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Real Time Selective Harmonic Control—PWM
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Abstract—Selective harmonic elimination-pulse width modula-
tion (SHE-PWM) is a widely used low switching frequency modu-
lation technique for medium-voltage high-power converters. This
approach is able to adjust the converter fundamental component
while eliminating low-order harmonics. However, some applica-
tions such as active power filters (APFs) require regulating simul-
taneously, both the fundamental and low-order harmonics in am-
plitude and phase. This article presents a novel selective harmonic
control-PWM (SHC-PWM) modulator, valid for APFs, based on
artificial neural networks (ANNs) and sequential quadratic pro-
gramming (SQP). A new offline search methodology, based on a
hybrid metaheuristic-numerical algorithm, is defined to calculate
the solution space when both the fundamental and a low-order
harmonic are controlled in phase and amplitude. The solutions
obtained are used to train the ANNSs offline. Afterwards, the ANN +
SQP calculation method is used to solve the SHC-PWM problem in
real-time (RT). Experimental results are provided for a three-level
converter to verify the effectiveness of the proposed RT control
method.

Index Terms—Active power filter (APF), artificial neural
network (ANN), metaheuristic algorithm, numerical algorithm,
real-time (RT), selective harmonic control (SHC-PWM).
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I. INTRODUCTION

ULTILEVEL converters are widely used for high-power

medium-voltage applications due to the advantages that
they present with respect to their two-level counterparts [1],
[2], [3]. In these applications, low switching losses with
low harmonic distortion are pursued. For this purpose, low-
switching frequency modulation techniques such as selective
harmonic elimination-PWM (SHE-PWM) or selective harmonic
mitigation-PWM (SHM-PWM) are widely used [4], [5]. Origi-
nally, SHE-PWM was used to regulate the fundamental compo-
nent while eliminating the low-order harmonics [4], [6], [7], [8],
[9],[10], [11], [12], representing a suitable modulation for power
applications such as motor drives, where the plant variability is
low. However, in case of grid-connected applications with high
plant variability like active power filters (APFs), where some
current harmonics need to be generated to eliminate or minimize
the harmonic content in the point of common coupling (PCC),
a different approach such as selective harmonic control-PWM
(SHC-PWM) is required. This modulation allows the regulation
of low-order harmonics to a specific value in both amplitude and
phase [13]. However, all these modulation techniques require to
solve a set of nonlinear transcendental equations to obtain the
set of optimal switching angles, which is not a trivial task and
implies such computational cost that prevents its resolution in
real-time (RT) [4].

Most of the techniques proposed in the literature to solve
these equations are offline search algorithms [4] such as nu-
merical [14], [15], algebraic [16], [17] or metaheuristic algo-
rithms [18], [19], [20]. The solutions provided by these algo-
rithms are usually stored in look-up tables (LUTs), which are
later used in an RT controller. This implementation is suitable
in case of SHE-PWM, since the optimal angles are those that
provide adesired fundamental component amplitude while elim-
inating a set of low order harmonics. Therefore, the size of the
resulting LUT is computationally affordable. However, in case
of SHC-PWM, the required amplitude and phase of low-order
harmonics may vary depending on the operating conditions, as it
happens in case of APF applications. Thus, in this case, the size
of LUT increases exponentially with the number of harmonics
to be controlled, making the use of LUTSs unsuitable due to the
required storage capacity [8], [21].

In the case of APFs, high-switching PWM is normally used,
which is not suitable for high-power applications where high
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efficiency and power density are mandatory requirements. Thus,
SHC-PWM is raised as a good solution for this scenario, pro-
vided that its implementation does not depend on LUTs.

In order to avoid the dependency on LUTSs, some online
application methods, based on algebraic algorithms or artificial
neural networks (ANNs) have been proposed to calculate the
firing angles in RT. In [13] and [22], a search method based
on algebraic transformations and numerical search that solve
the SHE-PWM problem with low computational burden was
proposed. However, these techniques are not able to regulate
separately the phase of every harmonic, since they are just valid
for quarter-wave (QW) symmetry. On the other hand, several
works based on artificial neural networks (ANNSs) have also
been proposed to solve the SHE-PWM in RT controllers. These
approaches usually generate the training data-sets for the ANN
through offline search algorithms [21], [23], [24], providing a
system based on these trained ANN that is able to calculate
the SHE-PWM firing angles in RT. Different versions of SHE-
PWM, under constant [23] or variable [21] dc sources, are pro-
vided. Different architectures have been proposed with different
types of ANNSs, such as multilayer perceptron (MLP) [21], radial
basis function neural network [25], generalized Hopfield neural
network (GHNN) [12], or several ANNS for different ranges of
the solution space [26].

All these ANN-based strategies require proper training
datasets, to ensure the accurate calculation of the angles. The
calculation of the datasets and the training process is carried
out offline, as it requires an important computational burden.
Training these ANNSs is not a trivial task; and their structure will
depend on the complexity of the problem. When the size of the
solution space increases, a good balance between explorative
and exploitative character of the search methods are required.
To address this issue, some authors have proposed to combine
ANNs with numerical approaches, such as Quasi-Newton [11],
Levenberg-Marquardt [8], or Newton-Raphson [9]. Thus, an
ANN output can be used as an initial guess for the numerical
algorithm.

In all the previous works, SHE-PWM has been used to only
regulate the fundamental component to a given value. To the
best of the authors’ knowledge, only one paper based on an
ANN SHC-PWM for APFs has been presented, which simulta-
neously regulates the phase and amplitude of several low-order
harmonics [27]. In that work, an ANN has been proposed to
mitigate the harmonic content of nonlinear loads. However, this
approach does not ensure the continuity of the switching angles,
which could lead to overcurrents [28], since the training datasets
consist of random sweeps throughout the switching angle range.
In addition, the current harmonics are just mitigated and not
completely eliminated. Hence, there is still an open research
question that needs to be addressed before achieving a reliable
use of SHC-PWM in APF applications. This article proposes
a new RT ANN-based SHC-PWM method that contributes
to the state-of-the-art by giving a response to the following
challenges.

1) Offline calculation and analysis of the solution space,

where the goal is to regulate simultaneously several har-
monics.

2) Management of discontinuities in the solution space when
different multidimensional sets of switching angles are
required to fill the whole SHC-PWM solution space.

3) Definition of an overlap between solutions to reduce the
solution transitions so the overcurrents are avoided.

4) Definition of the architecture for the ANN based modula-
tor to enable the online estimation of the switching angles
(RT execution).

5) Management of large sets of switching angles for offline
ANN training.

6) Demonstration of the viability to implement the ANN
SHC-PWM modulator in RT, considering a control period
commonly used in high-power converters [28].

To address the above challenges, the work at hand presents
an SHC-PWM implementation based on ANNs for a 3-D
space formed by the fundamental harmonic amplitude (m,)
and one low-order harmonic in amplitude (my,) and phase (¢p,).
The proposed implementation consists of two states as follows.

1) Offline search methodology: The 3-D solution space is
first explored using a novel offline hybrid search method-
ology, based on metaheuristic and classical numerical
algorithms. The metaheuristic algorithm provides the ex-
plorative character while the numerical one is ideal for
exploiting local information; thus, a good balance between
computational burden and quality of the proposed solu-
tions is provided. The proposed methodology provides
steps to explore the solution space and some key per-
formance indicators to calculate valid switching angles,
ensuring that the obtained switching angles for two nearby
operating points have continuous values and do not diverge
from each other. In cases where this cannot be guaranteed,
the methodology calculates additional sets of switching
angles required to fill the solution space. In addition,
an hysteresis overlap between these sets is provided to
minimize the number of transitions between sets. Thus,
this contributes to reduce overcurrents and improve the
power quality and transient performance of the converter.

2) Online SHC-PWM modulator based on ANN + Sequen-
tial Quadratic Programming (SQP): The proposed SHC-
PWM modulatoris based on ANN or ANN + SQP when-
ever the ANN estimation of the switching angles must
be improved. Although the ANN + SQP calculation tech-
nique is executed online, the ANN (of type MLP) has been
previously trained offline using the datasets obtained by
the proposed search methodology. In this way, the simulta-
neous regulation of several harmonics through SHC-PWM
can become affordable without using multidimensional
LUTs. As stated before, the LUTs have some disadvan-
tages when the number of harmonics to control increases
such as higher storage requirements. In order to illustrate
the approach, two different case studies are analyzed: 1)
the use of a solution space covered using a single set of
switching angles; and 2) a solution space where multiple
sets are needed to cover the whole solution space.

The rest of this article is organized as follows. Section II

briefly describes the APF concept and Section III introduces
the SHC-PWM formulation used to calculate the solutions. The
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Fig. 1.  APF generic block diagram.

proposed offline methodology to search the switching angles in
3-D is explained in Section IV. Section V presents the proposed
ANN SHC-PWM modulator designed to be executed online for
different case studies. The ANN training, executed offline, is
also described in this Section. Section VI compares the proposed
modulation technique to the commonly used carrier based-PWM
(CB-PWM) and Section VII analyzes the scalability of the
approach. Section VIII shows the obtained experimental results
that validate the proposed SHC-PWM modulator. Finally, Sec-
tion IX concludes the article.

II. ACTIVE POWER FILTER APPLICATION

An APF is used to effectively minimize (ideally eliminate) the
undesirable harmonic components generated in the power grid.
These harmonics appear at the grid connection point caused
by other equipment connected to the grid. The minimized har-
monics can be voltage or current harmonics, depending on the
control mode used. In the case of minimization or compensation
of current harmonics, the APF absorbs the current in the PCC
to cancel out the undesired harmonic components. In Fig 1,
the generic block diagram for an APF application connected
in parallel is shown.

The APF is formed by a controller, a modulator, a gate
signal generator, and a power converter. The focus of this
article is in the modulation stage. A new ANN-based SHC-
PWM modulator suitable for APF applications is presented.
It takes as input the harmonic voltage references (modula-
tion index for the fundamental (m,) and amplitude (my) and
phase (¢p) of the controlled low-order harmonic) calculated
by the controller and generated in RT the switching angles
(61,02, ...,6;). The proposed algorithm has been developed
following a generic approach, in the sense that it can be applied to
different power converter topologies, filter stages, and controller
implementations.
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III. SHC-PWM FORMULATION

Depending on the adopted waveform symmetry, the SHC-
PWM technique can be formulated in three different manners:
1) QW; 2) half-wave (HW); and 3) nonsymmetry (NS) [4].
The use of QW or HW symmetry reduces the computational
burden with respect to NS, as some harmonics are naturally
eliminated. The QW symmetry is the most referenced one in
the literature since it allows to obtain angles that will lead to
a switched voltage pattern with regulated low-order harmonic
amplitudes, but unregulated phase angles, as required in APF
applications. On the other hand, the NS formulation can help
to obtain a switched voltage pattern with regulated low-order
harmonic amplitudes and phases, including dc value. In this
work, as both amplitude and phase of low-order harmonics are
required to be regulated, but not the dc value, a HW symmetry
is adopted. Specifically, the universal formulation proposed
in [7] was applied. In this formulation, the switching angles
are calculated in the range [0, 27] (virtual switching angles)
and afterwards, they are transformed to the range [0, 7] (real
switching angles). In this transformation, the switching pattern,
which is not initially predefined, is directly obtained. Moreover,
as a three-phase system is used, only nontriplen odd harmonics
are considered.

The equations for the output voltage waveform, the a;, and by,
coefficients, and the normalized harmonic amplitude (mj) and
phase (¢p,) of each harmonic are calculated as

Vao = Z ap, cos(hwt) + Z by, sin(hwt) (1)
h=1,3,5,7,... h=1,3,5,7,...
21
2Vdc .
= — — hoy, . 2
W= T L= Dhn kz::lsm( ko) @
21
2V4e
by, = hby . 3
"= T h ;COS( ko) (€)
a? + b?
=2 _h 4
mp, Vi “4)
arctan (Z—:) —7m bp<0,a,<0
¢ = ( arctan (b—’;) +7 by, >0,a,<0
arctan (ﬁ) bn <0, ap>0& by, >0, a,>0

&)

where V. is the total dc bus voltage, L is the number of levels
of the converter, [ is the number of switching angles to calculate,
h is the harmonic identifier, and 6}, ,, is the identifier for every
virtual switching angle.

The cost function (CF) which should be minimized by the
search algorithm to calculate the set of switching angles from
the aforementioned equation is defined as

CF=cl +ep +eosteps+ -+ +em+ foatia
(6)
€qn and epp, represent the error for every regulated harmonic
and f,q4:4 1 @ penalty function that evaluates the validity of the
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obtained switching angles. This function verifies that the next
constraints are fulfilled [7].

1) The obtained virtual switching angles must be inside the
range [0, 27].

2) The number of levels of the output voltage waveform
cannot exceed the number of levels of the converter.

3) The real switching angles must keep a predefined mini-
mum distance between them. In this way, the minimum
conduction time of the converter switches can be assured.
This time is the sum of the dead time and the minimum
on time of the switch.

If any of these constraints is not fulfilled, the f,q5;4 Will
return a value higher than the convergence threshold so the CF
final value is high and the solution is discarded by the search
algorithm. On the contrary, if all the constraints are satisfied,
fvatiq Will return a 0 and the CF final value will be calculated
only with £, and ey, coefficients.

IV. PROPOSED OFFLINE SEARCH METHODOLOGY FOR 3-D
SOLUTION SPACE

In this section, the offline search methodology used to calcu-
late the SHC-PWM solution space is explained. In particular,
3-D have been considered, regulating accurately the amplitude
of the fundamental harmonic and the amplitude and phase of an-
other low-order harmonic. However, the proposed methodology
is scalable to a higher number of dimensions (higher number
of harmonics to be regulated simultaneously). To the authors’
knowledge, this is the first time that an analysis of the whole
solution space for the SHC-PWM formulation, where at least
one low-order harmonic is regulated in amplitude and phase.

The methodology uses a metaheuristic algorithm, benefiting
from its exploration ability, to find the switching angles, which
is hybridized with a numerical method for exploiting local infor-
mation and thus improving the accuracy. A hybrid algorithm that
combines a genetic algorithm (GA) with a gradient descent (GD)
strategy, named GA-GD, has been selected following the method
presented in [20]. The hybridization consists of the execution
of the GD strategy after certain number of generations, trying
to explode the information accumulated by the GA. In this way,
faster convergence and lower computational burden are achieved
while accuracy is improved.

When applying the SHC-PWM formulation to regulate sev-
eral harmonics, not all the calculated set of switching angles are
suitable. Certain constraints should be imposed to improve the
robustness of the solution as follows.

1) First, the obtained switching angles within a set have to
ensure continuity in all the dimensions of the solution
space. Otherwise, relevant transient overcurrents may be
generated due to discontinuities in the solutions [28].

2) Additionally, due to its complexity, multidimensional so-
lutions spaces could require several sets of switching
angles to be completely filled, leading to some transitions
between different sets that cannot be avoided, providing
discontinuities. To minimize the number of transitions,
the sets of switching angles should be as large as possible
and overlaps between different sets should be guaranteed

to avoid unnecessary transitions from one set to another
in the border regions. These facts are very relevant, since
converter overcurrents can be minimized when the number
of transitions is limited [28].

3) Besides, the real switching angles in the range [0,7] must
have a minimum distance between them. Additionally, this
minimum distance provides the required minimum on time
of the semiconductors [29].

4) Finally, the variation of switching angle values between
close operating points must be limited. In this way, the per-
formance of high-level closed loop controls is improved.

The offline methodology proposed in this article analyzes

the solution space for 3-D while taking into account these
constraints. The steps of the proposed methodology (see Fig. 2)
to calculate the firing angles throughout the SHC-PWM solution
space are the following:

A. STEP 1: Search and Selection of Solutions in 1-D

In this step, the switching angles for the classical SHE-PWM
technique are calculated in 1-D (m,,). The calculated switching
angles allow to regulate m, and eliminate the rest of the consid-
ered lower-order harmonics. The switching angles are obtained
using the GA-GD hybrid algorithm.

The GA-GD is run several times with different randomized
initial populations, so different sets of switching angles are
obtained. In Fig. 3, an example of a set of switching angles
for a three-level (3 L) converter, when m,, is regulated and the
5th, 7th, 11th, and 13th harmonics are eliminated using HW
symmetry and 12 switching angles is depicted. The GA-GD
is able to provide more than one set of switching angles, as
it is an initial population based algorithm. The valid sets are
postprocessed to determine the optimal solutions. Besides the
previously commented constraints, the following specifications
must be satisfied.

1) The set of switching angles must provide a solution in
the range of m, that is required to be controlled by the
grid-connected application. If the set does not have any
solution in the desired m, range, it is not considered as a
valid solution. In the case of grid-connected applications,
high values of m,, are required to be controlled (see Fig. 3).

2) The switching angles must be as equidistant as possible
with each other at each m,, in order to ensure that the
distribution of the switching instants resembles that of
the CB-PWM, as a way to improve the dynamic per-
formance of the power converter control. This distance
is set empirically. There is not a specific number which
is considered to be the optimum one. It may depend on
the number of angles, the harmonics to be controlled and
eliminated, or the number of converter levels. In this work,
the standard deviation of all distances has been selected
to be equal or lower than 0'7#%'

3) Abi/Am, for every switching angle, considering
Am, = 0.1, cannot be higher than a threshold (0.25 rd).
This contributes to improve the robustness of the proposed
method as it assures that variations in the m,, value have a
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low effect on the control and the obtained switching angles
resemble the ones of the CB-PWM.

If the set of switching angles does not fulfill one of the
previously mentioned requirements, it is considered to be an
invalid solution. The sets of firing angles considered valid are
used to calculate the solution space for the SHC-PWM in 3-D.

B. STEP 2: Search of Solutions in 3-D

On the basis of the valid 1-D (m,,) solutions calculated in the
STEP 1, the solution space is searched and extended to consider
the rest of the dimensions (harmonic amplitude (mj,) and phase
(é1))- The objective is to obtain a set of switching angles as large
as possible. Thus, a larger area of the solution space is covered.

For that purpose, the SQP numeric method [30] is used to find
the switching angles, due to its fast convergence, local search
methodology departing from a good initial guess and its ability
to constrain the minimum distance between switching angles.
Hence, for every 1-D solution obtained in the first step, the as-
sociated 3-D solution is calculated through the search procedure
depicted in Fig. 4(a). For simplicity, for a predefined m,, a 2-D
space is represented. The gray circles represent the (11, mp, dp)
combinations for which the switching angles have not been
calculated yet. The green ones are those with valid switching
angles and the arrows represent the direction to search new
switching angles. Initially, it is considered that for each m,, all
the combinations with mj, = 0 have the same switching angles
for all the possible ¢y, values; specifically, the switching angles
calculated in the STEP 1 for that specific m,. Next, using these
solutions as initial guess for the SQP algorithm, the switching

On

Fig. 5. Directions to fill empty points.

angles throughout the m;, range for each (m,, ¢,) combina-
tion are calculated. Additionally, A0y /Am,, Ab/Amy, and
ABy, / Ay, are checked for all the operating points to ensure that
the constraints imposed in STEP 1 for 1-D are also satisfied in the
3-D space. Hence, if a set of switching angles provides a CF value
under a defined threshold [29] and A6/ Am,, Al /Amy,, and
ABy /A¢y, are lower than a specific value (0.25rd), this set is
considered as a valid solution and added to the solution space in
3-D. The process is repeated iteratively, trying to fill the whole
3-D solution space. However, at the end of the process, some
operating points might not have a valid solution [red circles in
Fig. 4(b)].

To cope with these points, the following procedure to prolong
as much as possible the set of switching angles with the desired
properties is applied. Each point in the 3-D solution space has
six close points around, two per dimension. Hence, this set of
surrounding points of a given (m,, ms, ¢5,) combination to be
calculated is used as initial guess for the SQP algorithm. This
is represented in Fig. 5, where the orange circle represents the
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Fig. 6. Percentage of filled phases for each (m, mj) combination for h = 5.
(a) Before set prolongation. (b) After set prolongation.

empty point to be filled, the green circles are points with valid
solutions, and the red ones are points for which a valid solution
has not been found yet. For this specific case, the SQP is executed
four times, using every green point as initial guess. The obtained
four solutions are evaluated to verify the constraints imposed
in the CF (CF < 107°) [29] and in the switching angles, i.e.,
Ab/Amg, AB/Amy, and Al /A¢),. Note that more than
one solution can satisfy these criteria. Thus, the solution with
lower value in (6) is selected for the objective operating point
(orange). Following this procedure and on the basis of the 1-D
solution depicted in Fig. 3, for h = 5 the percentage of ¢ filled
for each (m,, ms5) combination can be increased significantly,
as seen in Fig. 6(a)—(b).

If at the end of this process the obtained set of switching angles
covers the required solution space, the proposed methodology
jumps directly to STEP 4, detailed in Section IV-D; where, if
more than one 3-D set of switching angles exist, the hysteresis
between them is checked. Otherwise, the STEP 3 explained in
Section IV-C is carried out, where another 3-D set of switching
angles is calculated to try to fill the full solution space.

C. STEP 3: Completing the Solution Space With Other 3-D
Sets of Solutions

If the set of switching angles obtained in the STEP 2 does not
complete the desired (m,, mp, ¢p) 3-D solution space, other
angle sets must be calculated to fill the empty space.

For this purpose, the following strategy is adopted. Among the
points without a solution, one is randomly selected in which the
hybrid algorithm GA-GD detailed in the beginning of Section IV
is applied. In order to obtain different solutions, the GA-GD is
executed ten times, from which only the ones satisfying the (6)
threshold are considered. Each of the valid solutions are used as
initial guess for the SQP algorithm to calculate new 3-D sets of
switching angles. These sets are calculated following the next
stages (Fig. 7).

1) The initial point to start the calculation of the new set

of switching angles is represented with a black circle in
Fig. 7(a). From this point, for this specific (m,, ¢5) com-
bination, solutions throughout the my, range are calculated
using the SQP algorithm. As it has been previously men-
tioned, only the solutions satisfying the constraints in CF,
AbOi | Amg, Al / Amy, and Aby, / A¢y, are considered as
valid.

(@ M1 (b) Ma1
4. 0-@ @ -0 @ ¢h1, ,®’ ’ o
¢n: @-@>@ - @ @ 20 @O -0 @
0 © 00 Op) 48 & & -6 @
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Fig. 7. Stages to find other 3-D sets of switching angles. (a) Search for
solutions throughout my, range for a combination of (mg, ¢p). (b) Search
for solutions throughout ¢;, range for a specific m, and all available my,.
(c) Obtained solution space in 2-Ds for a specific m. (d) Finding solution for
the next my.

2) Once these solutions have been obtained, they are used
as initial points for the SQP to calculate the solutions for
all the ¢y, range [Fig. 7(b)]. In this way, the solution space
for all (my,, ¢5,) combinations for a specific m,, is obtained
[Fig. 7(c)].

3) At this point, using the switching angles obtained initially
with the GA-GD as initial guess, the solution for the
next closest m, for the specific (my, @) is calculated
[Fig. 7(d)].

4) Once this solution has been calculated, the previous three
stages are executed again throughout the m, range until
the full 3-D solution space is filled.

These four stages are carried out for each of the initial points
calculated by the GA-GD. Thus, different 3-D sets of switching
angles are calculated. From all the obtained sets, the one filling
more empty area of the solution space is selected. If more than
one 3-D set of switching angles fill the same amount of empty
points in the solution space (the empty operating points not
filled by the original 3-D set given by STEP 2), the largest set
considering all its filled operating points is selected. Finally, a
check is carried out to evaluate if the calculated sets of switching
angles cover the whole desired 3-D solution space. If not, the
process detailed in this subsection is repeated (stages 1, 2, 3, and
4), generating more switching angle 3-D sets until the whole
solution space is filled.

D. STEP 4: Check Hysteresis Between the Sets of Switching
Angles

When more than one set of switching angles is required to
cover the solution space, it is essential to avoid unnecessary
transitions between sets. These transitions are due to the ripple of
the reference voltage given by the control loop, caused by the low
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Fig. 8. Hysteresis between solutions for a defined ¢y, .

control and switching frequencies in high-power converters [28].
To avoid them, an hysteresis band among the sets that overlaps
the different solutions is required and needs to be verified.
The hysteresis value is set to the double of the control ripple
and is checked in both m, and mj dimensions considering
the conditions in [29]. This hysteresis band is represented in
blue in Fig. 8, where the hysteresis is verified for a defined ¢y,
between two different solutions. This check reduces the number
of transitions between sets in RT applications, avoiding the
overcurrents induced by transitions [28]. In case the hysteresis is
not satisfied, another set of switching angles should be obtained
following the stages of the STEP 3. Otherwise, the desired 3-D
solution space is completed and the search process is over.

V. ONLINE IMPLEMENTATION OF SHC-PWM: CASE STUDIES

This section details the online implementation of SHC-PWM
based on ANNs and SQP for RT applications, considering two
case studies with different complexity.

The proposed methodology has been used to obtain offline
the switching angles of a solution space that allows to regulate
mg, the 5th harmonic in amplitude (mj5) and phase (¢5), and
eliminates the low-order harmonics 7th, 11th, and 13th for a
3 L converter. Solutions with HW symmetry and 12 switching
angles in the first HW have been calculated. Solutions with just
ten switching angles could be employed. However, these sets
present a high number of discontinuities and feasible solutions
to fill the whole solution space were not found. In this way,
two additional switching angles provide the required degree of
freedom to obtain a feasible solution space. For this study, the
value set for the maximum equidistance standard deviation is
set to 0.183 rd and the minimum distance between the switching
angles is set to 0.0061 rd.

In order to implement the mapping from the 3-D solution
space (mg, ms, ¢5) to the 12 switching angles corresponding

SOLUTION
SPACE LR () 191
=
Mg, d A Vs
SOLUTION 1 - N .
SOLUTION 2 ms . . .
HYSTERESIS ,19
SOLUTION 1 ¢5 L 11
— N S
'_| L L L U 1912
[ Input layer Hidden layers Output layer
mht | . ) .
Fig.9. ANN architecture.
SOLUTION 2
a
; TABLE I

SOLUTION SPACE CONSIDERED FOR BOTH CASE STUDIES

Magnitude Case 1 range Case 2 range Step size
Ma [0.7, 1.0] [0.7, 1.0] 0.01pu
ms [0, 0.12] [0, 1.15-mq4] 0.01pu
@5 [-7, 7] [-m, 7] Zrad

50

to each point, a set of ANNs have been trained offline. ANNs
are known for their adaptability and generalization capacity
to infer causal relationships in nonlinear problems that have
a complex nature [31]. Between all the types of ANNSs, the
multilayer perceptron (MLP) ANN has been chosen, which is
considered to be well suited for this problem because of its
vector to vector nature [10]. This ANN consists of one input
layer which will receive the desired m,, ms, and ¢35 as inputs, a
number of variable hidden layers depending on the complexity
of the problem at hand, and an output layer that provides the
required 12 switching angles as represented in Fig. 9.

Inan ANN, each layer consists of p number of neurons, whose
output is given by

P
y(k) = f | Y Wja(k) +b @)
j=1

where z is the input of the neuron, W is the weight of the input, b
is the bias, p is the number of neurons in the previous layer, and
f is the activation function used at each layer [31]. The MLP is
trained to adjust the W and b parameters to ensure that the trained
outputs fit the desired ones for a specific set of inputs. This
training stage is carried out by a gradient descent (or variations)
methodology.

Two different case studies have been considered: 1) a solution
space that is covered using a single set of switching angles;
and 2) a solution space where seven different sets of switching
angles are needed to cover it. For every case study, the considered
range for each dimension (m,, ms, ¢5) and the step size between
consecutive operating points in the solution space is included in
Table I. In addition, since an ANN introduces an approximation
error, the (6) threshold that assesses the validity of the predicted
switching angles has been set to 10~* [29].
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Angles m, = 0.7 Angles m, = 0.8

(b)

Fig. 10.

Angles m, = 0.7 Angles m, = 0.8

(b)

Fig. 11.

A. Online SHC-PWM Case 1: Single Set of Switching Angles

This case study considers a solution space (Table I) which is
completely covered by a single set of switching angles (Fig. 10),
guaranteeing the continuity in all the solution space. Therefore,
only one ANN is trained for its implementation in RT. An
ANN architecture (layers, neurons, and activation functions)
comparison has been implemented to improve the ANN design.
As a result of this study, which is done offline, the ANN is
composed by two hidden layers containing 50 neurons each.
Moreover, the activation functions have been set to “relu” and
“sigmoid” for the hidden layers and “linear” for the output layer,
trying to guarantee the output sensitivity.

For grid-connected applications, it is required that RT solu-
tions are obtained for the whole range of modulation indexes,
harmonic amplitudes, and phases. Otherwise, if nonvalid solu-
tions were calculated by the ANN, the grid-connected converter
might experience overcurrent and then be disconnected. As a
consequence, an ANN able to have a 100% of prediction success
for the switching angles is required. Since the allowed error in
(6) is very low (10~*) and the success rate is high (100%), the
step magnitude at every dimension has been selected very small
(see Table I). The ANN has been trained with a modified Adam
methodology for 20 000 epochs using the whole set of switching
angles as training data and without considering a validation set.

B. Online SHC-PWM Case 2: Multiple Sets of Switching
Angles

This case study considers a solution space that requires several
sets of switching angles to be completely covered. An example
of one of these sets is depicted in Fig. 11. The range of the
magnitudes of the solution space are depicted in Table I. It can
be noticed that the maximum value for m5 depends on the value

Angles m, = 0.9 Angles m, = 1

(© (d)

Example of a set of switching angles for the first case study with h = 5. (a) mq = 0.7. (b) mq = 0.8. (¢c) mq = 0.9. (d) mq = 1.0.

Angles m, = 0.9 Angles m, = 1

© ()

Example of a set of switching angles for the second case study with h = 5. (a) mq = 0.7. (b) mg = 0.8. (¢c) mq = 0.9. (d) m, = 1.0.

of the fundamental component, and is calculated as
M5 max = 1.15 —my,. (®)

This means that the SHC-PWM modulator has been designed
to provide the same level of applicability than CB-PWM mod-
ulation technique with injection of the 3rd harmonic, which is
commonly employed in APFs. To make them equivalent, the
sum of the fundamental harmonic amplitude and the controlled
harmonic amplitudes for SHC-PWM is considered not to be
higher than 1.15 p.u., which is the maximum affordable value
without overmodulation when a 3rd harmonic is injected in
the CB-PWM. Hence, based on (8), the range of the 5th harmonic
amplitude for each value of m,, is defined from 0 to 15 max. To
cover this solution space, seven different sets of switching angles
have been calculated.

As seven sets of switching angles exist, a different ANN
(called switching angle ANN (SA-ANN)) for every switching
angles set is trained, trying to infer the specificity of each set
while guaranteeing their desired properties. In order to determine
the architecture of each SA-ANN, a comparative analysis has
been carried out, considering different SA-ANN architectures
(neurons and layers). In this case, for all the hidden layers, the
“sigmoid” activation function has been used.

As an example, Table II shows, for the first set of switching
angles, the percentage of valid approximations (see Section III)
obtained by different SA-ANN architectures. It can be seen
that due to the complexity of the solution space, even using
a high number of hidden layers and neurons, it is not possible to
fulfill the (6) threshold for all the operating points considered for
the SA-ANN. In order to address this issue, a hybrid approach
has been implemented, where the switching angles provided by
the SA-ANN are used as initial guess for the SQP numerical
algorithm. Using this procedure for the considered seven sets,
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Fig. 12.  Schema of online SHC-PWM for the second case study.

TABLE II
PERCENTAGE OF VALID SOLUTIONS FOR THE FIRST SET OF SWITCHING
ANGLES IN THE SECOND CASE STUDY

N° hidden layers Size of hidden layers % of valid predictions

2 50-50 57.44%
2 60-60 59.38%
3 30-30-30 63.07%
3 40-40-40 74.80%
4 30-30-30-30 77.15%
4 40-40-40-40 83.58%
6 50-50-50-50-50-50 91.57%

TABLE III
OPTIMAL SA-ANN STRUCTURES FOR THE SECOND CASE STUDY

N° of set  N° of hidden layers Size of hidden layers N° of training points
1 4 40-40-40-40 91893
2 4 40-40-40-40 42099
3 4 30-30-30-30 69230
4 4 30-30-30-30 73907
5 4 40-40-40-40 13449
6 4 40-40-40-40 3596
7 3 30-30-30 3907

all operating points in the solution space fulfill the CF threshold
constraint. The obtained optimal SA-ANN structure for each
set of switching angles is depicted in Table III. Note that as
the approach is intended to be applied in RT applications, the
selected SA-ANN structure has been the one that provides the
best initial guess with minimum SA-ANN size, with the aim of
reducing the computational cost.

As the solution space is divided into different switching angle
sets, an approach is required to select which set of switching
angles (and thus, SA-ANN) is required to be executed for every
operating point. In this work, an additional classification ANN
is proposed to determine which SA-ANN may be used at every
operating point in the RT execution.

The operating points, given by the (mg,, ms, ¢5) combina-
tions, are the inputs of the classification ANN, which provides
seven binary outputs determining which SA-ANNs can be exe-
cuted for each operating point. After an optimization process, the

architecture for the classification ANN consists of four hidden
layers of 80 neurons each and a “sigmoid” activation function
for all the layers, including the output layer.

The execution diagram of this case study is represented in
Fig. 12, where there is a selector which provides the specific
SA-ANN to be executed among the valid SA-ANNSs given by the
classification ANN for a specific operating point. The selector
performance is based on some criteria. The first criterion is to
keep executing the same SA-ANN as in the previous control
cycle if this SA-ANN is still valid for the new operating point.
However, if this SA-ANN is no longer valid, among the other
possible valid SA-ANNSs, the one which represents the largest
solution is chosen (see Table III). In this way, the number of
transitions between sets of switching angles is reduced. Once the
selected SA-ANN has been chosen, the initial switching angles
are estimated (9%)’ which are used as initial guess for the SQP
method, in case they are required to be optimized. Finally, the
SQP method is executed, obtaining the final switching angles
(0x). For a high number of iterations and evaluations of the SQP,
better results are obtained. However, it implies an increase in the
execution time. Therefore, in this work, the number of iterations
and evaluations has been limited.

Finally, since the classification ANN cannot generate erro-
neous data, because an error could activate a SA-ANN that has
not been trained for a specific operating point, leading to invalid
switching angles at the output, the classification ANN is also
trained to achieve a prediction accuracy of 100%. In Fig. 13, an
example of the firing angles predicted by the SA-ANN + SQP are
depicted together with the ideal firing angles calculated offline.
In Fig. 13(a), the 5th harmonic is controlled to zero, while in
Fig. 13(b) the amplitude of the fundamental and the phase of the
5th harmonic are fixed to m, = 0.71 and ¢5 = m, respectively.
A good agreement between the ideal switching angles and those
calculated online in real time by the proposed SA-ANN + SPQ
is observed.

VI. COMPARISON WITH EXISTING MODULATION TECHNIQUES

To the best of authors’ knowledge, this is the first time
that an SHC-PWM is implemented to control simultaneously
the amplitude and phase of several harmonics. As it has been
detailed in Section I, previous works related to low switching
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In all the cases, the solution space is covered using a single set
Fig. 13.  Comparison of ideal and ANN firing angles. (a) Variable m,, ms =

0, ¢5 = 0. (b) mg = 0.71, variable ms, ¢5 = .

frequency modulations just mitigate the harmonics [27], instead
of controlling them accurately; or just control the amplitude,
instead of amplitude and phase [13], [22]. Therefore, they are
not suitable for applications such as active filtering where it is
required to accurately control the amplitude and phase of several
harmonics. As there is not a comparable real-time SHC-PWM in
the technical literature, a benchmark of the proposed technique
versus to a more conventional real-time modulation technique,
such as CB-PWM, has been carried out.

In Fig. 14, the output voltage waveform of a 3 L converter
together with its associated harmonic spectrum provided by
CB-PWM and SHC-PWM under equal effective switching fre-
quency (600 Hz) for a specific operating point (m, = 0.8,
ms = 0.2, ¢5 = 0) are depicted. The triplen harmonics, which
are naturally cancelled in three-phase systems, are marked in
red and the controlled harmonics in green. As it can be noticed,
under such low switching frequency, the CB-PWM, unlike SHC-
PWM, is not able to control properly the low order harmon-
ics, highlighting the contribution of the proposed SHC-PWM
modulator. In order to control precisely the harmonics with the
CB-PWM, the switching frequency must be increased, increas-
ing the switching losses. This is not suitable for high-power
medium-voltage applications, where low switching losses are
required.

VII. SCALABILITY

One of the main benefits of the proposed ANN-based SHC-
PWM modulator over modulators based on LUTs is its scalabil-
ity.

The size of ANNS, unlike LUTs, does not increase expo-
nentially with the number of controlled harmonics. In order to

of firing angles; hence, a single SA-ANN is required. Note that
when only the fundamental harmonic is controlled (H), as there
is no need to control the phase of any harmonic, a QW symmetry
with five firing angles is used. When the 5th (H5) or 7th (H7)
harmonics are controlled, the phase is also regulated. Therefore,
HW symmetry with 12 firing angles is used. Each switching
angle value (data point) requires 16 bits to be stored in memory.

In Table IV, it can be observed that when a single harmonic
is controlled, the required memory size of the LUT is much
smaller than the one needed by the SA-ANN, making the SA-
ANN not useful for a single dimension. However, as the number
of controlled harmonics increases, the required memory size to
store the switching angles in a LUT increases exponentially,
making this solution difficult to extrapolate to case studies with
several harmonics. Instead, the increment of the required storage
memory for the SA-ANN is significantly lower, as the size of the
SA-ANNs do not increase exponentially. Consequently, it can
be concluded that, when the number of controlled harmonics
increases, the ANNs are a more implementable approach than
the LUTs.

VIII. EXPERIMENTAL RESULTS

In this section, the experimental results for the two case studies
presented in Section V are detailed and analyzed. The experi-
mental setup used to obtain the results is shown in Fig. 15. The
main goal of these results is to prove the viability to implement
the proposed SHC-PWM modulator in RT. The results have been
obtained for a 3 L converter where the fundamental and the 5th
harmonic are regulated and the 7th, 11th, and 13th harmonics are
eliminated. The ANNS s associated to each of the case studies have
been trained offline using the open source KERAS library, and
then exported to MATLAB/Simulink in order to be implemented
in a RT control system; specifically, a Speedgoat RT target
machine (Intel Core i7, 4.2 GHz Quad Core CPU, and 32 GB
RAM). The selected target, besides the CPU, also contains a
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Fig. 15.

Experimental setup.

FPGA block. In this way, the code execution is shared among
the CPU and the FPGA. The CPU handles the calculation of the
switching angles depending on the operating point by means of
the different trained ANNS, the implemented selector, and the
SQP (if required) with an execution step of 500 us. Through
the calculated angles, three phase switching states and their
corresponding switching times, for the next control period are
obtained. The FPGA, on the other hand, receives the switching
states and switching times and calculates the semiconductor gate
signals for a 3 L converter, with an execution step of 10 ns.

In order to demonstrate the suitability of the proposed modu-
lator, the calculated gate orders are reconstructed obtaining the
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Comparison of CB-PWM and SHC-PWM under same conditions. (a) CB-PWM waveform and FFT. (b) SHC-PWM waveform and FFT.

voltage waveforms. Next, an analysis of the waveforms and the
time requirements is carried out.

A. Voltage Waveform Analysis

In Figs. 16(a) and 17(a), the voltage waveforms obtained for
the first and second case studies, respectively, are depicted. For
each case study, three different (m,, ms, ¢5) operating points
have been evaluated. It is observed that for different operating
points of the solution space, the obtained voltage waveforms
always contain three levels and 12 switching angles with HW
symmetry. Moreover, transitions between different operating
points are properly performed in RT without incurring in un-
desired delays on the calculation of the solutions or distortion in
the waveforms. In Fig. 17(a), the set of switching angles, set n?,
used for each operating point is represented with a green line.
For each operating point, a different set of switching angles has
been evaluated.

Additionally, the firing angles for each operation point are
depicted in Figs. 16(b) and 17(b) for the first and second case
study, respectively.

A sweep in each dimension for each case study has been
realized. Each sweep has been done covering the whole range
of the solution space for the specific dimension (Table I). As a
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Fig. 17. (a) V0 waveform for second case study. (1) m, = 0.7, ms = 0, ¢5 = 0. (2) mq = 0.7, ms = 0.45, ¢5 = 1.6336. (3) m, = 0.9, ms = 0.25,

¢5 = % . (b) Firing angles for second case study.

result, the harmonic content is presented in Figs. 18-20. The
harmonics that have been regulated are highlighted in green,
the triplen harmonics in red, and the rest in blue. As a three-
phase system is used, the triplen harmonics are automatically
eliminated in phase to phase voltages.

Fig. 18 represents the harmonic amplitudes when a sweep for
different values of m,, (see Table I) is carried out for both case
studies. The phase is not illustrated since ¢5 remains constant.
In the first case, the values of ms and ¢ are settled to 0.05 p.u.

and Ord, respectively, and in the second case, to 0.15 p.u. and
—1.1310 rd. Here, it can be clearly seen that the fundamental
component follows the desired value for all the analyzed values.

The harmonic amplitudes when the sweep in mj (see Table I)
is done are depicted in Fig. 19. In these cases, m, and ¢5 values
have been considered to be constant, being 0.9 pu and 7 rd for
the first case study and 0.7 p.u. and —7 rd for the second one.
As it can be observed, for both cases, ms follows its reference
value for all the swept values. In the second study case, there



780

2 2
e e
To. T05
= L‘ i L‘
£ % = %
“3’ é&
Harmonic order Harmonic order
@ " (b) "
Fig. 18.  Sweep in mg. (a) Case study 1: ms = 0.05 and ¢5 = 0. (b) Case

study 2: ms = 0.15 and ¢5 = —1.1310.

Amplitude (pu)
o
o O =

Amplitude (pu)

Harmonic order 13 0

(@) (b)

Fig. 19. Sweep in ms. (a) Case study 1: mq = 0.9 and ¢5 =

Z. (b) Case
2
study 2: mg = 0.7 and ¢5 = — 5.

Phase (rad)
N o N
Phase (rad)
N o N

1 3 5 7 1 3 5

Harmonic order Harmonic order

(a) (b)

Fig. 20. Sweep in ¢5. (a) Case study 1: m, = 1.0 and ms = 0.12. (b) Case
study 2: mg = 0.8 and ms = 0.25.

are two changes in the set n® when m} has a value of 0.12 and
0.33. This is appreciated in the triplen harmonics, which have a
sudden change in their amplitude [Fig. 19(b)].

Finally, a sweep for the ¢5 variable (see Table I) is done.
For the first case study m, = 1.0 p.u. and ms = 0.12p.u.; and,
for the second case study, m, = 0.8 p.u. and ms = 0.25p.u.
are selected. The obtained results are represented in Fig. 20,
where the phase for each harmonic is shown. The generated 1st
and 5th harmonic amplitudes are constant and the generated 5th
harmonic phase perfectly follows the set-point. For the second
case study, two different sets of switching angles have been used
during the sweep.

In all the experimental tests carried out, it is observed that
the fundamental harmonic amplitude and the 5th harmonic
amplitude and phase are properly generated to different values.
Consequently, it can be concluded that the proposed methodol-
ogy and its implementation using ANNs provide optimal results,
achieving a balance between time of response (required for RT
applications) and accuracy of the proposed switching angles.

B. Execution Time Analysis

In Figs. 21 and 22, the probability of the execution time
needed in RT for each case study, respectively, is plotted.
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Fig. 22.  Probability of execution time for case study 2. (a) Execution time
using ANN. (b) Execution time using ANN and SQP.

This data is obtained as the mean time of ten executions for
each (mg, ms, ¢5) combination. A maximum execution time of
300 ps is considered as a realistic modulation execution time of
a high-power multilevel inverter [28].

Fig. 21 represents the time analysis for the first case study,
where the mean execution time is 6.41 ;s and the maximum time
is 7.31 ps. This is due to the simplicity of the model, which only
needs a single SA-ANN to approximate the switching angles.

The second case study has a higher complexity and a larger
solution space compared to the first one. This needs two different
ANNSs to obtain the final switching angles: the classification
ANN and the SA-ANN used to estimate the switching angles.
Moreover, the size of these SA-ANN is larger, increasing the
number of mathematical operations. Consequently, the mean
and maximum execution time needed to run the ANNs have
resulted higher, being 21.96 us for the former and 24.33 us for
the latter, as depicted in Fig. 22(a).

As mentioned in Section V-B, for the second case study, using
only the ANNSs the (6) threshold for all the considered operating
points is not satisfied. Therefore, the ANNSs are hybridized with
the SQP method. The number of iterations and number of execu-
tions per iteration of the SQP are critical factors that impact the
overall execution time and quality. In order to limit the execution
time, the maximum number of iterations and evaluations are
set experimentally to 4 and 15, respectively. This means that
the SA-ANN needs to estimate the switching angles as close
as possible to the optimal values. Thus, the SQP method can
converge to a valid solution in the defined number of executions
using its exploitation ability. The probability of the execution
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TABLE VI
DIFFERENT FPGA UTILIZATION FOR THE PROPOSED ANNS

FPGA model LUT used LUT available Utilization (%)
Xc7z045£fg900-2 697 218 600 0.32
Xc7020clg484-1 695 53200 1.31
Xc72010c1g225-3 883 17 600 5.02

time for each (mg,ms, ¢5) combination considering the hy-
brid ANN-SQP approach is depicted in Fig. 22(b). The mean
and maximum times have resulted in 27.67 us and 210.40 s,
respectively. This means that, for some operating points, the
switching angles approximated by the ANNs are far from the
valid solution, being necessary the use of the SQP. Favorably,
they are close enough for the SQP to converge within the required
maximum execution time.

Additionally, an augmented Lagrangian (AL) algorithm has
also been tested in the proposed SHC-PWM modulator, instead
of SQP, with the aim of improving the execution time. Specif-
ically, a GHNN implements the AL algorithm [12]. This algo-
rithm has been tested in the case study 2. As a result, a maximum
execution time of 77 us has been obtained in Speedgoat RT
machine’s Intel Core i7, reducing significantly the SQP compu-
tational cost. In addition, if the ANNs were executed in a FPGA,
instead of in the CPU, the required CPU execution time would be
reduced to 53 us. In this way, processors with lower processing
capacity than the Intel Core i7 used in experiments, such as the
ARM dual-core Cortex-A9 embedded in the Zyng-7000 family
recently used in power converters [32], [33], [34], could afford
the online execution of the proposed SHC-PWM modulator with
control frequencies commonly used in high-power applications.
Moreover, to demonstrate the feasibility in terms of hardware
requirements and consumed area in FPGA, the ANNs have been
implemented in three different FPGAs of different capacities.
Please note that the required ANNSs are relatively simple (low
number of layers and neurons per layer) compared to those used
in other applications. Consequently, the utilization percentage
needed in the three implementations is small as it can be observed
in Table VI, needing a 5.02% of utilization in the worst case.

Therefore, as a result, the proposed approach fits the time
requirements imposed, and thus, it is suitable for RT implemen-
tation.

IX. CONCLUSION

In this article, an SHC-PWM implementation based on ANNs
for RT applications has been proposed. Here, the target is to
synthesize not only a desired fundamental component, but also
regulate the amplitude and phase of a single low-order harmonic,
while eliminating other low-order harmonics. In order to achieve
this, first an offline process is carried out where the solution
space is calculated and the ANNSs are trained, and afterwards,
the trained ANNs are implemented online for RT execution.

A methodology that uses a hybridized metaheuristic-
numerical offline search algorithm is used to calculate the
switching angles. This methodology proposes some indicators
to choose valid switching angles together with the steps to fill the
solution space, trying to calculate the minimum number of sets

of switching angles. In case where more than one set of firing
angles is needed, an hysteresis between the sets of switching
angles is ensured, minimizing the number of transitions between
sets and, consequently, overcurrent problems.

The obtained sets of switching angles are used to train offline
a set of ANNSs that estimate in RT the switching angles without
using LUTSs, making the simultaneous regulation of several
harmonics affordable, as it is required by applications such
as APFs. The use of ANNs reduce significantly the storage
requirements, with respect to the use of LUTSs, when the number
of harmonics to be controlled increases. The proposed approach
has been experimentally validated for a 3 L converter when m,,
ms, and ¢y are regulated and the 7Tth, 11th, and 13th harmonics
are eliminated.

Two different case studies have been analyzed: 1) a solution
space covered using a single set of switching angles; and 2) an-
other solution space that needs multiple sets of switching angles
to be filled. For the first case study just one SA-ANN is required
to calculate the final switching angles. For the second case study,
a classification ANN is needed to first decide which SA-ANN
(a different SA-ANN has been trained for every existing set) is
executed. As the solution space is complex, the SA-ANN might
not provide enough accuracy in some operating points. Thus, in
those cases, its output is refined with an SQP algorithm.

The ANNs have been executed in a RT target machine in
order to verify their correct performance and the validity of
the proposed 3-D search methodology. The results obtained
for both case studies show that the proposed method is able
to regulate m,, ms, and @5 to their desired reference values.
Additionally, for the second case study, the classification ANN
works correctly, activating different SA-ANN depending on the
operating point. It has been verified that the hybridization of
the ANNs with an SQP method is necessary to fulfill the (6)
threshold for all the operating points. Regarding the execution
time, this depends on the solution space complexity, the number
of ANNs used along with their size, and the required SQP
execution. For both case studies, the execution time constraint
has been satisfied. Additionally, the SHC-PWM execution time
has been further improved replacing SQP with the AL algorithm.
All these analyses validate the proposed SHC-PWM modulator
based on ANN for RT applications. This modulator can be
extended to any number of switching angles and converter
levels.

The main challenge of the modulator is the computational
time required for offline calculation of the solution space. Future
work will focus on reducing this time, enabling regulation of a
higher number of harmonics simultaneously. Furthermore, the
closed-loop control is an interesting area to be analyzed, which
can be built upon this proposal.
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