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ABSTRACT Electrosurgical generators (ESGs) are vital during medical operations, providing high-
frequency electrical currents for cutting tissue and coagulation in surgery. Maintaining precise control over
output power is challenging due to variable tissue loads. Inconsistent regulation can lead to undesirable surgi-
cal outcomes. This paper addresses this challenge through a novel Variable band hybrid current mode control
(VBHCMC) technique. The study explores the limitations of existing approaches, such as peak current mode
control (PCMC), emphasizing the need for improving control methodologies. The proposed VBHCMC
method ensures stable output power, addressing issues associated with PCMC. It dynamically adapts the
hysteresis band for variable load impedances, enhancing stability. The significance of this approach lies in its
ability to combine the benefits of peak and valley current mode controls while maintaining a nearly constant
switching frequency, significantly reducing steady-state errors. Results demonstrate significant reduction in
steady-state errors compared to conventional PCMC. The proposed controller provides an effective solution
to challenges faced in regulating output power during surgical procedures, enhancing safety and precision.
The results have been verified in the MATLAB/Simulink environment, Processor-in-Loop (PIL) simulation
in PSIM and using hardware validation.

INDEX TERMS Electrosurgical generators, current mode control, processor-in-loop, electrosurgical ana-
lyzer, hybrid current mode control.

I. INTRODUCTION
ESGs play a crucial role in medical procedures, generating
high-frequency electrical currents to aid in tissue cutting
and coagulation during surgical interventions [1]. ESGs typ-
ically operate across a frequency spectrum ranging from
300 kHz to 5 MHz’s, and generate varying output power
levels, hence catering to a range of surgical needs [2].
Typically, commercially manufactured ESGs operate at a
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frequency of approximately 500 kHz, with an allowable vari-
ation of±100 kHz. Achieving precise control over the output
power from ESGs poses a significant challenge due to sub-
stantial variations in tissue load characteristics encountered
during surgical interventions [3].

Inconsistent regulation in controlling the output power of
ESGs can potentially result in variations in surgical outcomes.
Application of excessive power may cause undesired tissue
injury, while insufficient power can lead to inconsistent tissue
cutting [4], [5], [6]. The circuit’s electrical impedance, which
includes tissue and ESG, demonstrates significant variations
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depending on the tissue. This variability spans from tens
to thousands of ohms, as reported in previous studies [7].
Tomaintain consistent output power andmitigate the inherent
heating impact, it is advantageous for the ESG to function as
a continuous power provider. Nevertheless, it is imperative,
from a pragmatic perspective, to restrict the sustained power
output to predetermined levels of voltage and current (V-I)
ensures the ESG’s protection, by accompanying electrosur-
gical instruments with cables. Each component has limited
capabilities for transporting electrical current and insulating
voltage. Figure 1 illustrates I/V diagram showcasing the ideal
output power characteristics of the ESG [8].

FIGURE 1. Desired output characteristic.

On the other hand, it is necessary to mitigate the risk of
potentially dangerous electrical arcs during surgical proce-
dures. Tissue segments with high impedance can generate
increased voltages, causing sparking electrical discharges
between the patient and electrosurgical tool. The curvature
of these arcs results in a reduced contact surface area for
the instrument, resulting in higher current density within the
tissue. Consequently, this higher current density poses an
increased risk of carbonization. Therefore, precise regulation
of the ESG’s maximum voltage output is essential to achieve
the desired clinical outcomes. Ensuring a state of constant
power in an alternating current output through proper control
involves maintaining a stable average power level throughout
each switching cycle [9], [10], [11].

The effective management of ESG operation involves two
fundamental components: architectural design and control
methodologies. In this context, ‘‘architecture’’ describes the
actual circuit used to control output power of ESG. In this
context, the term ‘‘architecture’’ pertains to the tangible cir-
cuitry utilized for the purpose of controlling and managing
the power output of the ESG [12].
The author in [13] has proposed an approach for achieving

swift control over output power, hence providing the ben-
efit of generating a wide range of waveforms and current
profiles. However, the methodology uses output waveforms
in the form of square waves, which exhibit a substantially
higher switching frequency. Consequently, this leads to an

increase in switching losses. Square waves have the potential
to generate super-harmonics that may pose a risk to tissues.

The introduction of the multi-resonant frequency (MRF)
technique in [14], is to tackle the obstacles encountered by
high-frequency inverters within the field of electrosurgery.
However, it is important to note that MRF and other prevalent
topologies are significantly dependent on resonant invert-
ers [15]. Themaximumoutput voltage and current of resonant
inverters are inherently restricted due to their self-limiting
nature [16]. Furthermore, these devices generate waveforms
closely resembling sinusoidal patterns and exhibit limited
adaptability in terms of output frequency, resulting in a
significant disparity between peak instantaneous power and
average power. Additionally, while soft switching inverters
minimize switching losses, their efficiency is limited to a
specific range of loads [3], [17].

In contrast, control techniques refer to the algorithms or
strategies employed to control the power at output of an ESG.
The researchers have proposed numerous low-frequency con-
trol techniques. These approaches encompass PI control [19],
adaptive PID control, Neural Network Control (NNC) [18],
with fuzzy control [20]. Recent advancements in sliding
mode control (SMC) techniques, such as fixed time sliding
mode control for DC/DC buck converters with mismatched
uncertainties, have shown significant promise in addressing
control challenges in variable load conditions [21]. Including
these methodologies can provide a comprehensive overview
of existing control techniques and their limitations.

Power measurements across several cycles are used by the
control loops to get the required output power [22]. It is
crucial to acknowledge that the efficacy of these strategies is
limited in situations when the operating point of the converter
experiences substantial variations. To effectively tackle the
highlighted problems and enhance the output power, PCM
is proposed in [23]. But PCMC has some limitations e.g.,
peak to average error (PAE), and artificial ramp induced
error. The constraints mentioned in [30] have been addressed
using expert knowledge based PCMC. But this solution is
only proposed for fixed reference power, and when reference
power changes this model does not adjust itself to desired
output.

This paper introduces an innovative approach using a
VBHCMC control to tackle these issues. Traditionally, the
effective regulation of power output in the presence of vary-
ing load impedance conditions has posed challenges for
the implementation of PCMC. To address this concern, our
proposed control approach ensures sustained output at an ele-
vated level throughout the valley point, subsequently resetting
it to the peak point. This method aims to alleviate common
errors associated with PCMC. Furthermore, the proposed
approach allows operation at nearly constant switching fre-
quency unlike hysteretic current mode control [24] in which
switching frequency varies with varying load impedance.

Additionally, a novel methodology designed to miti-
gate errors by dynamically adapting the hysteresis band
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FIGURE 2. Circuit diagram of ESG.

in response to fluctuating load impedances, leveraging the
band’s dependence on the measured voltage. The adaptability
inherent in this control approach are significant advantages,
contributing to the improved stability and robustness of the
controller. Consequently, this results in a more reliable and
consistent regulation of power output. The key contribution
of this studies is as follows:

The key contributions of this study are as follows:

• The development of an adaptive hysteresis band control
mechanism that dynamically adjusts to fluctuating load
impedances, improving the stability and robustness of
the control system.

• The innovative integration of peak and valley current
mode controls, maintaining a nearly constant switch-
ing frequency, which significantly reduces steady-state
errors.

• Improved stability and precision in output power regula-
tion, addressing the limitations of conventional PCMC.

• Extensive validation of the proposed VBHCMCmethod
through MATLAB/Simulink simulations, PIL simula-
tions in PSIM, and hardware implementation, demon-
strating superior performance compared to traditional
methods.

• Significant reduction in steady-state errors, ensuring
more consistent and reliable operation of electrosurgical
generators under varying load conditions.

II. SYSTEM DESCRIPTION
The ESG model comprises of a DC-AC inverter, a DC-
DC buck converter, and proposed control, as illustrated in
Figure 2. The system takes the input, denoted as Vs, which
functions as a primary power source. The output voltage is
produced using input, denoted as Vb_o. The input voltage is
first adjusted to a lower level by the DC-DC buck conversion
and transformed into high frequency AC power by DC-AC
inverter. The direct current (DC) voltage must be converted
into a high-frequency alternating current (AC) voltage via

a DC-AC inverter, which will subsequently be utilized to
electric power the ESG.

The variable IL(t) denotes the current passing through
the inductor, while Vb_o refers to the output voltage of the
input voltage of the high-frequency inverter and the buck
converter. The variable Ipri(t) denotes prime current of the
isolated transformer, whereas Isec (t) refers to the secondary
current of the transformer which is supplied to the surgical
tool that the physician is using. The tissue impedance denoted
by the symbol Z. The impedance is represented by a resistor
to mimic and assess the efficacy of the ESG.

A. DC-DC BUCK CONVERTER
The initial setup of the ESG system involves the integration
of a buck converter. The buck conversion is a crucial element
of the ESG, utilized to decrease an elevated input voltage to a
diminished output level. By utilizing pulse-width modulation
(PWM), the voltage is effectively regulated by manipulating
the duty cycle of a switching component, commonly a tran-
sistor as depicted in Figure 3.

FIGURE 3. Buck converter circuit.
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The fundamental circuit involves several components,
including an input voltage Vs, an inductor (L), an output
capacitor (C_o), and a load

(
Zeq

)
. The operation of this

system entails the periodic storage of energy in the induc-
tor during the switch-on phase, followed by its subsequent
release to the output during the switch-off phase.

The buck converter’s mathematical representation consists
of state-space s (1)-(2), which contain its dynamic proper-
ties by expressing key variables. Table 1 presents the buck
converter parameters. (1)-(2) describe the behavior of output
voltage (Vb_o), inductor current (IL) accounting for output
capacitor voltage C_o, duty cycle, and input voltage.

dIL
dt

= (Vs − Vb_o)
/
L (1)

dVc
dt

= (IL − Iout )
/
C_o (2)

TABLE 1. Buck Converter parameters.

B. DC-AC HIGH FREQUENCY INVERTER
Figure 2 depicts the ESG model, which consists of a buck
converter coupled with a push-pull inverter connected in
series. While, Figure 4 shows a high-frequency converter,
specifically a DC-AC push-pull inverter. This type of inverter
is used to convert DC power into AC power. It operates using
two switches (transistors) that alternate between being turned
on and off to produce AC output. As one switch conducts,
the alternate stays off, creating a ‘‘push-pull’’ motion that
moves current from the transformer to the load. Transformer
center tap connected to the DC input. The DC input is linked
to the transformer’s center tap. When a transistor is active,

FIGURE 4. High frequency push pull DC-AC inverter.

current flows through one half of the primary winding, mean-
while, the transistor conducts across the other half. This split
primary winding generates an AC output in the secondary
winding.

The fluctuation between the turn on/off states of the transis-
tors causes the transformer to generate anAC output. Detailed
specifications for the inverter circuit are explained in Table 2.

TABLE 2. Inverter specification.

III. MODES OF OPERATION OF ESG
A. CONSTANT CURRENT MODE
The generator’s design ensures that it can steady the output
current in a constant-current mode, independent of the load’s
impedance. The constant DC current source property of the
buck converter output under (CMC) documented extensively
in [25]. Figure 2 illustrates an instance of a PMC buck
converter controller that is interconnected in a sequential
configuration with a DC-AC inverter. An alternating current
(AC) source with the same magnitude as shown in Figure 5
is the output that results from the inverter DC to AC working
on a 50% duty cycle. Therefore, desired alternating current
constant current source is attained.

FIGURE 5. Buck converter CMC output current control.

Averaged switch modeling can be used to achieve the
result of a PCMC control buck converter, which allows for
the characterization of the converter as a continuous current
supply. (3) and (4) present the average current and average
voltage, respectively.

⟨I1(t)⟩Ts = d (t) .⟨I2(t)⟩Ts (3)

⟨v2(t)⟩Ts = d (t) .⟨v1(t)⟩Ts (4)
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FIGURE 6. Buck converter switch configuration.

PCMC effectively regulates mean inductor current inside
the prescribed limit of the control current, as shown in
following:

⟨I2(t)⟩Ts = ⟨IL(t)⟩Ts = ⟨Iref (t)⟩Ts (5)

B. CONSTANT POWER MODE
The generator has been specially developed to regularly gen-
erate a steady output power in the constant power mode,
regardless of any variations in the load impedance. (6) rep-
resents the power source to the inverter switch circuitry with
help of DC-DC buck converter in the constant power mode.

P = IL (t) .δ.Vs (6)

If the maximum current through an inductor is Iref in PCMC,
then (6) changes to:

P = Iref .δ.Vs (7)

The DC-AC inverter converts voltage on a 50% duty cycle
while maintaining magnitude regarding the DC-DC buck
voltage. Consequently, the current denoted as Ipri(t) is equiv-
alent to both IL(t) and Iref . (7) encompasses two time-varying
variables, namely Iref and δ, for which it is possible to calcu-
late the output power P under certain load conditions.

To get the value of Iref , rearrange (7) then.

Iref =
P

δ · V g
(8)

Average inductor current Iref (t) is described by (8).

C. CONSTANT VOLTAGE MODE
In order tomaintain a consistent output voltage, the duty cycle
should be maintained at a low level of the peak current mode
(PCM) controller, as shown in Figure 8.

To provide a steady output voltage, it is necessary to limit
the duty cycle for the peak current mode (PCM) controller,
as depicted in Figure 8.

Also, it is essential to recognize how employing duty cycle
restriction as an option to provide a consistent voltage out-
put using a PCM controller can have certain disadvantages,

FIGURE 7. Voltage and current waveform behavior of buck converter.

such as diminished effectiveness and increased output voltage
ripples. Imposing limitations on the duty cycle used by the
PCM controller within a (DC-DC) converter results in the
converter functioning without feedback, potentially causing
disruptions.

This section provides an overview of the electrical
schematic of an ESG, which includes DC-AC inverters
and DC-DC buck conversion. Furthermore, we presented a
detailed representation of the optimum output waveform for
an ESG in results. This included the three main approaches
to operation: constant electrical current, constant power, and
continuous voltage.

IV. LIMITATION OF PCMC
The PCMCmethod is frequently employed for regulating the
peak current in the inductor of power converters. Neverthe-
less, it is essential to acknowledge that within actual power
sources, three primary forms of defects may arise: artificial
ramp error, transient error, and PAE.

A. PEAK TO AVERAGE ERROR (PAE)
Peak-to-Average Ratio shows how much the inductor current
fluctuates between its average and maximum values when
there’s significant ripple current [26]. Unique compensatory
approaches could be utilized in reducing or eliminating the
PAE in specific peaks current mode (PCM) control [25].
Nevertheless, it is important to note that these strategies
may not yield desirable results in situations when there is
significant variation in the operating point of the converter.
The technique used to determine a current control threshold
aims to minimize fluctuations in inductor current and estab-
lish a stable inductor current level required for maintaining
a consistent power output across various load impedances.
However, this approach becomes unreliable when a substan-
tial quantity of inductor current ripple is encountered [20].
The discrepancy between the average inductor current and
the control current limit can cause a considerable steady-state
error in the output power, as mentioned in [27].
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FIGURE 8. Max voltage limitation used duty cycle.

FIGURE 9. Steady-state inductor current [28].

Significant inductor current ripple causes the 1IL . (Ts) =

Iref to be inappropriate. In this scenario, 1IL . (Ts) = Iref
holds true, as demonstrated in the data presented in Figure 9,
which demonstrates that the maximum and mean inductor
current value may not converge.

Figure 10 illustrates the influence of fluctuations on the
highest and averaged outputs of a buck converter.

B. ARTIFICIAL RAMP ERROR (ARE)
The PAE within PCM controller can be impacted by intro-
ducing an artificial ramp, particularly for converters with
duty cycle equal to or exceeding 50%. This compensatory
ramp enhances noise rejection in measured inductor current
and stability. Figure 11 illustrates how duty cycle variations
affect Iref (t) due to the compensatory ramp. It is crucial
to assess if variations in Iref (t) average values are influ-
enced by the compensatory ramp’s size. Figure 12 highlights
the consequential impact on a dependable power source,
revealing noticeable errors with low output impedance and
an increasing error magnitude with higher output impedance
values. This exploration underscores the significance of

FIGURE 10. PAE in ideal curve using PCMC [28].

FIGURE 11. PCM control with/without ARE [28].

compensatory ramp considerations in mitigating errors for
reliable power sources.
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FIGURE 12. Impact of PAE and ARE [28].

C. TRANSIENT ERROR
Figure 13 depicts the load stepping event occurring during
a time interval of 0.2 milliseconds, demonstrating a power
spike becomes increasingly prominent by the rise of L val-
ues. To enhance the operational efficiency in the PCM buck
converter under abrupt fluctuations, ensuring the complete
transfer of all the conserved energy within the inductor to the
circuit’s load is crucial. Thus, lowering the inductor’s value
can be a realistic technique for improving the converter’s
performance.

FIGURE 13. Transient response during step load [28].

In summary, the presence of non-idealities has the potential
to impose limitations on PCMC efficiency in power convert-
ers. Nevertheless, it is possible to address these constraints
and enhance the converter’s performance by implement-
ing diverse compensation mechanisms and optimization
approaches.

V. PROPOSED CONTROLLERS
The existing approaches for Current mode control generally
consist of Average current mode control (ACMC), PCMC,
and Valley current mode control (VCMC) [20], [21], [22].
Figure 14 represents PCMC, whereas Figure 15 portrays a
block schematic illustrating VCMC.

PCMC includes the regular activation of the transistor
while clock pulses serve as the authorized signal for setting
the operation. Furthermore, when the inductor current meets

FIGURE 14. Peak current mode controller (PCMC).

FIGURE 15. Valley current mode controller (VCM+C).

the peak current control signal, a reset command occurs,
causing the transistor to deactivate.

Nonetheless, it is vital to realize that subharmonic oscil-
lation might develop in PCMC when the duty cycle
exceeds 0.5 [28].
The PCMC current waveform is depicted in Figure 16,

which corresponds to the operational procedure described in
Figure 14. As illustrated in the diagram, as duty cycle sur-
passes 0.5, the amplitude of the current disturbance increases,
hence the occurrence of sub-harmonic oscillation.

FIGURE 16. PCMC waveforms illustrating instability [29].

VCMC, as opposed to PCMC, entails the periodic deacti-
vation of the transistor during specific time intervals inside
the clock pulse, which will be denoted as the reset signal.
Likewise, when the current flowing through the inductor
becomes synchronized command signal with the minimum
current, a predetermined signal is produced, resulting in
the activation of the transistor. Nevertheless, it is crucial
to acknowledge that CMC might experience sub-harmonic
oscillation under specific conditions, specifically when the
duty cycle falls below 0.5 [24].

A. PROPOSED VARIABLE BAND HYBRID CURRENT MODE
CONTROL
That work presented in unique VBHCM controller that incor-
porates peak and valley currents into its design. The controller
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we have proposed exhibits resemblances to the hysteretic
current-mode controller. In comparison to conventional hys-
teresis current-mode control techniques that often utilize a
predetermined hysteric band [25], [26], [27], our controller
exhibits the capability to adaptively modify the current band
gap in a flexible and responsive manner. The objective of this
modification is to reduce the extent of fluctuations in switch-
ing frequency, even in the presence of variable impedance.

It is critical to maintain a steady frequency despite dif-
ferences in impedance and desirable power levels. To attain
this objective, it is imperative to comprehend the correlation
between the intended power for a constant impedance and
the current band gap. Furthermore, a comprehensive under-
standing of the band gap pertaining to the entire range of
impedance that corresponds to a constant power is neces-
sary. The steady-state inductor current waveform is depicted
in Figure 17.

FIGURE 17. Steady state inductor current.

In this scenario, m1 symbolizes how fast the inductor
current rises, and DT indicates the moment when this rise
happens. The band gap, 1IL , changes based on impedance
and output voltage variations to keep the power output con-
sistent.

(9) defines the current band gap, 1IL , where f is the PWM
frequency, and Vb_0 is the buck converter output voltage, Vs
buck converter input voltage and L is the inductor value.
The current band gap is defined by (9), where L is inductor

value, f is the PWM frequency, Vs is input voltage to buck
converter.

1IL =
Vb_0.(Vs − Vb_0)

Vs · L · F
(9)

Ipeak_ref = Iref +
1IL
2

(10)

Ivalley_ref = Iref −
1IL
2

(11)

The determination of the maximum current command is
performed according to (10), whereas the calculation of
the minimum current command according to (11). In this
case, the variable I_ref refers to the current command signal
generated by multiplying the desired power at output volt-
age. Figure 18 shows a suggested block architecture for the
VBHCMC, which graphically reflects the control system.

Upon comparing the strategy described in Figure 18 with
a previous approach illustrated in Figure 14 [19], a notable

FIGURE 18. Proposed VBHCMC.

disparity becomes apparent. In the previous approach, slopes
are utilized to mitigate the occurrence of sub-harmonic oscil-
lation. However, the task of modifying the slope to accom-
modate impedance variations is a significant challenge. The
controller under consideration effectively tackles this diffi-
culty by employing software to determine the bandgap, hence
providing the benefit of automatic adjustment to a constant
frequency in the presence of varying resistance. Addition-
ally, the suggested controller successfully addresses inherent
faults associated with PCM regulation, including PAE and
compensation slope error.

Figure 19 shows two waveforms: one created using
VBHCMC and a theoretical current-voltage (I-V) curve. The
ideal curve corresponds to the waveform shown in Figure 1,
which displays a typical curve demonstrating the identical
features of RMS voltage of 120V, and an RMS current of 1A
and steady power of 50 W.

FIGURE 19. Current comparison between proposed VBHCMC and ideal
curve.

VI. SIMULATION, PIL VALIDATION AND HARDWARE
IMPLEMENTATION
A. SIMULATION RESULTS
The demonstration of the incorporated VBHCMC in this
section aims to rectify errors in power limitations associated
with PCMC. In order to accomplish our goal, we performed
simulation studies utilizing the mathematical representation
of the ESG and the tissue load. A power source has been
imitated using a single-phase converter coupled with buck
converter. It engaged with the tissue load, which appears
as resistance. Numerous simulations are run to compare the
efficiency of PCMC control with the proposed VBHCMC.
The simulations are categorized into two distinct categories,
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one utilizing VBHCMC control and the second employing
standard PCM control.

The simulations aimed to demonstrate the improved effi-
cacy resulting from the proposed VBHCMC approach.
Emphasizing the main objective for such simulations is to
demonstrate the effectiveness of VBHCMC control, distin-
guishing it from conventional PCM control methodologies.

Figure 20 depicts the V-I ESG trajectory spanning a broad
spectrum of load changes. It displays the system’s efficiency
with the proposed Variable Band Hybrid Control Method
(VBHCMC) and PCMC. The load ranged linearly from
(0-340 �). The simulations included selecting certain load
values within the range, monitoring output power at inter-
vals, and modifying load resistance in the Simulink model
to analyze the influence of VBHCMC control on output
power. Next, the identical technique was duplicated across a
range of load values that cover the recommended impedance
spectrum, ultimately achieving an optimal load of 340 �.
Such an iterative method allowed for a thorough analysis of
the system’s reaction for various load circumstances within
simulation setting. Similarly, process duplicated for power
generation using conventional PCMC in the Simulink envi-
ronment, acting like a standard comparison with VBHCMC
control. The collection of power data for each load value
allowed for the creation of a graph that demonstrates within
the simulated environment, the connection between demand
fluctuation and power produced.

FIGURE 20. Comparison of voltage and current waveforms between Ideal,
EK-PCMC.

The VI curve represented in Figure 20 summarizes data
collected to determine load values that cover every aspect of
impedance. Every dot on the curve signifies every particular
load value and the same output power collected throughout
Simulink, providing a comprehensive representation of the
system’s performance.

The vital finding from the VI curve analyzed how the
VBHCMC controlled during the Simulink simulate effec-
tively sustains the desired power reference over the whole
range of loads. In contrast, the conventional PCMC control
Simulated in Simulink shows artificially induced ramp errors

FIGURE 21. Output current contrast against load variations.

FIGURE 22. Output voltage contrast against load variations.

FIGURE 23. Output power curve with reference to time.

and steady-state errors created errors when the load changes.
This emphasizes the advantages of VBHCMC control.

Figure 21 portrays the RootMean Square (RMS) current of
the ESG, utilizing corresponding simulations as in Figure 20.
While Figure 20 displays the V-I curve obtained through
V-I measurements, Figure 21 scrutinizes the current over
time. This depiction allows a detailed examination of cur-
rent fluctuations under VBHCMC and conventional PCMC
control, providing insights regarding dynamic behavior of the
whole system by responding to load variations.

The downscaling of the impedance curve is done using
a factor of 0.003 to improve comparability. By dividing the
peak current curve value by the peak impedance value, this
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FIGURE 24. PIL simulation steps.

FIGURE 25. PIL implementation.

FIGURE 26. PSIM implementation of converter with PIL block.

scaling is calculated, enabling a more pronounced represen-
tation of current characteristics. This adjustment optimizes
the clarity and precision of the comparison with the existing
curve.

Figure 20 presents a comprehensive representation of
load fluctuations in terms of a V-I curve, illustrating the
behavior of systems. In contrast, Figure 21 allows for a more
comprehensive evaluation of the current’s temporal behavior.

This investigation provides valuable information into the
changing electrical current of the ESG unit under various load
scenarios.

Upon scrutinizing both sets of data, it is evident that
the Root Mean Square (RMS) current achieved through
VBHCMC control continuously surpasses that acquired with
conventional PCMC control across all levels of load fluctu-
ations. It further strengthens the evidence that supports the
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efficacy of EK-PCMC control for sustaining consistent robust
electrical output under multiple load circumstances.

Figure 22 exhibits the ESG device Root Mean Square
voltage (VRMS ) across diverse load fluctuations. In accor-
dance with Figure 21, simulations are performed using the
methods described in Figure 20, with a particular emphasis
on clarifying the voltage characteristics.

In order to enhance compatibility alongside the voltage
curve, the impedance curve is reduced by a value of 0.4. The
factor used for scaling is calculated by dividing the highest
voltage by the maximum impedance.

The data demonstrates if the RMS voltage (VRMS ) attained
using EK-PCMC control regularly exceeds that reached with
the conventional PCMC controller, regardless of the degree
of load variability. This discovery highlights the efficiency of
EK-PCMC control in constantly sustaining a maximum and
much steady voltage output despite various changes in load.

Figure 23 depicts the power output of the ESG device
across diverse situations of load fluctuations. In keeping with
the methodology described in Figure 21 and 22, the simula-
tions followed the same strategy as detailed in Figure 22, with
a specific emphasis on power characteristics. The impedance
curve is scaled down by 0.1 factor in order to make compar-
isons with the power curve easier.

Figure 23 shows a comparison of reference power to
power achieved using VBHCMC and PCMC. The following
impedance curve shows the influence of different impedance
stages, increasing gradually from (10-340 �) throughout the
measurement.

The ESG early on runs in constant current mode, then at
0.17 ms it changes to constant power mode as impedance
grows, and finally at 0.97 ms it transforms to constant voltage
mode as the impedance exceeds 200 �.

TABLE 3. Results Comparison between Proposed VBHCMC and PCMC.

Table 3 clearly indicates a fourfold superiority of
VBHCMC over conventional PCMC in mitigating power
error. Employing VBHCMC controllers can significantly
enhance the performance of ESG’s, particularly in terms of
precise power regulation, as evidenced by the comparative
results.

VII. PIL VALIDATION
The PIL has become more valuable for implementing
power electronics applications due to its ability to produce
accurate and realistic results. Executing some tests in a
converter-inverter operation can be challenging in practical
settings due to the requirement for variations in switching
states circumstances. However, implementing this is straight-
forward using a PIL approach based on the TMS320F28379D

FIGURE 27. Power comparison using PIL simulations between VBHCMC
and PCMC.

FIGURE 28. Hardware Testbench Setup of the proposed VBHCMC.

FIGURE 29. Hardware prototype of the proposed VBHCMC.

DSP chip. This study validates the effectiveness and achiev-
ability of the VBHCMC method by employing a processor
in the loop simulations. Figure 24 represents the technique
for setting up the PIL experiment on the PSIM platform
employing the DSP chip TMS320F28379D, while Figure 25
depicts the block diagram of implementing PIL.

PSIM software creates C-code for the proposed control
method. This C-code is then compiled using the Code Com-
poser Studio, resulting in the generation of a .out file. The
PIL PSIM block then uses the compiled file to enable PIL
simulation. The .out file replicates the control algorithm’s
activities throughout the PSIM PIL simulation.

After successfully completing the PIL simulation, the built
.out file is loaded onto the TMS320F28379D DSP chip. The
real-time control method is then implemented using the DSP
board, confirming its efficacy in an embedded system setting.

VOLUME 12, 2024 97049



M. M. Rafiq et al.: Experimental VBHCMC for High Power High Frequency Inverter

FIGURE 30. Datrend VPAD RF measurement at 80 Ohms.

Figure 26 illustrates the use of a comparative testing
approach with PSIM software to show the effectiveness of
the recommended controller. A real-time PIL test is used to
generate simulation results in order to evaluate the control
scheme’s efficacy.

Load step transitions take place at t = 8 ms and 16 ms
for 90- � and 100 � loads respectively. The initial load
impedance is 80-ohm. The same tests in the PIL simulations
are assessed for both the proposed and PCMC.

Figure 27 shows the obtained results, highlighting the
significant reactions to changes in load steps using the
VBHCMC and PCMC methods.

Moreover, the results clearly demonstrate VBHCMC’s
superior control capabilities over PCMC, especially when
dealing with changes in load impedance. It is evident from
a comparison of the two strategies that the proposed control
strategy performs better at controlling power.

VIII. EXPERIMENTAL HARDWARE IMPLEMENTATION
The VBHCMC system was implemented using an advanced
hardware configuration.

This configuration involved connecting a prototype buck
converter series with a push-pull inverter in a seamless
manner. The primary component of the system, the buck
converter, efficiently controlled the input voltage and ensured
accurate control to reach the required power levels. The
push-pull inverter, which plays a crucial role in forming
the output waveform and ensuring its exceptional quality,
is successfully connected to the main electrical conditioning
component. A C2000-Launchpad with F28379D series
chip, a microcontroller-based architecture with a wealth of
advanced features and processing power, is used to syn-
chronize the control mechanism. The Launchpad allowed
for immediate control and monitoring of the buck converter,
allowing for the smooth application of the VBHCMC
method. Figure 28 and 29 illustrate the hardware prototype
which employs a DC 48V power supply for the buck con-
verter input, a DC 5V supply to operate the ganfet module,
a DC 12V supply to operate the MOSFET and testing cir-

cuits. Moreover, the experimental setting was significantly
influenced by the inclusion of a Datrend VPAD RF analyzer,
which featured an integrated load and measurements.

The system’s performance was thoroughly assessed using
the Datrend VPADRF analyzer, which includes an integrated
oscilloscope and offers measurements for RMS voltage, RMS
current, power, and crest factor. The oscilloscope feature
of the Datrend VPAD RF analyzer enabled detailed exam-
ination of waveforms, while the RMS voltage and current
measurements offered an understanding of the RMS values.
Additionally, the analyzer made power and crest factor mea-
surements easier, enabling comprehensive evaluations of the
VBHCMC system’s effectiveness and waveform quality.

The experimental results obtained from the Datrend VPAD
RF analyzer, using a 50 W reference power, offer a compre-
hensive analysis that confirms the efficacy and dependability
of the VBHCMC approach in the field of ESG. The pre-
cise measurements taken under different load levels offer
a detailed comprehension of the system’s behavior and its
ability to respond to changing load scenarios.

Figure 30 exhibited a remarkable output power of
49.9 watts, showcasing the VBHCMC’s capacity to maintain
accurate control around the reference power level. The RMS
voltage, which is an essential measure of the effective voltage
of the system, is measured at 63.1 volts, demonstrating the
method’s capacity to reliably control the voltage output.
The RMS current, for evaluating the average current flow,
was measured at 790.7 milliamperes. This indicates that the
VBHCMC is very skilled at delivering consistent current even
when faced with different load impedances. The Crest Factor
was determined to be 1.31. The measurements at 100 ohms
resulted in the following values: Figure 31 demonstrated an
output power of 49.8 watts, highlighting the VBHCMC’s
ability to maintain consistent power levels under various
load conditions. The RMS value, recorded at 70.5 volts,
indicates that the VBHCMC method successfully controlled
the voltage output, even when the load resistance was raised.
The RMS current, quantified at 706.4 milliamperes, demon-
strates the technique’s flexibility in handling varying load
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FIGURE 31. Datrend VPAD RF measurement at 100 Ohms.

situations, guaranteeing a regulated and consistent flow of
current. The system’s ability to maintain a waveform of supe-
rior quality free of distortion is validated by the 1.29 Crest
Factor. The outcomes show howwell theVBHCMCapproach
works to provide exact stability and control under dynamic
load situations. The system’s potential to greatly improve
the performance of ESG in crucial medical applications is
shown by its ability to reliably sustain reference power levels
despite changing impedances. Because of its ability to adapt
to changing load conditions, the VBHCMC approach is a
desirable solution for reducing the difficulties related to
power control in surgical procedures. This ultimately results
in improved electrosurgery safety, precision, and general
efficacy.

IX. CONCLUSION
This study introduces a novel VBHCMC method for electro-
surgical applications, addressing the limitations of traditional
PCMC. PCMC with slope compensation are common for
swift response, but high slope values during voltage changes
can introduce errors. Software and hardware results affirm the
superior response of VBHCMC over PCMC with maximum
slope compensation. The VBHCMC technique combines the
advantages of peak and valley current mode controls, dynam-
ically adjusting the hysteresis band to accommodate varying
load impedances. This ensures stable and precise output
power regulation, significantly reducing steady-state errors
compared to conventional methods. Notably, altering output
voltage does not impact frequency, showcasing consistent
performance. This research contributes a robust controller for
fast operations, addressing challenges posed by traditional
control methods during load variations.

While the proposed VBHCMC method effectively stabi-
lizes output power across variable load conditions, it is not
without limitations. Future research should focus on opti-
mizing the adaptive hysteresis band adjustment algorithm
for faster response times and exploring the integration
of advanced machine learning techniques for real-time
impedance estimation. Additionally, experimental validation
in a wider range of surgical scenarios would further solidify
the robustness of the control method.

Future work will focus on further refining the adaptive
algorithm to enhance real-time performance and exploring
the integration of advanced control strategies such as neural
network-based adaptive controls and fuzzy logic systems
to further improve stability and robustness. The VBHCMC
method presents a promising solution for overcoming the
challenges associated with power control in electrosurgical
applications, ultimately enhancing the safety, precision, and
efficacy of surgical procedures.
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