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Resumen

Introduccion— Los sistemas de conversion DC/AC uti-
lizados actualmente en multiples aplicaciones como las
fuentes alternativas de energia involucra problemas de
la calidad de la energia debido regulaciones de tension
y deformaciones como las causadas por la distorsiéon
armonica.

Objetivo— Desarrollar un prototipo que a través de
un algoritmo genético multiobjetivo permita optimizar
la calidad de la energia de los sistemas de inversion
trifasicos a través del uso de convertidores multinivel.

Metodologia— Se define el prototipo a utilizar en la
conversion de potencia, se modela matematicamente la
tensién de salida, se desarrollan los algoritmos gené-
ticos multiobjetivo de optimizacién, se implementa el
prototipo y se valida su funcionamiento.

Resultados— El algoritmo desarrollado e implemen-
tado en el prototipo desarrollado mitiga los fenémenos
de calidad de la energia asociados a las variaciones de
corta y larga duraciéon como swell, sag, undervoltaje y
overvoltaje, evita la presencia de fluctuaciones de ten-
sién y presenta un contenido armoénico menor en todos
los casos del 1%

Conclusiones— El prototipo implementado optimizar
la calidad de la energia de los sistemas trifasicos de
suministro de energia a través del uso de un inversor
multinivel, evitando la presencia de fenémenos de cali-
dad de la energia.

Palabras clave— Algoritmo genético multiobjetivo;
Convertidor multinivel; modulacién por ancho de pulso;
distorsion armonica total; calidad de la energia

Abstract

Introduction— The DC/AC conversion systems
currently used in multiple applications such as
alternative energy sources involve power quality
problems due to voltage regulations and deforma-
tions such as those caused by harmonic distortion.

Objective— To develop a prototype that, through
a multi-objective genetic algorithm, allows opti-
mizing the energy quality of three-phase inversion
systems through the use of multilevel converters.

Methodology— The prototype to be used in the
power conversion is defined, the output voltage is
modeled mathematically, the optimization multi-
objective genetic algorithms are developed, the pro-

totype is implemented and its operation is vali-
dated.

Results— The algorithm developed and imple-
mented in the developed prototype mitigates the
power quality phenomena associated with short
and long duration variations such as swell, sag,
undervoltage and overvoltage, avoids the presence
of voltage fluctuations and presents a lower har-
monic content, in all cases 1%

Conclusions— The implemented prototype opti-
mizes the power quality of three-phase power sup-
ply systems through the use of a multilevel inverter,
avoiding the presence of power quality phenomena.

Keywords— Multi-objective genetic algorithm,;
Multi-level converter; pulse width modulation; total
harmonic distortion; power quality
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THREE-PHASE DC/AC POWER CONVERTER WITH POWER QUALITY OPTIMIZATION

[. INTRODUCTION

Nowadays the need to transform Direct Current to Alternating Current (DC/AC) in power con-
verters 1s very recurrent, since this type of conversion is necessary in multiple applications, an
example of this is photovoltaic systems that supply alternating loads or that are connected to
the network, since the panels generate DC current but for the final use AC current is required
[1], [2].

For this type of power conversion, it generally uses PWM modulation techniques, these tech-
niques have been developed to a very high level [3], however, they present some drawbacks in
terms of power quality and performance due to high rates. of commutations that are generally
used [4], [6]. A technique used in recent decades to improve waveforms, reduce the number of
commutations and obtain a pure sinusoidal wave has been the use of multilevel power convert-
ers [6], [7], [8], devices that have their origin in the year of 1981 with the work of Japanese
researchers who developed the first multilevel inverter [9], these devices allow to obtain stag-
gered waves that are more similar to a sinusoidal wave with fewer commutations, these mul-
tilevel systems have presented a very good development in the last decades, allowing power
inversion systems to reduce the harmonic content [10], [11].

In order to improve the waveforms, multiple investigations have been carried out in the field
of harmonic optimization in these devices [12], [13], [14], proposing selective eliminations for
specific harmonics or in special harmonic ranges [15], [16], [17], the ultimate goal is to com-
pletely eliminate harmonics, however this is still under development.

Similarly, in the field of power inversion, power quality problems are also associated with
voltage fluctuations that may appear due to variations in the DC bus, in the case of photovol-
taic systems, for the variation in the operating point of the panels, or in systems that use bat-
teries due to the fluctuation in the voltage of the accumulator block [15], this can generate the
appearance of short or long duration variations in the output of the inverters.

That 1s why this article presents the development of a power converter prototype that seeks
to eliminate power quality problems in three-phase inversion systems using a multi-objective
algorithm that seeks to find modulations applicable to a multilevel prototype, which has a
waveform with optimum energy quality, but also involving a regulation system that allows the
RMS level of the output waves to be kept constant, improving the energy quality of the DC/
AC conversion systems.

I1I. METHODOLOGY

A. Multilevel power converter

In order to mitigate the power quality phenomena associated with the waveform in three-
phase inversion systems, a multilevel power converter with 9 steps per phase and 17 steps per
line is used. This number of levels guarantees that it can be reduce harmonic distortion with
not-so-high switching, as will be shown in later sections. The line voltage has more steps than
the phase voltage because the line voltage is generated by the potential difference of two phases,
this subtraction generates more steps.

The multilevel converter selected was the cascaded H-bridge type, with a common source, so
that the entire converter can be powered from a single source or DC bus, being attractive for
DC/AC conversions from a single source. For this to happen, the transformers at the output of
each stage will be in charge of adding the voltages of the H bridges and providing the galvanic
insulation required to be able to add steps from the same sources.

The transformation ratios of the transformers used in each of the phases have an asymmetric
ratio of 1:3, this in order that in each phase 9 steps can be obtained with only two H bridges,
this configuration allows to have the maximum of steps with the minimum of stages.

To control the fluctuations that may exist in the output voltages of the multilevel converter, a
small element DC/DC converter is implemented in the DC bus [17]. This converter allows with
a minimum of elements to increase or reduce the voltage; In this way, connecting the direct
current converter in cascade with the multilevel converter, a prototype capable of controlling
the output voltage is obtained, by controlling the DC bus, and the inverter will be in charge of
maintaining the characteristics of the waveform together with the desired frequency.
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Due to the fact that the inverter generates a line voltage with more steps than the phase
voltage, the commutations will not be as high, obtaining the minimum of harmonic distortion.
The complete device topology i1s shown in Fig. 1 [16].
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Fig. 1. Power converter topology.
Source: Authors.

B. Mathematical model

In order to generate an output waveform that has optimal energy quality, we start from the
mathematical model of the harmonic content of a multilevel modulation (1). This model is based
on the definition established by IEEE 519 (1992) of THD [19], [18].

B
h
" 1
THD ==2.100 (1)

1

Where h_ refers to the peak value of n harmonic.

The THD of the multilevel modulation is established in (2), this expression has been devel-
oped in previous works by the authors [13], [17].

VEL S 3L ) eosna,])
THD = [2;1 Y (=1 tcos1 al-,-] %100 (2)

Where n takes odd values not multiples of 3, that is, 5, 7, 11, 13, etc. and L. are the components
of the vector L = [a b ¢ d], indicating the firing angles at each step of the first quarter wave
of the phase modulation.

In the same way, to obtain a desired RMS level starting from the voltage given by the DC
bus, equation 3 is established, which models the effective value of the multilevel modulation in
terms of the DC voltage and the firing angles in each step, this expression has been developed
In previous works by the authors.

50 (M[Z" _Ll'l(—l)"‘lcosnOLU])2

. mn i=1 =
Vlinegys = Z
n=1

2

paran=5,7,11,13, ... (3)

In this way, the waveform optimization problem is determined by (2), which defines the total
harmonic distortion to be optimized, and (3) defines the effective value desired for the modu-
lation. The optimization algorithm will receive the desired effective value and will look for a
waveform that has the minimum expression of harmonics, but that is closest to the desired
RMS value, modifying the switching angles in each of the modulation steps.
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From the mathematical model it can be seen that harmonics that are multiples of three and
even have no influence on the value of the THD or the value of the RMS voltage of the line
modulation. This is because even harmonics do not exist due to the symmetry of the stepped
waveform that can be obtained and harmonics that are multiples of three, being zero sequence,
are subtracted from the phase difference when obtaining the line voltage.

C. Multi-objective optimization algorithm

With the aim of solving the multi-objective optimization problem, it was determined to use
genetic algorithms as a tool to solve the problem. In Fig. 2 shows the flowchart of the multi-
objective genetic algorithm developed to obtain a desired RMS value with the minimum THD
value in the line voltage and with reduced commutations.

/ Enter rated voltage (Vn) and DC voltage (Vdc) /

¥
/ Maximum number of generations of the multi- /

objective genetic algorithm (Nmax)

/ Initial assignment L=[a b cd]=[1 11 1] /
t«-

Creation of individuals X(L) and initial population P(x)

4
1
C=0 generations counter

Evaluation of TDH F(P) and vrms for
each individual

L]
Selection of the best individual THDb=min(F(P))
and min(Vrms(P)-Vn), Xb= best individual

HDb and Vrms(Xb)-Vn converge
or they are null or C=Nma

THDb<1 and Vrms(Xb)-Vn<0.5

Evolutiona operators
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Fig. 2. Multiobjective genetic algorithm.
Source: Authors.

As input data, the desired rated line voltage and the value of the DC bus voltage are assigned,
in the same way the maximum number of generations in which the algorithm can evolve per
stage 1s indicated and an initial vector of the number of firing angles in each step of the first
quarter wave of the phase modulation, so that it is the minimum possible, a vector of ones 1s
assigned.

With this information, the algorithm creates an initial population where each individual has
an initial angle in each step, evaluates the THD value for each individual and its RMS value,
after which it selects the best individual and evaluates the convergence criteria of the genera-
tion, which are three: the first is that the maximum number of generations is exceeded, that
the THD value 1s null and that the RMS value is the desired one. The third criterion is that
the value of THD and VRMS converge.

If none of these criteria is met, the algorithm applies evolutionary operators such as muta-
tion, elitism, among others, to create a new population and repeat the process. Once any of the
convergence criteria is met, the algorithm evaluates if the data obtained from the best indi-
vidual complies with the THD value being less than 1% and the RMS value of the line voltage
being the desired value with a tolerance of 0.5 Volts.
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If the conditions are not met, the algorithm will create a new vector of the number of shot
angles by adding more shot angles. The evolution and evaluation process will be carried out
again. In this way, if a satisfactory answer is not found, the algorithm will continue adding
angles. until an individual is found that meets the conditions.

This logic allows finding a modulation that has a very low harmonic content, a desired volt-
age level, but with the minimum number of commutations required, contributing to the effi-
ciency of the converter.

The described optimization algorithm was coded in Matlab® [21] using the multi-objective
genetic algorithm toolbox. For the particular case of this research, the generated populations
consisted of 20 individuals. The nominal values of the converter in terms of input voltage is
45V, output 220 V line and a frequency of 60 Hz.

It should be noted that since the equations that determine the mathematical model are in
the electrical angle domain, the output frequency will depend exclusively on the implementa-
tion, since the angles found must be converted to the time domain using the desired electrical
frequency.

D. Implementation

The implemented power converter corresponds to the topology shown in Fig. 1. Its power
source is a DC bus, which can correspond to a set of batteries. The converter integrates a 48V
nominal reduced component variable DC/DC regulator and a 2400 VA three-phase multilevel
DC/AC power inverter, at 60Hz with 127V and 220V line phase voltages regulated by the drive
angles and the bus. of DC. The general scheme of the developed prototype powered by an autono-
mous PV system is shown in Fig. 3.

FV system

‘ Battery
Computer CDICD
[T Converte
Set | —
point¢ Guide ‘ Algorithm | Cemunication =2 FPGA
L Multilevel
L A Load

inverter

o Voltage ||

Fig. 3. Block diagram of the implemented power converter.
Source: Authors.

The control of the converter is carried out by means of a Virtex 5 FPGA board and the objec-
tive of this is to avoid the presence of events that deteriorate the quality of the energy, through
the implementation of optimized drive angles based on the Total Harmonic Distortion (THD)
and the RMS voltage, the effective value control is performed by controlling the variable DC/DC
converter depending on the magnitude of the RMS voltage at the output of the prototype.

The verification and control of the DC/DC power converter was carried out in the Labview®
[22] software, with the measurement of the AC RMS voltage as an input parameter to be com-
pensated by means of a PID controller, for which this signal is acquired using a National DAQ
6009 card. Instrument, and the compensator constants are implemented in Labview®, sending
the DC/DC converter control signal to the FPGA through the RS-232 protocol.

AC waveform enhancement is achieved by implementing a Genetic Algorithm (GA) that is
performed offline. Developed based on the voltages for which the FPGA card replicates the
switching angles through the control signals of the DC/AC converter. Fig. 4 shows a photo of
the power converter.
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Fig. 4. Implementation of the power converter.
Source: Authors.

II1. RESULTS AND DISCUSSION

The last evolution process of the optimization algorithm is presented in Fig. 5 where the behav-
1or of the total harmonic distortion in the evaluated generations is evidenced. Through this,
the 48 commutation angles obtained provide a THD value of 0.00006% with a line voltage of
219.99 V and a phase voltage of 127.011 V. The modulation consists of 5 switching angles in
the first level, 7 in the second, 9 in the third and 27 in the fourth, represented in the vector
L=1[57927]. With a quarter wave symmetry modulation that eliminates even harmonics and
the DC component.

Best 0.00575188 Mean: 0.00610058

TF
[+ *+  Bestfitness
. M fit
6 ean fitness
%
e
ar .
.
- ,
3 .
md "
- .
o -
- -
C 3r -
== L
[T \Lw'
i T .
ol i gt B o
g = B
1_\-. men i . o
e - ’:: \ s
1F e 7 ..+", .
-\ﬂ.‘_:':' ¥ . L -
e, ik, N 00T b
n 1 1 1 \ Ih_é—'
[} 5 10 150 2 250 g ||}
Generation

Fig. 5. Evolution of the algorithm in the last vector L.
Source: Authors.

The phase and line voltage waveforms are presented in Fig. 6 and Fig. 7. These show the
increase in the number of levels in the line voltage. These better waveforms would be the ones
delivered at the output of the power converter and would have modifiers of the magnitude of
the DC bus that controls the RMS voltage.
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Fig. 7. Line voltage waveforms.
Source: Authors.

The harmonic spectra of these waveforms are practically zero since the harmonic content
determined by the algorithm i1s 0.0006%. These harmonic spectra can be seen in Fig. 8 and
Fig. 9. If these spectra are detailed, no contributions of any order are perceived in the first 50
harmonics. The line voltages, as they correspond to the subtraction of the phases, have 8 addi-
tional steps to the 9 phase steps. Which generates a cleaner spectrum, however, with the naked
eye it 1s difficult to differentiate it from the phase spectrum, since both are practically zero.

Harmonic spectrum
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Fig. 8. Harmonic spectrum of the phase voltages.
Source: Authors.

Harmonic spectrum
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Fig. 9. Harmonic spectrum of line voltages.
Source: Authors.
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Laboratory tests were carried out on the implemented prototype in order to validate its opera-
tion. This prototype was evaluated being applied to an autonomous photovoltaic system. The
input of the power converter was fed from the accumulator block of the system and the output
was connected to a three-phase charging system constituted by a three-phase rheostat. The
test setup 1s shown in Fig. 10.

Fig. 10. Experimental setup.

Source: Authors.

The output and input variables of the prototype were measured, for this the Fluke 434 power
quality analyzer was used. This in order to validate the power quality of the converter output,
for the measurement of the variables of input, a data acquisition system based on the National
Instruments NI USB 6211 card and the Fluke DP 120 voltage probe was used. In this way, the
input and output variables are captured.

The developed test consisted in carrying out the deep discharge of the accumulator block of
the photovoltaic system, through the supply of the three-phase rheostat through the prototype,
variations were made in the rheostat in order to obtain load shots that could affect the output
voltage. This is done in order to validate that the voltage level remains within the limits estab-
lished by the IEEE 1159 [19] and IEEE 519 [20] standards.

OSCILOSCOPIO
B 1271 v J° 1266 U Q8 0] 0
60.00HZ Pum =T

08/09/18 10:22:27 133U 60Hz 38 WYE  EH50160

OLT AMP CURSOR ¢  © =
ABECY DOHY OFF e ~

Fig. 11. Waveforms of the power converter phase voltage.
Source: Authors.
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60.00Hz Pumi =F
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® AB C | ON OFF / Z00M =

Fig. 12. Power converter line voltage waveforms.
Source: Authors.
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The waveforms measured by the analyzer for the phase and line voltages are shown in Fig. 11
and Fig. 12 respectively.

In Fig. 11 some small differences are perceived between the effective values of phases A, B
and C, these differences may be caused by some small constructive differences of the trans-
formers, however, as will be shown later, the voltage unbalance is minimal and lower to 2%,
which 1s suggested as typical in the IEEE 1159 standard [19]. In Fig. 12 shows that there are
more steps in the line voltage than in the phase voltage, these waveforms are therefore visu-
ally closer to the pure sine wave.

Regarding the harmonic content of these waveforms, Fig. 13 and Fig. 14 present the spectra
of the phase and line voltages respectively, the total harmonic distortion for the phase voltage
1s 0.8% and for the line voltage it is 0.5%, both values are very low, which complies with fully

the suggestion of the IEEE 519 standard [18], where for low voltage systems it is suggested that
the content be less than 8%.

Armonicos
A THD 0.8 %f
Puni & 0:00:08 L] =F
g FOBH

08709718 10:23:02 1330 60H=z38 WYE  EH50160
V]

| AUH |

Fig. 13. Spectral content of the phase voltage.

Source: Authors.
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) ﬁ | | L &

Fig. 14. Spectral content of the line voltage.
Source: Authors.

These measurements validate that the developed prototype generates a waveform with very
low harmonic content, presenting good behavior in terms of spectral content and the absence
of deformations.

Regarding the distortions present in the output currents of the power converter. In Fig. 15
shows their waveform and Fig. 16 its spectral content.
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[© 0523 A |
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Fig. 15. Waveform of currents.
Source: Authors.
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Fig. 16. Spectral content of currents.
Source: Authors.

The waveforms of the current are practically sinus waveforms, presenting an excellent behav-
1or in the three waveforms of the lines (Fig. 15). As the power converter is star connected, the
line and phase currents are equal and with a very low harmonic content, as shown in Fig. 16,
there is practically no relevant contribution of harmonics. The current is characterized by a
total harmonic distortion of only 1.2%, which 1s very good considering that the allowed har-
monic contents in currents are wider than in voltages according to IEEE 519 [18].

With respect to three phase behavior, Fig. 17 shows the phasor diagrams of the currents
and voltages, in these it is observed that the transformation system is balanced, presenting
only small variations of less than 1 volt, this is due to differences between the transformers.
However, the behavior is satisfactory since the voltage unbalance corresponds to a value less
than 1%, more specifically it is 0.47% according to the ANSI methodology, which corresponds
to excellent behavior since an acceptable unbalance must be less than two%.

Similarly, Fig. 17 presents the measured frequency, which is exactly 60 Hz, this validates
that there will be no variations in the frequency, since the frequency is controlled by the control
device that assigns the durations of the steps.

DIAGRAMA FASORIAL )
A 1230 U BB 1271 W ¢ 1867 U

Pura
Vp funa 127.4
Vg funa 126.4
Ve funa 126.0
Hz 60.00
B are) 0
Glgey 120
Gleey 240
08709518 10:22:31 1330 60H=z 38 WYE EHS0160

Fig. 17. Phasor diagrams of the measured variables.
Source: Authors.

The voltage profile of the power converter output and input are shown in Fig. 18a and
Fig. 18b respectively. Drastic fluctuations in the input voltage can be observed, but when ana-
lyzing the output profile, the action of the proposed prototype is perceived since the RMS value
of the output line voltage of the converter is flat. Presenting full compliance with the power
quality requirements since the voltage level always remains between 0.9 p.u. and 1.1 in p.u.
complying with power quality standards.

In detail, Fig. 18a shows the voltage profile of the converter output voltage, this profile is
practically constant, due to the action of the regulation and optimization algorithm that allows
maintaining a modulation with the desired value.

In Fig. 18b shows the profile of the input voltage of the converter, it is seen with strong varia-
tions due to the current demand of the load, and the current draw of the multilevel converter.
It 1s also observed that the battery block voltage is initially higher than 50 volts and at the end
of the test it is reduced to less than 43 volts, regardless of this behavior of the input voltage.
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Fig. 18. a). RMS output voltage of the power converter; b). Input voltage.

Source: Authors.

At the output of the power converter, the voltage remains constant, which verifies that the pro-
totype correctly mitigates the phenomena associated with long and short duration variations
that could occur due to voltage variation, such as: swell, sag, undervoltage and overvoltage.
Likewise, there are no flickers since the control of the output voltage prevents this phenomenon
from occurring.

In Fig. 19 shows the extension of the output voltage profile, the maximum variation of the
output voltage is less than one volt. This verifies the efficiency of the prototype in keeping the
voltage constant, guaranteeing that regardless of raising or lowering the voltage on the DC
bus, the output voltage will remain constant.
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Fig. 19. a). Line RMS voltage; b). harmonic content.

Source: Authors.

The Fig. 20 allows validating the low order harmonic content, to be precise the first 25 har-
monics, as well as the total harmonic distortion in the output voltage. The maximum measured
value of harmonic distortion for the output voltage is 0.6% of the THD. Which allows us to say
that the inverter has a pure sine waveform. The first 25 harmonics have negligible contents
that are below 0.3%, as evidenced in that figure.
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Fig. 20. a). Line RMS voltage; b). harmonic content.

Source: Authors.

287



THREE-PHASE DC/AC POWER CONVERTER WITH POWER QUALITY OPTIMIZATION

In the tests carried out, there are no frequency variations or voltage imbalances. These phe-
nomena are mitigated by the developed prototype thanks to the implementation and regulation
algorithms. The Fig. 21 shows the evaluation for these phenomena delivered by the network
analyzer.
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Fig. 21. Voltage imbalances and frequency variations.
Source: Authors.

Within the total evaluation of the quality of the power, it can be established that there were
no events, regardless of the discharge of the accumulator block and the variations in the load,
this validates the operation of the proposed prototype.

Finally, it should be noted that the transient phenomena have not been verified since the
network analyzer used does not allow the evaluation of transient phenomena, therefore, the
evaluation of this category of power quality phenomena is left for future work.

In the same way, it 1s highlighted that as for the contrast of the improvement made in this
project with respect to the classical optimization techniques, the algorithm used gives a purely
numerical character to the harmonic optimization problem, since by not using comparisons of
modulated and modulating waves and treating each firing angle as an independent variable,
the THD indicators can practically be completely annulled improving the results obtained with
classical optimization techniques where sine waves are compared with triangular waves, saw-
tooth, etc. However, this also implies that real-time optimization operation is very difficult to
achieve, so the technique used will be an off-line technique.

Regarding the evaluation of transient phenomena, it is necessary to continue the research in
future works where it is important to develop transient tests and analyze the results by compar-
ing the transient response where the proposal is contrasted with classical control techniques
and thus determine whether the calculation times of the algorithm to changes in operating
conditions of the equipment are adequate for its implementation.

I'V. CoNCLUSIONS

Once the results obtained from the validation of the power quality test have been analyzed, it
1s established that the developed prototype allows the elimination of power quality phenomena
associated with short and long duration variations such as sag, swell, undervoltage, overvoltage,
etc. in the same way, if the application involves an accumulator block, it will allow to eliminate
the interruptions; and as for the waveform, it reduces the phenomena associated with harmonic
distortion, interharmonics, subharmonics and the DC component, it also mitigates frequency
deviations and the presence of unbalances, due to the control loop implemented, the presence
of flicker is also avoided.

The harmonic distortion optimization algorithm allows to determine with great precision
the firing angles required to obtain a minimum of distortion, with a desired RMS value, as
it could be observed in the tests carried out, all the harmonic contents were below the range
of 1%, reaching experimental values of 0.6%, which validates the excellent result in terms of
harmonics.
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The regulation proposed in the DC bus carried out through the small element converter
presented an excellent behavior by allowing the output voltage to remain constant regardless
of the possible fluctuations in the input source or the load shocks and variations generated in
the load.

The way in which the algorithm modifies the number of firing angles in each step allows
the optimization to be carried out with a reduced number of commutations, since the algorithm
starts with the smallest number and increases until it finds the required optimization. This
contributes to increased efficiency by reducing switching losses.

The proposed topology has an advantage since the multilevel converter is star-connected,
and the inverter can supply three-phase energy with only two phases, since the transformers
could operate as an open delta.
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