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Abstract—Electrosurgery is a systematic process within different surgical procedures; this technique introduces a high
frequency and power signal into the biological tissue to fulfil
a specific surgical procedure. Then, the electronic device used by
the surgeon must guarantee the desired high frequency, current
and voltage for the process. However, the tissue bioimpedance
changes due to many factors, such as its anisotropic properties,
hydration, and the applied current frequency. Therefore, the
electrosurgical unit (ESU) design is based on electronic circuits
capable of efficiently compensating for the load changes. This
contribution describes a closed-loop scheme for power control
based on a classical PID control. The article presents the
performance of the PID controller in the face of changes in load.
Index Terms—Electrosurgery, PID control, DC Buck converter

I. I NTRODUCTION
Since Harvey Cushing and William T. Bovie introduced
the first electrosurgical unit (ESU) more than a century ago,
electrosurgery has become a daily tool in many surgical
procedures. Electrosurgery is a surgical process in which an
electric current of high frequency and power is applied to
some tissue. This current is introduced into the tissue for
a specific purpose, for example, tissue cutting, coagulation,
fulguration, or desiccation, among others; these purposes are
achieved through varying the frequency, waveform, power, and
current or output voltage of the ESU [1].
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The high-frequency current (HFC) that passes through the
tissue raises its temperature, causing vaporization in it, which
results in a drying and coagulation process, i.e., the effect
of the HFC is to heat the tissues. Then, considering this
phenomenon, it is possible to cut, remove, and eliminate
malignant tissue, keep bleeding, and control it in some surgical
tasks. Namely, when an electrical current between the above
frequency ranges introduces the biological tissue, it only
produces heat, avoiding the other effects that can occur when
a current enters the tissue, which is usually the interruption of
some biological process or muscle stimulation [2]. Within the
advantages of this process, we can point out that electrosurgery
has shown capacity and efficiency in tissue quick cutting,
avoiding excessive bleeding. In addition, it allows obtaining
favourable results in aesthetic terms, the risk of transmitting
infections between diseased and healthy tissues is reduced,
and wounds heal in less time than the scalpel, among others.
Another significant advantage is the potential applications in
the so-called microsurgery, where the interactions with the
tissue must be done on a small scale [3].
Since low frequencies can be highly harmful to the patient,
ranging from pain to some failure of the cardiac system, the
ESU must guarantee the high-frequency supply for its correct
operation; these frequencies are between 100 kHz to 5 MHz.
Therefore, various electrical schemes have been proposed for
the ESU to ensure the proper frequency, voltage, current,
power and waveform. However, the predominant topology is

(a) Open-Loop electrosurgery scheme

(b) Closed-Loop electrosurgery scheme.

Fig. 1: Electrosurgery schemes.
Fig. 2: Desired output demand
based on DC converters and high-frequency voltage inverters;
essentially, the basic configuration is a Buck and Boost type
converter circuit accompanied by of high-frequency voltage
inverter (HFVI) [4].
Another aspect that ESU equipment must guarantee is the
correct current, power or output voltage supply, regardless
of the variation in the load. The impedance in the load,
namely, the biological tissue bioimpedance, varies depending
on the type of tissue, hydration, its anisotropy, temperature
and the frequency of the applied alternating current [5].
Furthermore, measuring this bioimpedance is not easy, so the
load is considered uncertain and variable. Thus, the design
of ESU devices must be capable of compensating for the
changes in load. Therefore, it is of interest to the control,
electronics, and biomedical engineering community to develop
new technics to improve the electrosurgery process. In this
context, closed-loop schemes for a Buck and push-pull HFVI
circuits have been proposed with their potential applications
in electrosurgery units [6]–[8].
This contribution presents the PID controller performance
for power control in a Buck and push-pull HFVI circuit; here,
the input signal is the duty cycle of the switching signal in
the Buck converter, and the output signal is the power on the
load [9]. Therefore, it is assumed that measuring the current
and voltage through the load is possible. The performance
of the PID is evaluated in the simulation, where the variable
and unknown load are simulated as an arrangement of RC
circuits that vary in time, namely a variable bioimpedance;
this equivalent circuit models the first layers of a tissue [10].
The manuscript is organized as follows: the system description and problem statement are given in Section II. Then,
different tuning methods for the PID, used as the controller for
the Buck converter, and their performance are briefly discussed
in Section III. Finally, some concluding remarks are given in
Section IV.
II. S YSTEM D ESCRIPTION
The ESU block diagram consists of a buck converter connected to an HFVI, as it is shown in Figure 1a, where the
HFC is applied directly to a patient from the HFVI output.

The ESU usually has three operation modes: constant RMS
voltage, constant RMS current, and constant RMS power. The
mode selection depends on the tissue type to treat and its
estimated bioimpedance value. For low bioimpedance tissues,
the constant RMS current mode is recommended. The constant
RMS voltage mode is used for high bioimpedance tissues.
Finally, the constant power mode is recommended for tissues
with medium-range bioimpedance values. Figure 2 summarizes these three operation regions. On the other hand, two
different configurations exist in the electrosurgical procedures:
monopolar and bipolar. For the bipolar configuration, the
surgical instruments are usually forceps or tweezers, and the
electrical current passes from one end of the instrument to the
other. On the other hand, the monopolar configuration involves
a patient return pad, and a probe (active electrode) [11].
This work assumes the tissue bioimpedance in a medium
range, so the operation mode is selected accordingly as RMS
constant power. For this reason, the voltage and current need to
be regulated to maintain the RMS power constant despite the
possible variations of the tissue impedance. Then, considering
the current and voltage through the load are measurable and
available is possible to formulate a closed-loop control as
depicted in Figure 1b. Here, the instant RMS power can be
computed as PRM S = VRM s IRM S , which are given by:
s
Z
1 t+T 2
IRM S =
Io (t) dt
(1)
T t
s
Z
1 t+T 2
VRM S =
Vo (t) dt
(2)
T t
where Vo and Io are the voltage and current at the HFVI
output, respectively, i.e. the high-frequency current and voltage
which passes through tissue.
A simplified circuit diagram of the ESU is shown in
Figure 3. The ESU comprises a Buck converter and a HFVI
in this schematic. Here, there are two main stages; assuming
the voltage is already rectified, the Buck converter is used

TABLE I: Electronic Components
Stage
Buck-Converter
HFVI

Fig. 3: Buck and High Frequency Voltage Inverter (HFVI)
electrical diagram

to reduce the voltage. Then, in the second stage, the HFVI
converts the DC signal into a high-frequency AC signal.
The following dynamic equations represent the Buck converter average model:
d
1
E
i(t) = − v(t) +
ū(t),
(3)
dt
L1
L1
1
1
d
v(t) = i(t) −
v(t),
(4)
dt
C
RC
where i(t) is the current in the inductor L1 , v(t) is the voltage
in the capacitor C, E, is the constant source voltage and ū(t)
represents the switching function which has two states, 0 and
1, corresponding to the state of the MOSFETs Q1 and Q2 as
shown in Figure 3, where the components values are depicted
in the Table I. Now, selecting the state variables x1 = i(t),
and x2 = v(t), equations (3) and (4) can be rewritten as:


E
0 − L11
ẋ(t) = 1
x(t) + L1 ū(t),
(5)
1
− RC
0
C

⊤
with x(t) = x1 x2 .
In this contribution, the design of ū(t) signal consists of
a square periodic signal with a fixed frequency at 50kHz
with a variable duty cycle, i.e. pulse-width modulation (PWM)
technique, is considered. The duty cycle describes the time the
signal is in a high state as a percentage of the total time it takes
to complete one cycle. Therefore, the control variable u(t) to
design is the percent of duty cycle. Here, when the switch is
closed, and the voltage source is connected (ū(t) = 1), the
charge step occurs, and the energy is stored in the inductor
and capacitor when the switch is open (ū(t) = 0 the circuit
is discharged, and the energy is transferred to the load. The
switching signal ū(t) allows the desired voltage reduction in
the circuit output. For this reason, the adequate selection of
the signal ū(t) is of particular interest.
The scheme’s second stage involves amplifying the voltage
and converting this signal into an AC signal with a high
frequency. To this end, a HFVI is used, as Figure 3 depicts.
This circuit converts a DC voltage v(t) into a high-frequency

Electronic Parts
Q =IRF540N, L1 = 33µH, C = 220µF
Q =IRF540N, D= 1N 4007, L′1 = 40µH,
L′2 = 0.1µH, L′3 = 0.1µH

AC voltage output Vo (t) by using the MOSFETs Q3 and Q4
controlled by a high-frequency switching signal. The output
voltage V0 (t)frequency depends on the frequency switching
signal applied to Q3 and Q4 . On the other hand, the output
voltage amplitude depends on the ratio between the number of
turns of the primary and secondary windings of the transformer
[7], [12]. The average model of the HFVI can be represented
by the following equation:
1
1
dIo (t)
= ′ FHF V I (t) v (t) − ′ Io (t) Rload ,
dt
Lt
Lt

(6)

where L′t represents the inductance of the transformer, Io (t) is
the alternating current, Rload is the load resistance, v(t) is the
input voltage (coming from the output of the buck converter),
and FHF V I (t) is periodic square signal. Thus, to ensure that
the high-frequency signal is applied to the tissue, FHF V I (t)
is proposed as a square periodic signal with a fixed frequency
of 500kHz and a duty cycle of 50%.
Therefore, the objective is to design a PWM signal u(t)
(applied to Q1 and Q2 ) able to guarantee a given constant
power as the output of the HFVI circuit while rejecting
perturbations caused by possible impedance changes in the
load. Then, the proposed approach uses the duty cycle as the
control input variable and the RMS power delivered to the load
as the output variable to design a PID. Adequately designed
PID gains show that a PID is robust enough to guarantee the
fulfillment of the design objective in the circuits based on the
Buck converters [12], [13].
Defining the error as the difference between the desired
power output value Pd , given as an RMS value, and the
measured output power at PRM S (t) any given time t, this
is e(t) = Pd − PRM S (t), the proposed PID controller has the
form.
Z t
u(t) = Ke(t) + Ki
e(t)dt + Kd ė(t),
(7)
0

with the controller gains parameters Ki = TKi and Kd = KTd .
In order to select the values for K, Ti , and Td it is necessary
to choose a performance criterion to objectively evaluate and
compare different gains selections. One well-known method to
select these parameters is the so called classical methods [14].
Notice that this method require the system step response. It is
possible to obtain this step response for the circuit presented
in Figure 3, with the component values given in Table I, by a
simulation considering the fixed switching frequencies applied
to Q1 and Q2 as 50kHz and 500kHz applied to Q3 and Q4 .
Then, PID can be tuned in simulation using the electrical
diagram, as shown in Fig 3. The system’s step response
describes a stable system, therefore it can be tuned using the

TABLE II: Summarized Formulas of PID Tunning
Ti
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L
L+0.1T

p

Kp L
T

Td
0.5L2
0.42L

Controller
ZNC
CHR
CCM
MIGO
AMIGO

K
1.03 × 10−2
8.14 × 10−3
1.29 × 10−2
1.8 × 10−3
4.983 × 10−3

Ti
1.5 × 10−4
1.8 × 10−4
1.515 × 10−4
1.084 × 10−4
1.054 × 10−4

Td
3.75 × 10−5
3.15 × 10−5
2.46 × 10−5
0
3.13 × 10−5

0
0.5LT
0.3L+T

.

classical Ziegler-Nichols (ZN) rules. These formulas depend
on the geometric characteristics of the system step response
curve, assuming that this response is similar to the response of
a first order system. The parameters to obtain are: dead time
L, the average residence time L + T and the stationary state
of the response Kp = lim y (t). However, the ZN rules are
t→∞
not entirely robust; thus, a modification suggested by Chien,
Hrones and Reswick (CHR) can be used. This method may
be slightly more robust compared to that of ZN, allowing the
zero percent of overshoot in the tuning parameters [14], [15].
The Cohen Coon method (CCM) was designed to reject output
L
disturbances, this method uses an extra parameter τ = L+T
for its tuning, τ is named as the relative delay time and
takes values 0 < τ < 1. An improvement to the previous
tuning methods is the MIGO (M-constrained integral gain
optimization method), which can be synthesized in formulas
similar to those of ZN for a PI controller; these formulas are
conservative and adequate for a small τ value, guaranteeing
robustness in its performance. Finally, the so-called AMIGO
(approximate MIGO) tuning method can also be summarized
in a set of formulas for small values of τ [14]. The Table II
shows the summarized formulas.
The values for Kp , Lt and T were obtained by the numerical
methods [16], with the final values as Kp = 178, L = 2.338×
10−5 , and L + T = 1.8 × 10−4 . With the expressions given in
the Table II, the corresponding gains for each design method
are presented in Table III.

Fig. 4: Equivalent RC circuit of the tissue. Where R1 = 1KΩ,
1
R2 = R21 , R3 = R51 , R4 = R
10 and C = 1pF. Each switch is
activated every 5ms.
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III. R ESULTS
Once the controller gains have been selected in the open
loop, a comparison and evaluation of its performance are
carried out. Then, a time-variable load is proposed to simulate
the physical process of electrosurgery, as Figure 4 depicts.
This RC-circuit represents the bioimpedance changes in the
layers of skin tissue; here, the bioimpedance changes in phase
and magnitude [10]. This simulation can be interpreted as the
change in the load while the electric scalpel is introduced into
a tissue. The first switch of the RC-circuit is closed 5ms after
the simulation starts, an then each other switch is closed with a
5ms delay after the previous one. Carrying out the simulation
for 20ms Figure 5 shows the high frequencies of RMS voltage
and RMS current applied to tissue. Figure 6a, Figure 6b and
Figure 6c shows the RMS power time response.
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Fig. 5: High frequency output RMS signals.
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TABLE IV: Performance of PID
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(c) Time response in the face of load changing.

Fig. 6: Time response for different PID tuning methods

Figure 6 and Figure 7 depict the control signals for each
tuning method; here, it is essential to note that the effect of
high frequency in the output response amplifies the derivative

action. On the other hand, as expected, the PI control signal
does not present any oscillation. Therefore, replacing the
derivative action with an adequately tuned filter for practical
purposes or experiments would be advisable. On the other
hand, according to Table IV and the graphs in Figure 5, the
AMIGO tuning presents the best performance by offering a
lower IAE and considerable RT.
Then, considering various indexes to evaluate the tunning
method’s performance. First, the rise time RT, this is the
time necessary for the output to reach 95% of the desired
output value; and the integral so-called integral errors: Integral
Squared Error (ISE), Integral Time-weighted Absolute Error
(ITSE), Integral Absolute Error (IAE) and the Integral total
Absolute Error. Table IV shows these indices during the
simulation time.
IV. C ONCLUSIONS
The design of the ESU is based on a Buck converter and
HFVI. For its correct operation, the ESU must guarantee the
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[14] K. J. Åström, T. Hägglund, and K. J. Astrom, Advanced PID control.
ISA-The Instrumentation, Systems, and Automation Society Research
Triangle Park, 2006, vol. 461.
[15] J. Lázaro, M. Ramı́rez-Barrios, M. Mera, and R. Mora, “Performance of
classical pid tuning in the automation anesthesia delivery,” in Advances
in Automation and Robotics Research”, H. A. Moreno, I. G. Carrera,
R. A. Ramı́rez-Mendoza, J. Baca, and I. A. Banfield, Eds. Cham:
Springer International Publishing, 2022, pp. 54–62.
[16] S. C. Chapra, R. P. Canale et al., Numerical methods for engineers.
Mcgraw-hill New York, 2011, vol. 1221.

0.7
PI-MIGO PWM % signal
0.6

PWM [%]

0.5

0.4

0.3

0.2

0.1

0
0

5

10

15

20

Time [ms]

Fig. 8: PWM control signal obtained from the MIGO tuning.

correct RMS power supply in response to changes in the load.
The presented closed-loop scheme based on a PID controller
exhibits an acceptable performance in simulation. Maybe
control algorithms where the frequency and duty cycle are
varied can improve the system’s performance by substituting
the PWM signal and PID. However, according to table XX
and the integral errors, the PID and PWM signal as control is
acceptable to compensate for the changes in the load.
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