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Abstract

Introduction: The real-time measurement of active power delivered to patients during the electrosurgical act is
still an engineering challenge. Besides, there is no electrosurgical unit on the market capable of doing it according
to the normative requirement. Methods: This work presents the design of an electronic structure capable to
probe the electrosurgical equipment output electrical signals, using low-costs very common resistors, and High
Frequency distortions compensation circuits, and process them to provide an analogue signal proportional to the
active power, allowing the knowledge and control of the energy delivered to the biological tissue. The reading
circuits and the active power calculation method are presented. The power calculation is performed in two stages.
The first one consists of a multiplier circuit that uses the readings voltage and current quantities to determine the
instantaneous output power, and the second stage is formed by an integrating circuit which determines the average
power value, resulting in a rippled continuous voltage, proportional to the active power delivered to the patient
or biological tissue. Results: Practical tests of the compensation technical are statistically evaluated by means of
linear regressions. Results of 23 tests are summarized in a way to demonstrate de effectiveness of the proposed
system. Conclusion: Analysis of the results demonstrate the efficiency of the proposed system, whose average
error is lower than 5%, and correlating them with the standard IEC 60601-2-2, that regulates the operation of

electrosurgery units.
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Introduction

The use of high frequency voltages, higher than
200 Vpeak, and high current density, producing sparks, is
the principle of the electrosurgery signals. These signals
can produce incisions, destroying and/or removing
organic tissues with the promotion of hemostasis.
Usually the output power is up to 300 W with current
intensities up to 3 A and operations frequencies from
300 kHz up to 5 MHz (International..., 2013). Actually,
commercial equipment have switched output and operates
below 750 kHz (Schneider, 2004).

Even after a century of the beginning of this technology,
many scientific and technological problems remain
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to be solved. A poorly regulated or incorrect used of
electrosurgery unit (ESU) can cause patient problems,
such as tissue carbonization, DC burns in unwanted places
and even the undesired electrostimulation (Schneider
and Abatti, 2008).

Aiming to understand the electrosurgery phenomena,
and thus to improve the regulation and the correct use
of these equipment, researchers have tried to develop
systems that allow an efficient control of the output active
power of the ESU. Some studies have been conducted
in the direction of determination and regulation of the
delivered power, although none of them has reached yet
the point of sufficient development to be integrated into
medical equipment. It is important to mention that in
order for an equipment to be able to display wattage in
its panel, it must deliver active power with a maximum
error of 20% in relation to the panel set point value
(International..., 2013). This is a very difficult task
because the organic tissue changes dynamically its
impedance under the active moving electrode, mainly
due the difference between muscle, fat, nerve, bone and
other organic tissues.

In the 1980s, efforts were focused on the power
determination from proportional parameters of the
output magnitudes (Schmitt et al., 1983; Tucker et al.,
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1989). From the end of the 1990s, efforts were made to
determine the power through computational tools (Fritz and
Schall, 2014; Monteiro et al., 2016; Visser et al., 1991;
Zhou et al., 2014) and the new topologies development,
where new control techniques could be employed
(Friedrichs et al., 2012; Jensen and Maksimovic, 2017;
Schneider and Abatti, 2005; Wurzer et al., 1997).
Unfortunately, these techniques are either inefficient
or have a high implementation cost, which makes their
commercial application not practical.

This work presents a low-cost technique that allows
to determine the ESU active power delivered to a patient
with an acceptable error. A technic that turn possible the
real-time active power measure (and after the control)
can be very useful to avoid damage in the organic tissue.
Due to the fact that it does not use computational tools,
the output quantity, in this case a continuous voltage, is
determined in almost real time and presents an average
value proportional to the active power delivered in the
procedure. If we consider a 10 mm/s speed incision,
a dynamic response in less than 1 ms represents less
than 0.01 mm of displacement, which is a very small
area that could be damaged before the regulation of the
output power. For this reason, a response time of 1 ms
for the active power calculation is one goal of this work.

Methods

An useful shortcut to get the active power, also called
average power or DC power, is to take the integral of
the product between instantaneous voltage and current
over one or more complete periods (Institute..., 2010),
as indicated in Equation 1.

n T .
P:ﬁ-(j;l:v(t)-z(t):l-dt (1)

In Equation 1, v(7) is the instantaneous voltage, i(?) is
the instantaneous current, 7 is the period of the signals
and 7 is the number of considered periods.

To implement this solution a system, presented
in Figure 1, is proposed. The output quantities v(7)
and i(t) of an ESU are read by means of two probing
circuits: One for instantaneous output voltage, which
is the v(#) term of Equation 1 and is probed as v (¢) in
the Figure 1; and other for instantaneous output current,
which is the i(#) term of Equation 1 and is probed as v(¢) in
the Figure 1. These values are multiplied and the output
signal, represented by p(7), is filtered by a lowpass filter,
determining a continuous voltage, which approach, in an
analog way, the active power P. If the cutoff frequency
is much lower than the signals v(¢) and i(¢) frequency,
a similar result to the average value integration for a
great number of periods will be achieved.
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Figure 1. Block diagram of the reader system and calculation of the
active power. v(7) is the output voltage and i(¢) is the current of an ESU,
v () and v(¢) are the voltage and current readings respectively, p(¢) is the
instantaneous output power and P is the active power.
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Figure 2. Patient circuit and oscilloscope probes locate. AE is the active
electrode, AE-output is the connection of this electrode to the ESU,
PE-plate is the passive electrode and PE-input is the connection of this
electrode to the ESU. REF is the reference point of acquisitions, v(?) is
the output voltage and i(¢) is the output current, v (¢) and v(¢) are the
voltage and current readings respectively.

To proceed the tests, the measure configuration
presented in Figure 2 was used, where AE indicates the
Active Electrode and PE indicates the Passive Electrode.
ARode & Schwarz Hameg oscilloscope model HM02024
was used in a sampling resolution of 1 GSa/s per channel
(Rohde..., 2011) and were produced samples with
6000 acquisition points. A 50 MHz Tektronix P5200A
isolated differential voltage probe, at channel A, and a
60 MHz Tektronix P6021A isolated current probe, at
channel B, were also used to directly measure the output
quantities of the electrosurgical equipment, as well as
two non-isolated 100 MHz Tektronix X1/X10 probes
that were used to read the magnitudes of the readings and
the power calculation circuits. All tests were performed
on a ESU prototype with a sine-wave output (Bernardi,
2007; Schneider and Abatti, 2005) operated at 400 kHz.
In this ESU, voltages up to 700 V and currents up to 2 A
were expected. As test body, replacing the biological
tissue, a slice of Chayote (Sechium edule sp.) (Schneider
and Abatti, 2008) with 10 mm thickness was used due
to the fact there is no significant differences between
it and swine flash. This kind of test body can produce
output powers up to 40 W in cut mode and 100 W in
coagulation mode. The oscilloscope was isolated from
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the AC electrical network by an isolating transformer at
low frequencies and the inclusion of two high frequency
decoupling shock inductors of 4.3 mH.

In the experimental analysis, some power measurement
and calculation structures results are presented and
discussed, as well as the errors are compared to the
standards limits.

Voltage and current probes circuit

To read the voltage and current at the output of the
electrosurgical equipment with low cost, a resistive
voltage divider and a shunt resistor were respectively
used. Knowing that these circuits insert distortions
in the read signals at high frequency, because of the
construction characteristics of the resistors (Ludwig
and Bretchko, 2000, p. 15), some models were tested
in an impedance analyzer Agilent 4294A.

These tests were made with axial ¥4 W carbon resistor,
1206 SMD carbon resistors and 5 W wire resistor.
According to them it was possible to define that, in
frequencies up to 100 MHz, for all tested resistors up
to 470 Q, the behavior is like a resistive and inductive
(RL) series circuit, due to the increase of magnitude
and phase angle along the increase of the frequency.
For tested resistors above 470 Q this behavior becomes
capacitive, like a resistive and capacitive (RC) parallel
association, due to the decrease of the magnitude and
phase angle along the increase of the frequency.

The simple use of these resistors in high frequency
reader circuits can produce some significant measurement
errors. Considering that electrosurgery waveforms
usually presents harmonic distortions due to the sparks,
that the resistors of the voltage divider are higher than
1 kQ and the shunt is a 1 Q wire resistor, the voltage
and current harmonics will be amplified and will have
the phase angle advanced, in relation to their real values,
resulting in significant measurement error.

In order to work around these problems, some
compensation techniques were applied to these structures.
For the voltage divider circuit, a compensation capacitor

R4 1 kQ
W
V(1) — AN — -SVDC
R R3 1k 5 ~
2MQ [
3 - THS3001 £
"2 # 1Cc 4svpc V(0
1 kQ 47 pF | 47 pF
o )
REF

Active power in electrosurgical units

C. was used, like the one present in scopes voltage
probes, as shown on the left in Figure 3. The capacitor
C,. cancels the reactive part of the output impedance of
the voltage divider circuit. For the shunt resistor, a passive
low pass filter was used (Dyer, 2001), as shown on the
right in Figure 3, with the insertion of R and C, circuit.

Both circuits have a gain included. In the voltage
reader circuit, the gain 2 has the function of matching
the voltage in a ratio of 1000:1, so that 1000 V on the
active electrode output v(f) corresponds to 1 V at the
V (¢) output. Due the value of the input impedance of
the Operational Amplifier, a resistor R, bigger than
1 kQ will be influenced. Besides, the R, resistor must
be bigger than 2 MQ due to the standard requirement
(International..., 2013). This gain was obtained with
a non-inverter amplifier made with an Operational
Amplifier (Op-Amp) THS3001 from Texas Instruments
(TI) which is a current feedback. This circuit have a
passband of 250 MHz. In the current reader circuit, a
buffer was included to isolate the shunt resistor from
the low pass filter. This buffer avoids interference of the
filter impedance over the voltage on the shunt resistor.
This buffer was made with an Op-Amp OPA691 from
TI which passband is 280 MHz. This is a current
feedback Op-Amp and the feedback resistor is necessary
to guarantee this bandwidth.

The voltage reader circuit is inserted in parallel to the
patient (test body) by connecting it between the active
electrode output (AE-output) and the passive electrode
input (PE-input) of the ESU. The current reader circuit is
inserted in series with passive electrode plate (PE-plate)
to the PE-input connection. These connections are
presented in Figure 2 where is possible to see that the
reference (REF) of these readings is the PE-input point.

The voltage divider presented on the left in Figure 3
is formed by a R, equivalent resistor of 2 M€, designed
from the series association of two 1 MQ resistors, and
a R, resistor of 1 kQ. These resistors are 1206 SMD
model and were tested on the impedance analyzer
previously mentioned, in a bandwidth frequency between

RS 470 Q
VWA
+5VDC
Vi 7
Rr910Q
6 f’W\, 0
PE-plate 3 ! '
+4 OPAG9I
Crl
Rsh -5 VDC 860pF T VitV
10
o o
REF

Figure 3. Voltage reader circuit on the left and current reader circuit on the right. REF is the reference point of probes, v(7) is the output voltage,
PE-plate is the passive electrode, v (¢) and v () are the voltage and current readers respectively.
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40 Hz and 100 MHz, from where it was possible to
determine that the parasitic parallel capacitance of each
resistor is 0.055 pF. As the electrosurgical equipment
operates at frequencies up to 5 MHz (International...,
2013), this work admits that if the reading circuits respond
accurately up to 100 MHz there will be no great loss
in the quality of the captured signals once the relevant
harmonics in electrosurgery signals are not greater than
20 order. This number of significant harmonics was verified
with a Fast Fourier Transformer (FFT) analysis of the
output voltage waveform of a domestic manufacturing
equipment used in medium-sized hospitals in the city
of Curitiba, Brazil, when sparks are produced.

The compensation of the parasitic capacitors
influence in the voltage divider can be done with the
insertion of C .= 47 pF capacitor, as presented on the left
in Figure 3, according to Equation 2. In this equation,
C,=0.028 pF is the equivalent parasitic parallel capacitor
of R, equivalentresistor and C,= 0.055 pF is the parasitic
parallel capacitor of R,. Besides, an adjustable capacitor
of 47 pF in parallel to C . was added to allow some fine
adjust of this capacitance.

Cc:[%'cl]*cz (2)

As previously mentioned the R, resistor is designed
from the series association of two 1 MQ resistors. This was
done to halve the parasitic capacitance of the array, as
indicated by C, value, since the same-value capacitors
series association will divide de equivalent one by two.
Thus, it is possible to also decrease the C,. capacitor value,
once it is proportional to C, value. This arrangement
aims to increase the frequency bandwidth in which
the voltage reading circuit can operate. The proposed
compensation is made with ceramic disk capacitors and,
analyzing the impedance response of these capacitors
it is possible to verify that, when they are bigger than
470 pF, they become quite influenced by their parasitic
inductances and do not respond as a real capacitance in
frequencies close to 100 MHz.

The current reader element is a 5 W wire resistor
R, =1 Q, which parasitic element, determined by de
impedance analyzer, is a series inductor L, = 0.75 pH.
Insertion of a bandwidth frequency limiter circuit
can make the compensation of the inductive effect.
Making the circuit cut off frequency, which phase
angle is -45°, match with +45° phase angle frequency
of the RL equivalent circuit of the shunt resistor, the
compensation is achieved. This is done according to
the Equation 3 where R =910 Q and C, = 860 pF.
C, capacitor is obtained with the parallel association
of two disk ceramic capacitor of 390 pF and 470 pF.

R 1 3)
Ly, R,-C,
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As the proposed circuits have operational amplifiers
in their structures, it is necessary to energize them. In
a way to guarantee patient safety, 5 V symmetrical
voltages were obtained with an isolated DC power
source, implemented with a low voltage isolating
(in low frequencies) transformer and linear voltage
regulators. For high frequency decoupling, three RF shock
inductors L ,, = 10 mH were inserted in series with the
transformer output terminals. A battery bank could be an
alternative solution, but this would possibly restrict the
system’s autonomy and could be a cause of operation
failures when its energy was reduced.

This option in the power source was made because
the ESU standard does not inhibit the use of active
components in the patient circuit (International..., 2013),
it only ask them to be isolated (floating) from the ground
when the output of ESU is isolated, and must guarantee
a leakage current up to 5 mA, in normal operation.

Active power calculation circuit

According to Equation 1, the active power can be
determined by integrating the instantaneous power
waveform in n complete periods (where n is an integer)
of the input signals. To carry out this calculation, the
operation can be divided into two steps, where the
instantaneous power is first determined and then the
integral calculation is given.

Using the readers circuits outputs it is possible to
determine a proportional quantity to the instantaneous
output power, according to Equation 4, where v (¢) is
the voltage reader circuit output voltage and v (7) is the
current reader circuit output voltage.

p(t)=v,()-v (1) )

This calculation is done in an analogue way, through
an analog multiplier circuit developed from Analog
Devices AD835 integrated circuit (IC), which bandwidth
is 250 MHz, as shown in the top circuit of Figure 4.

The multiplier energization is made on pins 3 and
6 of the component, with the same source previously
mentioned. This IC allows a gain inclusion in the output
signal, and its value is adjusted to 4.3 by the R, = 100 Q
and R, = 330 Q resistors insertion. To maximize the
output signal excursion within the component accepted
limits, a C,= 33 pF capacitor was included in the circuit
to restore the operating bandwidth frequency of AD835
that would be impaired by the inclusion of the gain.

The integral operation that determines a voltage level
equivalent to the active power is done with a 4th order
Butterworth active filter. This choice is done because
this structure have a plane response in the passing band
and it is a filter with only poles (Smith and Sedra, 2007,
p- 683). Plane response in passing band will not affect the
dynamic of the integrator when the DC voltage change
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Figure 4. Top: schematics of the analog multiplier circuit using the AD835 CI; Bottom: schematics of the analog integrator. REF is the reference
point of readings, v () and v(?) are the voltage and current readings respectively, p(¢) is the instantaneous output power and P is the active power.

its value due to the active power variation. The transfer
function H(s) of the proposed integrator is presented in
Equation 5, where o, is the filter cutoff frequency, in
rad.s™!, which will be presented next.

1
K- 2
S
mL‘

2
Sy
. [mcj (5)
0.7654- > 11

1.8478- 5 11

O O

Hs =

Additionally, a K gain was added to the filter function.
This gain, which is set to 3.33, was included to fit a near
to 70:1 scaling factor between the active power and the
output voltage P of the calculation circuit. This factor is
due to 1000:1 of voltage divider and a 1:1 shunt resistor
scales. After multiplying, the instantaneous power must
have a 1000:1 scale factor. As the multiplier have a
gain of 4.3, the voltage p(¢) scale is 232.5:1. Including
a 3.33 gain in integrator circuit, the 70:1 scale factor is
achieved. In this way, 300 W of active power will be
represented as a DC signal in almost 4.3 V, which is a
good value for a future microcontroller control loop
implementation.

The filter cutoff frequency has been allocated at 2 kHz
to preserve the sub-harmonic content inserted when

operating in coagulation mode. In this mode a full-cycle
modulation occurs in the output signals (Pearce, 1986).
Typically, this modulation is greater than 5%, meaning
that in the worst case a signal cycle with “T” duration
is applied in the biological tissue and another 19 cycles
of the same duration are maintained without signal.

As the standard IEC 60601-2-2 imposes the minimum
frequency of 300 kHz for ESU operation, the instantaneous
power will have a minimum sub-harmonic of 15 kHz
when the modulation was set to 5%. If the cutoff
frequency of the integrator is allocated near 1.5 kHz,
it preserves almost one decade of frequency as margin
for filter performance. The cutoff frequency was set at
2 kHz, due to the 400 kHz operation frequency of the
used ESU. The integrator was projected with Filter Pro
software from TI and implemented with a TL0O82 Op-Amp
from TI, as presented in the bottom of Figure 4.

Results

Reader circuits

The voltage reader circuit was first tested without
the generation of electrosurgical sparks between the
test body and the active electrode. These results are
presented in the top line of graphics of Figure 5. In the
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left are presented the waveform of the active electrode
W(?) (cross) and the read voltage v (¢) (diamond) without
the proposed compensation circuit. It is possible to
verify a phase advance in the v (¢) signal in relation to
the v(f) signal and some harmonic distortions near the
peak region of v (¢) that does not exist in v(?).

After the compensation circuit inclusion, it can be
verified, in the right image of the top graphics line of
Figure 5, that the phase angle advance is eliminated as
well as the harmonic distortions previously present in
v (¢) signal.

Tests were also made in the presence of sparks
between test body and active electrode. In this case the
v(t) signal (cross) presents a few distortions due to the
creation and the extinction of the sparks, as can be seen
in the peaks region of the waveforms in the left image
of the bottom graphics line of Figure 5.

In the same way, the v (7) signal (diamond) presents
some distortions in the peaks region, but due to the small
difference between the waveforms in the left image of
the bottom graphics in Figure 5, it is important to know
how this affects the results. To quantify this distortion, a
comparative analysis was performed between the signals,

vu(t) [V]

-0.2

0.4
1.5 0 1.5 3.0

Time [ps]

-3.0
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by a linear regression where the y-axis is the read voltage
v (¢) and the x-axis is the voltage of the active electrode
v(t). From the linear regression, it is possible to find the
coefficient of determination R? that indicates how well
the obtained line represents the model under analysis,
that is, it can be considered as a quality factor of the
reading signal in relation to the signal measured directly
in patience circuit. This analysis is presented in the right
image of the bottom line of graphics in Figure 5, where
is included the “v es?” equation, “v est” line (bold) and
the R? coefficient.

As can be seen, all points of the readings are close
to the “v est” line even with the distortion at the top of
the waveforms shown in the right image of the bottom
line of graphics in Figure 5. The equation of the line
v est is presented in the format described in Equation 6,
where A is the gain of the read circuit B is the reading
offset compared to the active electrode voltage, y is v est
equation an X is v output voltage.

y=A4-x+B (6)

Note that the A gain is not exactly 1/1000. This is
due the resistors tolerance, which is 5% for each one.

400 0.2

-3.0 -1.5 0 1.5 3.0
Time [ps]
e vyest=0.0011v - 0.003
0.5 R? = (.9929
0.4 :
0.3
= 0.2
= 01
> 0
-0.1
-0.2
-0.3
0.4
400 =200 0 200 400 600
V(1) [V]

Figure 5. In the top line of graphics, on the left, are the active electrode voltage v(¢) (cross) and read voltage v (#) (diamond) without sparks generation
and no compensation circuit inclusion. On the left are the voltages v(¢) (cross) and v (¢) (diamond) with the compensation circuit inclusion. In the
bottom line of graphics, on the left is the voltage v(¢) (cross) and v (¢) (diamond) with sparks generation and with the compensation circuit inclusion.
In the right is the linear regression statistical analysis of v(¢) and v (#) waveforms presented in the left. The v est equation of the statistical analysis,

the R determination factor and the v est line are presented in this graphic.
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The B offset is about 3 VDC, so it can be despised
because this voltage is not enough to cause patient harm.
The R? coefficient indicates that the reading has a very
good representation of the active electrode voltage, with
near to unit quality factor, indicating that it is suitable
for this work proposal.

Similar tests were done with the current read circuit.
In the top line of graphics in Figure 6, the results of tests
without sparks are presented, where is possible to see, on
the left, the output current on Biological Tissue #(¢) (cross)
and the v () (diamond) voltage comparison, obtained
with the shunt resistor without the compensation circuit.

Like the voltage read circuit, without the compensation,
the reading v(#) (diamond) has a phase advance in
comparison with the biological tissue current i(¢) (cross),
as well as distortions near to the peak. After the inclusion
of the compensation circuit, as showed on the right
image of the top line of graphics in Figure 6, the reading
v(t) (diamond) has a very similar format to that shown by
the i(7) (cross), including the scales that were amplified
in readings without compensation.

With sparks generation, the current waveform presents
some distortions, as showed in left image on the bottom
line of graphics in Figure 6. The v(?) voltage (diamond)

0.4 0.8

0.2

i) [A]
vi(t) V]

0.2

-0.4
-3.0 -1.5 0 1.5 3.0

1)) 3.5 0 1.5 3.
Time [us]
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has a few distinctions from the current i(¢) (cross),
in special in zero crossing. These differences between
waveforms are better visualized in the linear regression
image, where there is a separation between points near
to zero crossing. The right image on the bottom line of
graphics in Figure 6 shows it and include “v es” equation,
“vest” line (bold) and R* coefficient.

In this reading, the quality is somewhat poorer than the
voltage reading because the current is more susceptible
to harmonic distortions as it is a function of the imposed
voltage and the variations of impedances. Even though
the R? quality factor was 96.73%, it is considered an
acceptable measure once it does not compromise the
calculation of the subsequent circuits, causing the result
to go beyond the standard limits. The A coefficient
of “vest” equations almost 1 because the resistor has
1 Q resistance and 5% of tolerance and B coefficient
is the offset of the measured signal compared to the
output current, which inserts near to 0.1% of error and
can be neglected.

Active power calculation

At this point, the reading voltage and current are
applied to v () and v(#) inputs of the analog multiplier

0.4 0.4

/ift) [V]

V
ols

-0.4
-3.0 -1.5 0 1.5 3.0
Time [us]

viest = 1.0894; - 0.0011
R?=0.9673

03 02 -01 00 01 02 03
i) [A]

Figure 6. In the top line of graphics, on the left, are the output current i(#) (cross) and read current voltage v (#) (diamond) without sparks generation
and no compensation circuit inclusion. On the left are the current i(¢) (cross) and v(#) (diamond) with the compensation circuit inclusion. In the
bottom line of graphics, on the left is the current i(#) (cross) and v (#) (diamond) with sparks generation and with the compensation circuit inclusion.
In the right is the linear regression statistical analysis of i(¢) and v(#) waveforms presented in the left. The v est equation of the statistical analysis,

the R* determination factor and the v est line are presented in this graphic.
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presented in Figure 4 and, as output, a voltage signal
p(?) representing the instantaneous output power is
achieved. To check the signal quality, the reading is
compared to an instantaneous output power (p, (?)),
mathematically determined by multiplying v(¢) voltage
and i(¢) current. This multiplication was done through
Microsoft’s Excell software and the readings used
were obtained simultaneously with the readings of the
multiplier circuit. After the multiplier, the p(¢) signal
is applied to the integration circuit and an output DC
voltage (P) is obtained. Figure 7 presents, on the left,
the waveforms of instantaneous output power p (1), the
reading instantaneous output power p(¢) and the read
output active power proportional signal P.

On the right of Figure 7 is the comparative analysis
ofp (f)and p(?) signals. According this linear regression,
the quality indicator R* is higher than 93%, demonstrating
that p(f) can be used as a parameter for active power
calculation, once its variance is lower than 20%, which
is the acceptable error by the IEC standard.

The P waveform, on the left of the Figure 7, presents
a DC voltage of 110 mV, proportional to the output
active power. The observed ripple in this signal has
a peak-to-peak amplitude of 44 mV which represents
an instantaneous error of = 20%. Although this ripple
seems to be quite high, it will be ignored because it is
consequence of electromagnetic interference (EMI) and
can be eliminated by a digital filter, which can be included
in the circuit that will use this magnitude to proceed to
the indication and control of the active power. In this
sense, only the dc level of this signal will be considered
in the following analysis.

Considering the dc level of P signal, whichis 110 mV,
according the 70:1 previously mentioned scale factor,
this voltage represents 7.7 W. By proceeding to the
calculation of the average value of p (7), which results
in 8.0 W of output active power, a measurement error
of 3.75% is achieved, which is a good result due to the
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measurement error is very lower than the 20% accept
by the IEC standard.

In Table 1, some tests are summarized. In these tests
were read simultaneously v(?), i(?), p(f) and P signals.
With these readings, the instantaneous output power p (7)
is mathematically achieved and the linear regression
between it and p(¢) were done, which results A and B
terms of “P est” equation and R* quality factor.

With the results of p () it was also calculated the
active power of the output (P__.) of each test, by the
mathematical determination of the average value of
p, (1) for 4 complete periods, that will be considered the
reference value for comparisons. This value is compared
with P reading to determine the real scale factor (RSF),

which makes the value obtained in P to match the P in
each test. Using the average value of all RSF, presented
in the last line of Table 1, the compensated active power
(P,,,,p) of cach test was find. This is the optimal result of
the measurement circuit and the absolute error of this
valuetothe P is presented in Error column. In the spark

column, the sparks occurrence of each test is indicated.

In addition, the readings v(¢) and i(¢) were applied to
aknowing ESU active power calculation methodology,
presented by Monteiro (Monteiro et al., 2016), and the
results are presented in column P .. The absolute error
between this calculation and the P ATC presented in
App Error column. In Monteiro methodology, the voltage
and current harmonics are determined, offline in silico,
by a Fast Fourrier Transformer (FFT). All voltage and
current harmonics of same frequency are multiplied,
considering the phase angle between them, and the
results are summed in a single variable, determining
the active power of the system.

As the first result is important to note that the theoretical
gains of the reader circuits and power calculations
circuits are not accurate. It happens because the passive
components applied have a tolerance of 5% and it was
not considered in the project, as well as the measurement

5

Ppest =213.29 +1.035
50 R>=0.9318
15

P LV]

Pyt [VA]

-002 0 0.02 0.04 006 0.08 0.10

P [V]

Figure 7. On the left, the instantaneous output power p, (¢) (cross), analog multiplied signal p(¢) (diamond) and the proportional active power
P (circle). On the right, the linear regression of instantaneous output power p, (¢) and p(?) signals presented on the left waveforms.
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Table 1. Experimental results.

Active power in electrosurgical units

Experimental results

Test [A] [B] R® P [Wl P[V] RSF P, [W| Error Spark P_ . E‘;‘;(')’r
1 18434 1785 09733  31.042 04846 6405 30533  164% Y 30867  1.08%
2 17773 0330 09567 26089 04326 60.30 272575  448% Y 25844  5.46%
3 18299 0940 09636 28346 04538 6246 285904  086% Y 28295  1.04%
4 179.61 1205 09157 26055 04245 6137 267473  266% Y 26254  187%
5 180.18 095 09321 26565 04332 6131 27296  275% Y 26707  2.20%
6 18533 1479 09747 33350 05243 6361 330337  095% Y 33127  028%
7 18228 0906 09632 30426 04917 61.88 309779  181% Y 30368  2.00%
8 18744 1821 09776  33.802 05197 6503 327467  3.12% Y 3355  241%
9 1726~ 1.028 09551 24061 03906 61.59 246125  229% Y 23705  3.82%
10 1885 0797 09705  31.884 05011 6362 31575 097% Y 31433 045%
1 16247 2795 07898 20320 03174 6400 200019 157% Y 20361  1.76%
12 17687 0824 09542 22654 03688 6143 232342 256% Y 22387  3.78%
13 16117 1313 09129 12622 02223 5676 140101 1099% Y 12619  11.02%
14 17587 2105 09252 25103 04013 6254 252868 0.73% Y 25296  0.03%
15 20075 0815 09471  9.677  0.1458 6637 918623 5.08% N 9.6932  5.23%
16 203.06 -0.230 09518 14181 02311 6135 145619  2.68% N 14248  220%
17 20121 0295 09481  12.694 02004 6333 126287 052% N 12763  1.05%
18 19991 0697 09405 9431 01452 6492 915281 296% N 9.513  3.79%
19 19042 1124 09101 4205 00588 7142 370965 11.78% N 4257 12.85%

20 20762 -1451 09127 19973 03372 5922 21248 638% Y 20021  6.12%
21 21329 1035 09458 7999  0.1104 7246 695565 13.05% N 7734 10.07%
22 19738 1761 09332 26807 04058 6606 255653  4.63% Y = 28022  8.76%
23 19604 2610 09318 23345 03417 6832 215292 7.78% Y 23227 731%
AVG 18726  1.084  0.9385 62.83 3.34% 4.12%

Columns: Test indicate the number of the practical test - /4] is the coefficient, /B/ is the offset and R? is the determination factor of the linear regression P est,

P is the mathematical active power, P is the output voltage of the active power calculation circuit, RSF is the real scale factor between P

math

is the active power of the test after the application of the RSF average correction, Error is the error between P and P,

realized with sparks, P

approach

uncertain due to the probing devices. According to the
gain of reader circuits and multiplier, a scale factor of
1:232.5 was expected for P in comparison to P . but
the average of A coefficient in the last line of Table 1
shows a lower value of 187.26. For this reason, the scale
gain of 70:1 between P, and P was not reached either.

To improve the accuracy of the system, a correction
factor called RSF was determined and applied to the
P value after tests. Without this correction, applying the
scale factor of 70:1, the average error found was 11.6%
with maximum error of 23.3%. With the application
of the average RSF correction factor the average error
come into 3.34% with a maximum error of 13.5% in the
results of test 21. This maximum error is low enough to
attempt the standard 20% requirements.

Interesting is to note that the sparks (and its consequent
HF spectrum) do not have a relevant influence in the
accuracy of the measurement system once it is fast
enough to keep up with voltage and current variations
in both cases.

About the offset of the p(7) signal, presented in
column B of Table 1, this is a small value and is already

and P, P

math comp

, Spark indicate if the test was

comp’

is the active power determined by Monteiro methodology and App Error is the error between P d P

an .
approach comp

included in the calculation of P by the integrator circuit,
so it shows that this value does not compromise the
reading and measurement errors.

The use of the 2 kHz cutoff frequency and a 4™ order
Butterworth filter to determine the average power allows
any signal above 20 kHz to be correctly calculated, so
it is a good solution to proceed the average calculation
of ESU signals.

In relation to the comparative of P and L
values, similar errors to P, comparative were found.
The differences are a consequence of the fact that
Monteiro methodology does not use only complete
periods of the read signals to perform the active power
calculation, unlike the comparison proposed with the
calculation of P .

Discussion

The experimental results allow us to verify that the
proposed structure can be a good solution to determine
the active power of an almost sinusoidal ESU output.
This is possible because all systems are projected to
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operate up to 100 MHz, gauging a great quality to the
readings. It was also verified that sparks do not represents
a great problem in this solution once que quality factor
of the readings still higher than 90% even with sparks
between active electrode and test body. In addition, the
read circuits layout presents short connections between
components and it was allocated as closer as possible
to the output of the ESU.

The correlation factor of the reader circuits, before the
inclusion of the compensation circuits, were R*=0.5052
for the voltage divider and R* = 0.2148 for the shunt
resistor. After the compensation circuit inclusion, these
values approached to unit, demonstrating the quality of
the solution.

For non-sinusoidal ESU, this solution must be
tested but it is to be expected that, as the range of
read and calculation circuits is higher than 100 MHz,
it will produce very similar results. This bandwidth is a
limitation of the system, but it should not be a problem,
once the commercial ESU usually works up to 750 kHz
for more than fifteen years. The old technology, based
on vacuum tubes, frequently operated above 1 MHz, but
this technology was discontinuous (Schneider, 2004).

Another positive point of this system is that it can
obtain the active power value in almost real time. In
experimental tests with 100% instantaneous interruption
of the contact between the active electrode and the
test body, the integrator spends less than 400 ps to fit
the zero power. This time can be considered a great
result because is fast enough to determinate the active
power and implement a future control loop to stabilize
the output power without significant damages to the
biological tissue.

For other operations frequency, the correct RSF factor
must be determined, but this works aims to develop the
technology that can determine the output active power
in real time and according to the standard limits.

Regarding to the IEC 60601-2-2 standard (International. ..,
2013), the measurement error is lower than its limit,
which is at most 20%. This is a good indicator that this
measurement system can be applied in a control system
to regulate the delivered active power and then enabling
the equipment to present the output power in Watts.

The system costs about U$ 35.00. This value is very
lower than the cost of an isolated current probe for read
voltage or current in a measurement commercial system,
like an oscilloscope, so that the low-cost objective has
been achieved. The low cost is already a reason for the
use of wire resistors as shunt. RF resistors are expensive
and usually present values higher than 50 Q, which is
not appropriated for this application. Besides, Low Value
Resistors (LVR) were tested in the impedance analyzer
and they present a capacitive behavior in frequencies
near 100 MHz.

Dums JF, Schneider B Jr, Badin AA

About the influence of measurement systems
impedance in patient circuit, no significant values are
expected once some operational amplifiers were used
and then a big impedance was added.

Evaluating the response of the resistors tested in
the impedance analyzer, it is possible to argue that both
axial %4 W carbon and SMD 1206 resistors are feasible
for this application. In this case the SMDs were used
because of their size that allow reduced size layouts.

Finally, it could be seen with the tests and analysis
of the results that, with the variation of the RSF, a
compensation system will be necessary to correct the
measurement errors resulting from the tolerances of the
components and measurement uncertainty, and that the
ideal correction factor should be raised by means of
tests and statistical analysis. But acting in this way the
system can guarantee a measurement error that meets
the requirements of the standard for electrosurgery
equipment.
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