agulation, increasing the risk of thermal injury to surrounding
nerves and organs. Therefore, achieving a load-insensitive and
power-stable ESG system, especially at high frequencies, is
critical for surgical safety and clinical effectiveness.

To meet this demand, this letter proposes a dual-frequency
ESG system based on a Class EF inverter, aiming to enhance
load adaptability while maintaining stable output power without
relying on extra IMNs. To address these challenges, a dual-
frequency design methodology is proposed to further extend the
load-insensitive operating range of the inverter with different
frequencies optimized for different segments of the load range.
The integration of an inequality-constraint-based design ap-
proach with an impedance model facilitates efficient exploration
of the design space and leverages the inverter’s high degree
of freedom. A simple current control strategy is adopted to
ensure stable output power without the need for additional IMNs.
Experimental results demonstrate that the proposed ESG system
achieves high efficiency and stable output power across a broad
range of load conditions.

II. ULTRA-WIDE LOAD INSENSITIVE DESIGN
A. System Configuration

The circuit model of the proposed ESG system is illustrated
in Fig. 1. Due to the high switching frequency, parasitic com-
ponents of the electrosurgical instrument need to be considered.
It is modeled as a T-network, and the corresponding component
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Fig. 1. Equivalent circuit model of the proposed ESG.

TABLE I
ELECTROSURGICAL INSTRUMENT PARAMETERS

Symbol | Rpn  Rpa  Lpi  Lyz Gy
Value | 59 06 115 056 0202

Inductance unit: xH; Capacitance unit: nF; Resistance unit: Q.

values are measured and given in Table I [6]. Note that the
body tissue is modeled as a resistor Ry, which would vary
within a wide range during the surgical process. During op-
eration, the variable load resistance R, is transformed into a
corresponding load impedance Zgq via the T-network of the
surgical instrument. Consequently, the Class EF inverter must
directly accommodate the varying impedance Zqq. The inverter
consists of a single switch S operating at a switching frequency
fs, with a duty cycle denoted by D. An inductor L functions
as an RF choke, while the shunt capacitor C'; compensates for
the switch’s junction capacitance. The components Lo and Co
are designed to resonate at the frequency f>, which means

fa=1/ (27T\/ L2C2) . ()

Lg and C resonate at f,, with an additional reactance X

XO = wSLO - 1/ (wSC()) . (2)

B. Dual-Frequency Design

Single-switch resonant inverters are widely employed for
high-frequency excitation due to their simplicity and their poten-
tial for load-insensitive operation [8], [9]. Nevertheless, many
existing designs operate at a fixed switching frequency, typically
constrained by specific application requirements. In the appli-
cation addressed in this study, the primary objective is to deliver
high-frequency current to a surgical site, where the operating
frequency is permitted to vary within a range of several mega-
hertz. By exploiting the inherent load-insensitive characteristics
of single-switch resonant inverters, this letter introduces a dual-
frequency operation strategy along with its corresponding design
methodology, aiming to enhance the inverter’s adaptability to
varying loads.

As illustrated in Fig. 1, the design involves five parameters:
Cy, C1, Cs, Ly, and Ls. Since precise tuning of inductors is not
feasible, the values of L and L+ are fixed. Based on (1) and (2),
the inverter design under a specified duty cycle D includes three
degrees of freedom: f5, C1, and Cy. The inverter efficiency is
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Fig.2. Dual-frequency inverter. (a) fo=3 MHz. (b) fo=4 MHz. (c) Parameter
selection space. (d) n-Ry, for Case D.

calculated using

P, o Ig,rmsRL

= E B VEnIin

3)
where P, denotes the output power delivered to the tissue, P, is
the input power of the inverter, I, i is the output rms current,
and V;, and [;, are the input voltage and current, respectively. To
ensure high efficiency of the ESG system across varying loads,
a traditional system must satisfy the following constraints:

RL,min < RL < RL,max
71 > Tmin (4)
fs = fO~

This means that the inverter efficiency 77 must exceed 7, for
all load resistances Ry, within the range [RL min, R max], With
a fixed switching frequency fs = fo.

A target system is conducted using the following param-
eters: D =0.5, Vj, =40 V, Ly =47uH, Ly = 10 xH, and
Lo =1 pH. The design goal is to achieve a minimum efficiency
of Nmin = 55%, with Ry, ranging from 50 to 1500 2. To handle
the ultra-wide load variation observed during surgical operation,
the switching frequency fs is considered as a design variable.
In addition, f5, C', and Cy are selected as the remaining three
design variables. Utilizing the extended impedance method [10],
the system state equations can be solved for specified parameter
values, thereby enabling an efficient sweep of the 4-D design
space.

The whole design process is illustrated in Fig. 2. Initially,
a 3-MHz inverter is evaluated under the following design
constraints: Rz, min = 502, Rr max = 400, 7min = 55%, and

o = 3 MHz. Parameter sweeping via the extended impedance
method rapidly identifies feasible design candidates, as shown
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Fig. 3. Benefits of dual-frequency system efficiency.

in Fig. 2(a). Similarly, a 4-MHz inverter is analyzed with up-
dated constraints: Ry, min = 2002, Rf, max = 15002, min =
55%, and fo = 4 MHz, which corresponds to a typical oper-
ating frequency used in commercial ESG systems [11]. Note
that fo=3 MHz and fy=4 MHz only showcase the proposed
dual-frequency ESG system. The corresponding design points
are illustrated in Fig. 2(b). The combined solution space is
shown in Fig. 2(c), indicating that all identified points satisfy
the constraints of Figs. 2(a) and (b).

Four representative cases (A-D) are selected for further
analysis. As an example, Fig. 2(d) demonstrates the efficiency
performance of Case D, highlighting that the proposed dual-
frequency design can maintain high efficiency through fre-
quency switching at a boundary load condition. Similarly, the
efficiency of four cases is compared in Fig. 3 (indicated as
solid lines). By frequency selection, all these systems can
maintain high efficiency across the load range. Favorable ef-
ficiency performance would be ensured based on practical
demands.

Following the same design methodology, a system can also be
configured to cover a wide load range using a single operating
frequency. As an example, Case E (indicated as a dotted line
in Fig. 3) is designed with Ry, min = 50€2, R max = 1500€,
Tmin = 55%, and fo = 3 MHz. However, the resulting efficiency
is not attractive under such an ultra-wide load condition.

C. Maintaining Stable Output Power

The design considerations in the previous section ensure dual-
frequency, high-efficiency operation over a wide load range.
In this section, the focus is further extended toward exploring
design strategies for control simplification. Maintaining a stable
output power is sufficient to achieve the desired thermal effect
during surgery. Furthermore, implementing a closed-loop power
controller based on output power detection is also unrealistic
in heat-generation application. To address this, a buck con-
verter is employed as the prestage of the Class EF inverter,
as shown in Fig. 4. The proposed work simplifies the buck
converter control by exploiting the inherent characteristics of
the dual-frequency inverter, enabling the system to regulate
a readily measurable state variable (i.e., the input of the in-
verter) to maintain stable output power over an ultra-wide load
range.

Using the impedance-based circuit model, the input current
and voltage of the inverter (i.e., [;, and Vj,) required to achieve a
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Fig. 4. Maintain stable output power based on a buck converter (final real
system).
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Fig.5. Iin-R1, when P=20 W. (a) Case A. (b) Case B. (c) Case C. (d) Case
D.

stable output power P, = P, can be calculated across varying
load resistances Rj. The resulting [;,—R; curves for Pt =
20 W are shown in Fig. 5 for the four selected cases. In each
plot, the dual switching frequencies are indicated by red and blue
lines, respectively. Among which, Case A exhibits the smallest
input current variation within each frequency mode, indicating
that the buck converter can be operated under current control to
drive the Case A-based inverter. Notably, two reference currents
are required, corresponding to the two switching frequencies
[refer to Iier1 and Iepo in Fig. 5(a)].

Based on the selected I.¢ in Fig. 5(a), the corresponding
output power is illustrated in Fig. 6(a). The results indicate that,
under the control strategy, the power remains stable at approx-
imately 20 W. The target output power P, is the first input to
the system. An overlapping region appears around 300 €2. To
distinguish between the two operating modes, the input voltage
Vin is monitored for mode selection, as depicted in Fig. 6(b).
For example, Vipax,1 and Va2 represent the voltage thresh-
olds for transitioning between the 3-MHz and 4-MHz modes,
respectively, while Iier 1 and Iy 2 correspond to the respective
reference currents. When operating at f; = 3 MHz (or 4 MHz),
if Vi, exceeds Vinax,1 (or Vinax,2), the system switches frequency
and updates It accordingly. A hysteresis region is introduced
as the overlap between the two frequency bands to prevent
frequent switching. Finally, a low-bandwidth current control
loop is implemented for the buck converter in Fig. 6(c). The
control loop monitors V;, for mode selection and subsequently
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Fig. 6. Output power control. (a) Inverter output power P,. (b) Inverter input
voltage Vi, when Pret=20 W. (c) Control block diagram.

TABLE I
SYSTEM PARAMETERS

Component Value/Parameter Component  Value/Parameter
fs 3/4 D 0.5

Switch S GS66508T Driver ISL551101VZ
Ly 47; Coilcraft Coh 0.45; TDK COG
Lo 9.95; Hand-wound (@51 0.10; TDK COG
Lo 0.99; Hand-wound Co 0.81; TDK COG

Frequency unit: MHz; Inductance unit: #H; Capacitance unit: nF.

generates Ii.; for the current controller, which is sufficient to
satisfy the heat-generation requirements. In practice, when the
target output power needs to be adjusted, it can be manually
tuned through an analog input P¢. Output power when Pis=15
W and P=10 W are given as examples and illustrated in
Fig. 6(a) to verify the feasibility of various power levels.

III. EXPERIMENTAL VERIFICATION

A prototype of the proposed ESG system is implemented in
Fig. 4. The equivalent load of the body tissue is manually tuned
by a real resistor, which varies from 50 to 1500 Q2. GS66508T
from GaN Systems is selected as the switch. The whole system
parameters are given in Table II.

The measured efficiency and inverter input voltage when
Pref=20 W are illustrated in Fig. 7(a). Under the two frequency
modes, the inverter maintains an efficiency above 63%, reaching
a peak of 84%. The output power delivered to the load remains
around the corresponding P, effectively maintaining stable
output power [as is shown in Fig. 7(b)]. Various target output
power that are needed in the surgery would be realized by
adjusting Ps. The measured output power as P.r=15 and 10
W are presented.

Fig. 8 shows the experimental waveforms of the proposed
dual-frequency ESG system. Six representative load conditions
were tested, demonstrating stable output power operation across
a wide range. Notably, the transistor waveforms (v,) differ from
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Fig.7. Experimental results. (a) Measured efficiency and inverter input voltage
when Pr=20 W. (b) Measured output power.
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Fig. 8.  Experimental waveform. (a) fs=3 MHz. (b) fs=4 MHz.

those observed in conventional Class EF inverters operating
under fixed load and fixed frequency conditions. The proposed
design enables zero-voltage switching operation over a wide
operating range. Fig. 9 illustrates the transition process between
the two frequency modes. Voltage and current waveforms during
mode switching are presented.

Table III compares the performance of various ESG appli-
cations. Note that IMN represents the impedance matching
network in the system. By adopting the proposed dual-frequency
design, the load range has been expanded from eight times (when
fs=3 MHz) and six times (when fs=4 MHz) to 30 times. The
proposed dual-frequency resonant inverter illustrates a balance
point between efficiency and load adaptability. It would ensure
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Fig. 9. Transient waveforms during mode selection.
TABLE III
COMPARISON OF VARIOUS ESGS
Ref Inverter fs (MHz) R () f;'l“ sl n P, (W) IMN
[6] | Full-bridge 3.5/4 [5,800] 160 [60.2%,66.7%] | 60/80/100 | Yes
[7] | Full-bridge 4 [10,200] 20 [60%,88%] 20/50/70 | Yes
Four-phase
[12] ok 2 [300,4000] 13.3 - 10/50 No
(1 - 4 - - ] 50
This | Class EF 3/4 [50,1500] 30 [63%,84%) 20 No

the high-efficiency operation under ultra-wide load without an
extra IMN.

IV. CONCLUSION

This letter proposes a dual-frequency ESG system powered
by a load-insensitive Class EF inverter. Inequality constraints
are incorporated into the design process to enhance design
flexibility. To accommodate a wide range of load variations, a

3207

dual-frequency approach is adopted, and a simple current control
scheme is employed to fulfill the stable output power require-
ment. The ESG system achieves high-efficiency performance
(i.e., 63%—84%) while maintaining stable output power through
a straightforward control strategy.
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