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Abstract Introduction: Despite of more than a hundred years of electrosurgery, only a few electrosurgical equipment

manufacturers have developed methods to regulate the active power delivered to the patient, usually around
an arbitrary setpoint. In fact, no manufacturer has a method to measure the active power actually delivered
to the load. Measuring the delivered power and computing it fast enough so as to avoid injury to the organic
tissue is challenging. If voltage and current signals can be sampled in time and discretized in the frequency
domain, a simple and very fast multiplication process can be used to determine the active power. Methods: This
paper presents an approach for measuring active power at the output power stage of electrosurgical units with
mathematical shortcuts based on a simple multiplication procedure of discretized variables — frequency domain
vectors — obtained through Discrete Fourier Transform (DFT) applied on time-sampled voltage and current
vectors. Results: Comparative results between simulations and a practical experiment are presented — all
being in accordance with the requirements of the applicable industry standards. Conclusion: An analysis is
presented comparing the active power analytically obtained through well-known voltage and current signals
against a computational methodology based on vector manipulation using DFT only for time-to-frequency
domain transformation. The greatest advantage of this method is to determine the active power of noisy and
phased out signals with neither complex DFT or ordinary transform methodologies nor sophisticated computing
techniques such as convolution. All results presented errors substantially lower than the thresholds defined by

the applicable standards.
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Introduction

The electrosurgical technology has more than a
century and some problems persist. It is desirable
to measure the active power delivered to the patient
tissue in order to make possible a fast feedback and
power regulation.

Some ESU manufacturers have developed methods
to regulate power (Freescale. .., 2015; Fritz and Schall,
2014). In general, such methods regulate power around
a setpoint adjusted in the equipment panel. However,
such methods do not measure the active power actually
delivered to the patient and disregard the amount of
energy required to cut the tissue. This approach may
deliver unnecessary, additional energy to the tissue
causing burns and severe scars. In fact, the exact
power delivered to the patient is unknown in this
case. Some methods use a sophisticated and very
complex computation to obtain the RMS values of
voltage and current. The active power can be calculated
only after a power factor is calculated yielding a real
component of the current (Freescale..., 2015; Fritz
and Schall, 2014). In summary, existing commercial
equipment do not measure the active power, with the
most sophisticated ones showing on the display the
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maximum power that can be delivered and regulated
around an arbitrary, adjusted setpoint. The problem of
power regulation as a function of the tissue impedance
has no effective solution yet.

The aim of this paper is to present a methodology
that requires less computational effort to measure and
calculate the delivered power (active power), which
may vary according to the impedance of the tissue.

Analysis of electric circuitry presents a traditional
way to calculate power. It is known that the voltage
and current waveforms are usually or approximately
sinusoidal. Provided that a voltage signal and a current
signal may be represented by sums of sines and cosines,
the reasoning below can be made.

Instantaneous power is given, in a simple way, by:

p(t)=v(r)i(r) 1)

and the active power, using the complete notation
form as a function of the angular frequency w and
time ¢ (Smith and Alley, 1992) is given by:

2n
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Considering for analysis two voltage and currents
signals with DC levels and only two cosinusoidal
components, let:

v(wr)= Vpe + v cos(wlt +0, )+ V. cos(wzt +0,, ) (3)

i(wt)= Ipe +I cos(wlt-+—6i1 )+12mr cos(w2t+ 0, ) (4)

Where, v, and 1, are the constant values of voltage

and current respectively,’; , 7, I, and I, are
the peak values of voltage and current respectively, 0,
is the voltage phase to w, fr‘equency, 8,,is the voltage
phase to w, frequency, 6, is the current phase to w,
frequency, 6, is the current phase to w, frequency and
tis a continuous-time variable. Replacing expression
v(¢) and i(z) in (2), yields:
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Using trigonometric relationships and solving
one by one, it can be showed that:
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active —
(15)
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Based on the above, working with active power,
terms using sines or cosines collapse to zero. Therefore,
active power will solely result from the contributions
of the V" and / exciting signals.

A summarized, general equation for an input
signal with numerous components can be defined as:

P (16)

active

NV 1
= Vpelpe + X et cos(6,, -6, )

n=1

Equation 16 shows that only voltage and current
components at same frequency can generate active
power. For example, if there are voltage and current
components at the same frequency and this frequency is
in the electrostimulation range (a not so rare condition
in biomedical equipment), there will be undesirable
stimulation. That is the heart of this proposition.
If voltage and current signals can be sampled in time
and discretized in the frequency domain, a simple and
very fast multiplication process can determine the
active power value. In this case, neither convolution nor
calculation of RMS values is required. The integrand
of Equation 5 can be represented in the frequency
domain as described by Figure 1.

Thus, it is possible to find vectors /(k) and V(k),
where k represents the integer frequency sequence
index, produced by DFT of each one i(wn) and v(wn)
signals, respectively (Andria et al., 1989), where
current i(wn) and voltage v(wn) are both discretized
signals acquired by time sampling. Multiplying
these vectors term by term in the same frequency
(considering obviously the phase between v and i)
and adding all them together leads to the active power
value. The reactive power is of no interest here but
it can also be easily found.

In order to improve the results (resolution and
computation time) in the time-to-frequency conversion

15
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Figure 1. (a) and (b) represent V(k) after DFT using the signal produced by Equation 3; (c) and (d) represent /(k) after DFT using the signal
produced by Equation 4; (e) Resulting Active Power in watts based on Equation 15.

process, an important aspect to be observed while
applying the DFT is to consider samples of multiples
of 2", where n is an integer number. Using samples
that are not multiples of 2" leads to spectral leakage
(Andria et al., 1989). Obviously, the very optimum
scenario is to take 2" samples where the sample
frequency (f)) is a multiple (for example, 2.m.f,
where m is a natural number) of the most important
frequency component (f,) of the considered signal.
This is in fact very difficult to achieve since the other
frequency components do not meet this criterion.
Furthermore, it is virtually impossible to find this ideal
restriction in real life, especially for signals generated
in the sparking electrosurgical locus. Considering that
ideal sampling is very hard to achieve, a windowing
process can be applied in order to minimize spectral
leakage (Andria et al., 1989). As an alternative it is
also possible to evaluate the fundamental frequency
of the input signal and automatically modify the
sampling frequency (f)) by software (Hidalgo et al.,
2002) and using specific tools (e.g. Goertzel algorithm).
However, this study intends to develop a more
general, faster and simpler method to measure active
power. Nonetheless, if an accurate amplitude value
is required, the windowing process can worsen it by
smoothing the signal ends and reducing the associated

discontinuities (Harris, 1978; Jain et al., 1979) — even
if it can be adjusted later, but not so precisely. In order
to perform an appropriate spectrum analysis, care
should be taken in regards to the number of points,
windowing, and sampling frequencies, among others
(Betta et al., 1998).

The approach in this paper considers general
cases and provides various simulations and a practical
application. A zero padding process without windowing
is adopted, because most of the acquired samples are
not multiple from 2" and leakage actually takes place
when the DFT is performed. Zero padding improves
DFT spectral estimation (Lyons, 2010) because it
allows the basis DFT functions to better match the
analyzed signal.

In the first simulation, zero padding was not
considered in order to understand how the proposed
methodology works. In the second simulation, zero
padding was applied to generalize processing of
any type of input signal. In the third simulation,
zero padding was maintained and a random, noisy
signal was added to simulate a real case. In the
fourth simulation, the very same noisy signal was
considered for both current and voltage thus leading
to a worst-case scenario. Despite of the added noise,
no particular window was used since in this case
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rectangular windows - which are the same as having
no window at all — provide the best results (Chen et al.,
2009). Finally, the proposed methodology is applied
to a practical ablation experience.

For all simulations, body impedance can be considered
a quasi-pure resistance as already presented in the
literature (Abu Khaled et al., 1988; De Santis et al.,
2011; Horton and VanRavenswaay, 1935) and widely
adopted according to the International... (1999) —
with ranging frequencies from 350 kHz to 5 MHz
(Associagdo..., 2013).

For all the reasons explained so far, this approach
could be useful to equipment certification laboratories
as well as to electrosurgical output power systems
for measuring real time (or quasi-real time) the
active power delivered to patients during surgeries
in compliance with the applicable industry standards
such as NBR-IEC.60601-2-2. This approach can also
support studies on how much power each specific
tissue (e.g. skin, muscles, others) actually requires,
thus minimizing injuries and accelerating recovery,
being also the basis for a better active power regulation
system in instruments that release energy to patients.
All simulations are implemented using Matlab software
with built-in FFT functions using algorithms developed
by the paper authors.

Methods

The electrosurgical equipment certification
process, according to the applicable industry standard
(Associagdo..., 2013), measures the active power —
defined as the power that does useful work — using
a resistive probe in ohmic contact, i.e., disregarding
the sparking process and consequently the spectra and
electrical asymmetries of the actual electrosurgical
process (Schneider and Abatti, 2008).

The following steps comprise the herein presented
methodology:

* Acquire signals v(wn) and i(wn) in the time

domain using the experiment setup presented
by Schneider and Abatti (2008);

»  Zero pad the signals (see Discussion);

» Use DFT to transform v(wn) and i(wn) from the
time domain to V(k) and /(k) in the frequency
domain and adjust the obtained magnitudes;

* Calculate the angles (phases) of V(k) and I(k);

» Calculate active power as (1/2).V(k).I(k).
cos(46), where AQ is the difference between
the voltage and current angles, using the
simple mathematical multiplication process
presented by Equation 16.

The phase determination is an ordinary result of

the DFT process. The phase difference directly uses
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both vectors — phases of V(k) and I(k) — where each
of them shall be between -n and 7 (Smith, 1999).

Simulation 1

Equation 16 leads to a numerical method to calculate
active power. The DFT is required in order to transform
the signal domain — from time to frequency — since
it contains what is necessary to compute the active
power, i.e., the modulus and argument of each voltage
and current component in frequency. This approach
can be used to improve the design of self-controlled
electrosurgical units (ESU). As an example, consider
the Equations 17 and 18 below:

v(t) = 1+10cos(2nfit) +4cos(2nfyr) + 2cos (2nfit)  (17)

i(t)=2+ 1000s[2nf,t + g) + 4cos(2nf2t + g) +2cos(2nfyr) (18)

Assuming for instance, Fs = 10 kHz; V.= 1V;
1,.=2A;leads to a sample total time ¢, =1's; 5 =t /n;
Fs = 1/T5; f, = 760 Hz; f, = 360 Hz; f, = 180 Hz;
J, =90 Hz; where n is the number of samples, 75 is
the sampling period, Fs is the sampling frequency
and, f,, f,. f,» f, are the signals frequencies.
The Nyquist-Shannon sampling theorem provides
the basis to choose F's whose minimum value in this
case needs to be at least 2.f,. Using Equation 16,
the active power is 27.00 W as expected. The graph
generated with Equations 17 and 18, using the above
data, is presented in Figure 2.

Applying DFT to Equations 17 and 18 in the time
domain yields two complex vectors that represent v(wn)
and i(wn) in frequency — V(k) and I(k) respectively.
The active power is obtained by 1) multiplying the
V(k) and I(k) bins at the same position in the frequency
vector by the cosine of the phase difference, and
2) adding all such products together. The resulting
value represents the active power at zero frequency.
Figure 3 shows the absolute values of V(k) and I(k)
in frequency, with the active power (P[W]) being
presented in zero frequency as 27.00 W.

Both methods can be evaluated to compare the
results. DFT using FFT-based computing methodology
provides the same results as the mathematical
manipulation of the applicable equations. That is
explained by the fact that the DFT method allows
the determination of the coefficients of Equation 16,
which are then easily placed into vectors that speed
up the obtainment of the required data. Once known,
the vectors can be used to solve the active power
determination problem through either ordinary
hardware or software calculations.

Simulation 2

17
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Figure 2. Original waveforms from v and #, Equations 17 and 18.
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Figure 3. (a) and (b) represent only the magnitudes V(k) and /(k),
respectively; (c) The active power in watts is calculated by the sum
of the multiplication of the magnitudes of V(k) and /(k) and half of
the cosine of the phase difference between V(k) and I(k), for each
w, plus the multiplication of the V(k) and /(k) DC components, as
in Equation 16. V(k) and I(k) phases used in Equation 16 are not
presented here. The frequency axis shows only the range of interest
at positive frequencies.

In this simulation the zero-padding process is
applied to the same example — Equations 17 and 18 —
previously presented. This process does not increase
the signal bandwidth, but improves DFT resolution
(Lyons, 2010; Spangenberg et al., 2000). In this case
the DFT basis functions can better match the original
signal and the associated integer frequencies can lie in
bins thus minimizing spectrum leakage. The amount
of zero padding influences computational time as
presented by Spangenberg et al. (2000). In this
simulation, a zero padding length of 99,000 was

Res. Biomed. Eng. 2016 March; 32(1): 14-27

adopted. This amount proved efficient in resolution
and computational time (Lyons, 2010) by requiring
only 18 ms to be processed using a notebook with
an Intel Core 15-4210U CPU at 1.7 GHz, cache L1
data with 2x32 kB, L1 inst. with 2x32 kB, Level
2 with 2x256 kB, Level 3 with 3 MB and a DDR3
memory of 8 GB. The results for Simulation 2 are
presented in Figure 4.

Following application of zero padding, the
respective active power obtained through this approach
must be multiplied by the sum of the original signal
length and the zero padding length divided by the
original signal length [length (original signal + zero
padding) / length (original signal)], as expected for
a DFT process.

Simulation 3

In this particular case noise has been introduced to
the signals while maintaining the zero padding with
the same length as in Simulation 2. The new signals
are represented by:

v(r)=1+10cos(2nf;r) +4cos (2nfyt ) +

2cos(2nf3t) + m (1) (19)

i(z):2+10005(2nf1t+§]+4cos(2nf2t+gj+ (20)

2cos(2nfyt)+nm; (1)

where, n,(¢),n,(¢) are the noise signal representation
to voltage and current, respectively. The remaining
parameters are the same as in Equations 17 and 18.
Noise is provided by a random function in Matlab
that generates arrays of random numbers uniformly
distributed into the signals. The corresponding result
is presented in Figure 5.

As the applied noise signal is a random one the
resulting active power follows its variation showing
an average of 28.75 W, and a relative error of 6.48%.
In order to calculate this average the simulation
program ran 100 times (10 times for each of the
10 different zero-padding used lengths) leading to the
results presented by Table 1 that shows the accuracy
of measurements with different quantities of zero
padding. The resulting active power changes with
noise and a relative error is computed.

Such error levels are acceptable since the applicable
industry standards (Associagdo. .., 2013; International.. .,
2009) — where the Brazilian standard is fully based
on the international one — requires an accuracy of
+20% if the power is displayed directly on the panel
of the electrosurgical unit. According to the same
standards, whenever the ESU manufacturer is able
to measure power with an error lower than 20%, the
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Figure 4. (a) and (b) represent only the magnitudes V(k) and I(k), respectively, after applying zero padding; (c) The active power in watts is
calculated by the sum of the multiplication of the magnitudes of V(k) and /(k) and half of the cosine of the phase difference between V(k) and
1(k), for each w, plus the multiplication of the (k) and I(k) DC components, as in Equation 16; (d) and (e) show DC details from (a) and (b),
respectively. The frequency axis shows only the range of interest at positive frequencies.

actual power value can be displayed accompanied by
the inscription “W” that stands for watts. The signals
that provided an active power of 28.79 W in Table 1
were also used to simulate coagulation with a duty
cycle of 25%. This resulted in an active power of
7.00 W, what represents a relative error of 3.70% in
comparison with the value provided by the analytical
calculations — 6.75 W. Figure 6 presents the results
of such simulation.

Simulation 4

Further studying this approach, the same random
noise signal was introduced to both voltage Equation
19 and current Equation 20. This represents the
worst possible situation, as noise will be amplified.
A threshold has not been set to reject power contribution
due to the noise, but the simulation was performed
considering different noise amplitudes and a total time
sampling of 1, 10, 20 and 60 seconds. The average

signal-to-noise ratio (SNR), average active power and
relative error, are presented in Table 2. For the worst
relative error presented (6.80%) the average active
power was 28.84 W, SNR (voltage) was 22.62 dB,
and SNR (current) was 22.83 dB.

Practical results

Experimental results during an ablation experience
are provided. This experiment was performed by
cutting chayote (Sechium edule, SW) (Grande,
2014; Schneider and Abatti, 2008) and swine flesh
(Sus domesticus) with energy application through an
electrosurgical device built at Federal University of
Technology — Parana (UTFPR) with non-switched
output power stage (Bernardi, 2007; Schneider, 2004;
Schneider and Abatti, 2005, 2008). The device was
able to deliver a quasi-sinusoidal power signal to
the tissue. This type of output was selected because
it makes possible to separate influences such as

19
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Figure 5. (a) and (b) show V(k) and I(k) represented by their magnitudes, respectively, after zero padding and noise signal application;
(c) Active Power [W] is presented with a relative error of 6.48%; (d) and (e) show DC details with noise from (a) and (b), respectively.
The frequency axis shows only the range of interest at positive frequencies.

spectral leakage caused by the sparking process.
At the same time, it facilitates the calculation of
the expected values. In order to acquire the voltage
and current signals, energy was applied on a slice
of chayote. The adopted frequencies were between
350 and 450 kHz and power between a few watts to a
hundred watts (these variables were adjustable in the
electrosurgical device). The voltage was sampled on the
chayote and the current was sampled through a 7-ohm
resistor in series with the chayote. Data was captured
by an Agilent Technologies® 4-channel oscilloscope
model MSO6034A, 300MHz with 2 GSPS and ADC
converter (AD converter with 12-bit resolution), with
an Agilent 10073¢ probe (S00MHz) for measuring
current and a TPI P250 probe 100:1 (250MHz) for
measuring voltage. The experiment setup was the
same used by Schneider and Abatti (2008). Table 3
shows a set of experiments that were carried out where
chayote (experiments from 22 to 55) and swine flesh

(experiments from 56 to 69) received power through
the electrosurgical equipment for ablation. During the
ablation procedures, waveforms of the applied voltage
and current, ambient temperature as well as tissue mass
were recorded (Grande, 2014). This data generated
a file including 1,000 samples of time with periods
of 10 nanoseconds, voltage and current amplitudes
for each of the numbered 22 to 69 experiments.
As the experiments included human intervention
and considering that the sparking phenomena may
present discontinuities, outliers were observed in
experiments 22, 25, 38, 50 and 63. All experiments
took place in a temperature-controlled laboratory
within 27.1 to 27.3 Celsius degrees. Table 4 presents
a summary of all experiments.

As a checkpoint, an acquired sinusoidal signal
(sample file number 64 in Table 2) — almost without
noise or harmonics — was used to calculate active
power using Equation 16 as well as the DFT computing
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Table 1. Power output with noise changing quantities of zero padding.

Active power for electrosurgical units

Zero-padding

Number of zeros 9000 19000 29000 39000 49000 59000 69000 79000 89000 99000
Active Power [W] 28.72 28.74 28.77 28.78 28.75 28.78 28.69 28.79 28.75 28.71
(signal with noise) 2875 2872 2880 2881 2863 28.70 2876 2870 2873  28.72

28.77 28.76 28.79 28.73 28.78 28.73 28.74 28.74 28.75 28.71
28.71 28.78 28.75 28.74 28.78 28.77 28.74 28.72 28.73 28.74
28.71 28.74 28.71 28.75 28.77 28.71 28.75 28.72 28.73 28.82
28.78 28.73 28.74 28.71 28.78 28.75 28.77 28.73 28.74 28.80
28.80 28.76 28.76 28.76 28.69 28.70 28.76 28.77 28.68 28.72
28.78 28.77 28.65 28.76 28.74 28.74 28.74 28.74 28.80 28.74
28.78 28.72 28.74 28.71 28.78 28.73 28.72 28.69 28.74 28.71
28.74 28.81 28.69 28.78 28.77 28.77 28.68 28.77 28.79 28.79
Average [W] 28.75 28.75 28.74 28.75 28.75 28.74 28.74 28.74 28.75 28.75
Average Result [W] 28.75
Expected Power [W] 27.00
Relative error 6.48%
Table 2. Active Power and Relative Error considering different amplitude noise and time sampling.
Time Sampling SNR_voltage SNR_current Active Power ExpeIc’?:gctlve Relative Error
(s) (dB) (dB) W) W) (%)
1 22.62 22.83 28.82 6.76
10 22.62 22.83 28.83 6.78
20 22.62 22.83 28.84 27.00 6.80
60 22.63 22.83 28.83 6.79
1 28.65 28.86 27.84 3.10
10 28.64 28.85 27.83 3.09
20 28.64 28.85 27.83 27.00 3.08
60 28.64 28.85 27.83 3.09
1 42.63 42.83 27.15 0.57
10 42.63 42.83 27.15 0.57
27.00
20 42.62 42.83 27.15 0.57
60 42.62 42.83 27.15 0.57

methodology presented by this paper. The plot for
this file is presented in Figure 7.

The equations that fit the signals of Figure 7 are
presented by Equations 21 and 22 (Grande, 2014):

v()=300.cos (2.m.f .1 +17.1/ 45) 1)

i(1)=0.09.cos(2.m./ 1 +107.m/180) (22)

Based on Equation 16 the relations above can
be manipulated to lead to P = ((300 x 0.09)/2).
cos(107.7/180-17.w/45), thus P=10.49 W. Applying
the simulation methodology previously presented with
zero padding and the same values led to P=10.82 W.
The relative error between both results is just 3.15%,
a figure that is completely acceptable considering that
the actual signal is a little noisy and also taking into
account the previous results of Simulations 3 and 4,

which presented relative errors of 6.48% and 6.80%,
respectively.

Figure 8 shows the amount of power calculated
by the methodology proposed by this paper based on
the sample files, as well as average values for each
group under consideration. Table 3 summarizes all
sampled files and delivered power calculated by this
approach in Figure 8.

In order to characterize the signals with or without
sparks two measures were made, both using chayote
(Sechium edule, SW) as aload for measuring purposes.
The experiment setup was the same as previously
described. Figure 9 shows the resulting signals in
time and frequency domains.

The sparking signals (¥, and /, in Figure 9)
provided an active power of 69.01 W while the
non-sparking ones (¥, and /, in Figure 9) provided
19.94 W. Applying sinusoidal signals allows a better



22 Monteiro ALR, Grande KC, Faria RA, Schneider B Jr

15 A
10 A

i

|
5 "

Voltage [V]

-10 -
-15

0 20 40 60 80 100

Time [ms]

©

2.0
1.5
1.0
0.5

O -
0 051015202530

Voltage [V]

Frequency [kHz]
©®

0 0.5 1.0
Frequency [Hz]

Res. Biomed. Eng. 2016 March; 32(1): 14-27

Current [A]
s
| |
———

-10 4
-15

0 20 40 60 80 100

Time [ms]

3.0

2.0
1.5
1.0
0.5

Current [A]

0 0510152025 3.0
Frequency [kHz]

Figure 6. (a) represents a coagulation voltage (duty cycle of 25%); (b) represents a coagulation current (same duty cycle); (c) represents
the magnitude of coagulation voltage in frequency domain; (d) represents the magnitude of coagulation current in frequency domain;
(e) represents active power of 7.00 W (relative error of 3.70%). The frequency axis shows only the range of interest at positive frequencies.

analysis of the sparking contribution and facilitates
understanding of its behavior, what would be very
difficult with switching signals.

Results

Figure 3 presents the result for a known v(?) and
i(t), both well behaved signals, after applying the herein
presented DFT-methodology based on Equation 15.
Such result is exactly the same obtained through the
mathematical manipulation of the analytical equation.

Additionally, Figure 4 (Simulation 2) presents
the same result as Figure 3 (Simulation 1) after

zero-padding application. Such result is exactly the
same, having required only 18 ms of computational
time — fast enough to provide feedback to the control
system of electrosurgical units for instance.

Figure 5 (Simulation 3) presents the same situation
with noise. The average relative error result of 6.48%,
presented in Table 1, is in accordance with the
applicable industry standard (Associagdo..., 2013).

The worst situation is presented in Simulation
4 where the same noisy signal is applied to both
voltage and current considering different sample
times for each amplitude. Although a threshold has
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Table 3. Sampled files and delivered power calculated in the ablation experience with the herein proposed method. Negative values were

disregarded because of sampling errors by human intervention.

Sequence Sam?tl;g File Power [W] Sequence Samz)tl:t(; File Power [W]
1 23 30.46 23 47 32.96
2 24 30.54 24 48 32.48
3 26 30.15 25 49 32.90
4 27 30.17 26 51 63.96
5 28 30.61 27 52 64.22
6 29 29.99 28 53 61.47
7 30 30.40 29 54 63.11
8 31 30.18 30 55 60.46
9 32 30.40 31 56 26.17
10 33 30.04 32 57 25.46
11 34 30.04 33 58 24.67
12 35 29.11 34 59 29.42
13 36 29.59 35 60 10.04
14 37 29.56 36 61 10.54
15 39 28.99 37 62 9.95
16 40 28.99 38 64 10.82
17 41 29.91 39 65 13.50
18 42 33.39 40 66 11.95
19 43 32.22 41 67 4.92
20 44 32.58 42 68 9.64
21 45 32.46 43 69 11.33
22 46 33.27
Table 4. Summary of all experiments presented in the Practical Results Section.
Experiment Number Media Quantity Duration (s) Remark
22 to 41 Chayote 14 5
Chayote 6 15

42 to 50 Chayote 9 20

51to 55 Chayote 5 20 High Power

56 to 59 Swine flesh 4 5 Medium Power (some carbonization

observed)
60 to 69 Swine flesh 10 20
400 0.4 not been defined to the noisy signal, active power is
= Current °

Voltage

o2

200
= 100 3 =<
% 0 4 0.0 §
;: -100 g
-200 -0.2
-300
-400 + -0.4

Time Base [ms]

Figure 7. Voltage [V] and Current [A] delivered in swine flesh in
a practical experiment with electrosurgical unit built at Federal
University of Technology — Parana (UTFPR) with output power
stage not switched.

maintained as expected with relative error lower than
7.00%. Table 2 presents these results.

Table 3 presents experimental results produced
during the ablation experiment previously explained.
One acquired sampled file was used to calculate power
using Equation 16 and DFT computing. The relative
error was 3.15% actually showing a better result than
Simulations 3 and 4.

Based on these results, a set of almost 50 samples
of electrosurgical voltage and current signals had
its active power determined by the herein presented
method. The results above allow the authors to affirm
that this is a very fast method to determine active

23
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Figure 8. The amount of power calculated by this approach based on the sequence of sampled files in Table 3 and the average values for each
group under consideration (23-41, 42-49, 51-55, 56-59, 60-64 and 65-69). See Table 4 for the summary of all experiments.

power (real power in watts) for real cases, especially
in electrosurgical units.

The methodology to obtain an active power value
with less than 10% relative error can be summarized
as follows:

1. Acquire signals v(wn) and i(wn) in the time

domain;

2. Use DFT to transform v(wn) and i(wn) from the
time domain to ¥(k) and /(k) in the frequency
domain and adjust the obtained magnitudes;
Calculate the angles (phases) of V(k) and I(k);
4. Calculate active power as (1/2).V(k).I(k).

cos(16), where A© is the difference between

the voltage and current angles, using the
simple mathematical multiplication process

presented by Equation 16.

had

Discussion

The herein presented method consists in using
DFT as a tool to obtain the moduli and arguments of
the frequency components of v(wn) and i(wn) sampled
over time on the load (patient) and subsequently
applying Equation 16 to determine the active power.

Simulations were performed to evaluate this
technique together with sinusoidal electrosurgical
output experiments. Simulation 1 represents an ideal
situation and the simplest possible application case;
it brings the basis to understand how the proposed
method works.

Simulation 2 introduced a zero-padding step:
once sampled signals are not multiples from 27, the
zero-padding process was used with a large number
of zeros (99,000) for all simulations to allow the DFT
basis functions to better match the signal. Its intention

was to show an accurate result and have a generalized
process, although mathematical approaches suggest
using 2" samples (Lyons, 2010). A zero-padding
comparative method is performed and the resulting
active power is presented in Figure 10. The equations
were the same of Simulation 4. The simulation program
ran 30 times for each group (A, B and C). For the
first simulation v(wn), i(wn) and noise were the same
for each group. For the second simulation v(wn) and
i(wn) were maintained and the noise was different for
each group, and so on. Group A represents the active
power results with original signal length. Group B
represents the active power results with original
signal length and zero-padding added to perform 2"
samples. Group C represents the active power results
with original signal length and 99,000 zero-padding
length. Group D represents the expected active power.
Figure 10 shows that the performance of the FFT
depends only on the input signal’s length and that the
length of 2" samples does not make the FFT faster,
as expected, but very close to Group A. The signal
length including for Group A was 10,000 samples.
The signal length including noise with zero padding to
perform 2" samples was 32,768 samples for Group B.
The signal length including noise with 99,000 zero
padded was 109,000 samples for Group C. As an
example, the first active power value calculated for
each of the vectors showed identical results (28.78 W)
similarly for the others. However, the execution times
were different. For Group A run time was 1.70 ms,
for Group B 2.60 ms and for Group C 16.80 ms for
the described 28.78 W.

In this case, where vectors had the length of
1,000 to 10,000 samples, zero padding was not relevant
as differences appear after the fourth decimal digit.
However, it should be noted that 2" samples were faster
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Figure 9. (a) shows the voltage signals, with spark (V,) and without spark (V,); (b) shows the current signals, with spark (/,) and without
spark (/,). (a) and (b) are in time domain; (c) and (d) are in frequency domain, where (c) shows the signal magnitude of the sparking voltage
(V) and (d) shows the signal magnitude of voltage without spark (V,); (¢) and (f) are in frequency domain and represent the signal magnitude
of the sparking current (/,) and the signal magnitude of current without spark (/,), respectively. The frequency axis shows only the range of

interest at positive frequencies.

than 99,000 zeros as showed in Figure 10. For this
reason, the authors believe that the zero padding
method could be removed without significant error
to reduce computational time, what is more important
than accuracy in this case, and because the accuracy
of the herein proposed method is already better than
the industry standard (Associagdo..., 2013) requires.
Additionally, alternatives such as the adjustable
window algorithm presented in Hidalgo et al. (2002)
or a sliding DFT applied in any time in continuous
process (Tang et al., 2006) could be used to reduce
computational time. In real applications, reducing
computational time is of utmost importance during
quasi-real time power regulation.

In the case of ERBE patent (Fritz and Schall, 2014)
and Freescale Application Note (Freescale..., 2015),
sophisticated, very complex computation is used to
obtain the RMS values of voltage and current; a power

factor is then calculated yielding a real component
of the current and only after that active power can
be calculated. The methodology herein presented
requires less computational effort and time than that.
It can be used to certificate and calibrate electrosurgical
equipment, as well as in generic laboratory checks.
This methodology can also be applied to commercial
electrosurgical units with or without switching output,
providing a relative error lower than 10%.
Additionally, ESUs must comply with tough
technical requirements specified by industry standards
(Associagdo...,2013; Schneider, 2004; Schneider and
Abatti, 2005). According to [EC-ABNT 60601-2-2
(Associacdo...,2013), commercial ESU manufacturers
need to either declare the equipment power output
on its operating manual or to present a relative error
lower than + 20% — in this case the inscription W
or watt must be showed on the equipment’s panel.

25
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Manufacturer’s laboratory tests are performed using
constant loads and their graphs are presented on the
equipment’s operating manuals. In order to certify
commercial ESUs, tests are performed using ohmic
contact in resistive loads (Associacdo..., 2013).
Although sparking phenomena are not considered in
this case they are the ultimate responsible for spectral
noise, dc components, dc burns and electrostimulation
(Schneider and Abatti, 2008); the herein presented
methodology does take that into account as discussed
in the ‘Practical results’ section.

The presented methodology can also be used as a
reference to compare results as well as an alternative to
better control the output power of electrosurgical units.

The most important aspect of the herein proposed
method is that it provides a simpler, more effective and
faster approach to implement and measure active power
when compared to other digital methods. The only
way to calculate power through analog circuits is by
using new and critical technologies such as logarithm
amplifiers that allow multiplication of two signals —
an essential step in the analogical determination of
power. In this case, apparent power [VA] is obtained
by multiplying digitized signals v(wn) and i(wn) in
time, with the calculation of Equation 2 involving
integration of the values of apparent power within a
period which corresponds to the calculation of the
area under its curve. This process requires significant
computational effort. Furthermore, the DFT application
can easily provide the reactive power and the power
factor if required.

The herein presented methodology does not include
regulation and closed-loop control of the delivered

Zero-padding comparative
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Figure 10. Zero-padding comparative. Group A, v(wn) and i(wn)
vectors’ original length. Group B, v(wn) and i(wn) and zero-padding to
perform 2" samples. Group C, v(wn) and i(wn) and 99,000 zero-padding
length. Group D, Power expected. Groups A, B and C represent
30 power simulations each one using the same v(wn), i(wn) and
noise for each calculated power.
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power. However, it can be used as a step in the control
and regulation process of the delivered active power.

In order to avoid errors in the process when using
coagulation or another blend mode of the ESU, the
circuitry must do the coherent averaging before
sampling.

Additionally, this methodology can be used to
determine the minimum required power that needs
to be delivered to each type of tissue in order to
minimize the surgical intervention. It can also be
adopted as part of the ESU certification procedure
helping manufacturers to improve their equipment.
In this particular case an automated system can be
implemented to acquire signals in real time and provide
feedback to the ESU in order to correct the delivered
power aiming at minimizing the harm to the tissue.

The greatest advantage of this methodology is to
determine the active power of noisy and phased-out
signals, especially those found in commercial, switched
electrosurgical devices, without complex DFT or
convolution math, without knowing the frequency
components generated by the ESU and using less
steps that any other existing technique.

Besides that, this method allows the active power
determination during the ESU certification process
observing the sparking process. The authors believe
that the electrosurgical equipment certification
process must necessarily consider such process in
order to detect problems of asymmetry, DC burns and
potential electrical stimulation hazards (Schneider
and Abatti, 2008).

Finally, the herein described method is sufficiently
general and offers other possibilities of application,
being not restricted to the use in electrosurgical units.
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