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ABSTRACT This article presents a free-harmonic ac/dc/ac converter structure using a novel modulation
approach for asymmetrical cascade H-bridge multilevel inverter and, conventional rectifiers combined with a
shunt active filter, for grid integration. The novel approach SMT-SHE combines two modulation techniques:
the staircase modulation technique (SMT); and the selective harmonics elimination (SHE). SMT-SHE
approach achieves a sinusoidal-like output stepping voltage with variable output voltage amplitude and
free of wideband or/and specific harmonics to fulfill the sensitive loads’ specifications; by determining the
appropriate SHE switching angles. The precalculated switching angles are optimized to minimize the number
of H-bridge modules and lower the dc capacitor rating. Furthermore, a restriction on the switching angles is
proposed to prevent the appearance of undesired harmonics (zeros, even) and, consequently, overcome the
limitation of the SHE algorithm applicability. Finally, a real case study in the textile factory is conducted,
using real measurements provided by power quality analyzer measuring devices, to validate the proposed
ac/dc/ac converter supplying a sensitive load of 50 kVA, given by an asynchronous motor drive.

INDEX TERMS AC/DC/AC converter, asymmetrical cascade H-bridge (ACHB), asynchronous motor drive,
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case study, MATLAB/Simscape electrical, modulation technique, shunt active filter (SAF).

I. INTRODUCTION

Multilevel inverters (MLIs) are applied to a variety of dis-
tributed power sources, such as photovoltaics, fuel cells,
supercapacitors, and batteries, due to their capability of gen-
erating the appropriate stepping ac voltage from multiple
dc sources. MLI operates at the fundamental switching fre-
quency, which helps to improve inverter efficiency, reduce
voltage stress, and minimize conduction losses compared
with the traditional two-level pulsewidth modulation (PWM)
inverters. In addition, traditional PWM inverters operate at
high switching frequencies that can cause motor failures,
bearing failures, and windings insulation breakdown due
to the fast voltage changes applied to the electrical mo-
tors [1]. Furthermore, multilevel converters, including MLI,

can operate without power transformers at medium voltage
(MV), with high power ratings. This feature is particularly
advantageous for transformerless MLIs, which can replace
traditional power inverters, such as 12-, 24-, and 48-pulse
inverters [2].

Numerous modulation algorithms have been proposed in
the literature to control the output stepping voltage of MLI
at the fundamental switching frequency and minimize its
harmonic content [3], [4], [5], [6], [71, [8], [9], [10], [11].
Furthermore, several topologies have been developed to in-
tegrate this structure into the grid side while satisfying two
constraints: stabilizing and regulating the dc voltages at each
cascaded module without affecting the power quality at the
grid side [12], [13], [14].
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A generalized technique for harmonic elimination was pro-
posed by Patel and Hoft [3] that allows the mitigation of a
finite number of harmonics at the output voltage of both half-
and full-bridge inverters, as well as the remaining unelimi-
nated higher order harmonics attenuated by output filter at the
load side. In [4], an analytical approach using the selective
harmonic elimination (SHE) algorithm was introduced for the
five-level symmetrical cascaded H-bridge (SCHB). Moreover,
in [5], a simple computational method of the switching angles
for nine-level SCHB MLI was proposed. In [6], a new particle
swarm optimization approach was developed as a solution for
the harmonic minimization problems for a five-level SCHB.
However, in [7], the genetic algorithm was proposed to com-
pute the switching angles of the SCHB inverter. This genetic
optimization approach is limited in this article, as well as in
[3], [4], [5], and [6], to the symmetrical MLI structure.

On the other hand, a novel approach to modulate the am-
plitude with fixed width was presented in [8], which allows
eliminating the harmonic contents from the output voltage
except the harmonic order (2Lk + 1), where L is the number
of levels, and k = 1, 2, 3, .... However, the main drawback of
this technique is the output voltage waveform that has a total
harmonic distortion (THD) ratio higher than the IEEE-519
standard. In [9], a self-elimination approach was developed
for single-phase applications by mitigating the triplen har-
monic only without considering the conventional harmonics
of the rank (6k £ 1), with k =1, 2, 3, etc.

From the perspective of the MLIs power circuit structure,
SCHB ensures the diminishing of the THD and obtaining
an output voltage waveform close to a sinusoidal waveform,
such as [4], [5], and [7]. The main drawback of the SCHB
structures is the higher number of cascaded H-bridge (CHB)
modules required to ensure an output voltage signal close to
the sinusoidal waveform. For instance, to obtain a THD less
than 5%, one should set up 17 levels, 8 modules of SCHB-
MLI inverter—while for a harmonic elimination up to the
49th order, a 27-level inverter is required, i.e., [13 modules
of SCHB-MLI] [8].

To overcome this practical/industrial limitation, asymmet-
rical cascade H-bridge (ACHB) schemes have been suggested
as an alternative solution to SCHB. The ACHB structure
allows an increase in the number of voltage levels with a
limited number of CHB modules. For example, in [10], differ-
ent configurations were introduced for ACHB-MLIs based on
three ACHBs with dc-voltage configurations/ratios of {1:2:4},
{1:2:6}, and {1:3:9}. These topologies generate, respectively,
15, 19, and 27 levels in the output voltage, respectively. In
[11], four ACHB modules were used with ratios {1:2:4:8} to
generate an output stepping voltage with 31 levels.

Moreover, the majority of works considered dc sources
as constant and/or isolated dc sources, such as Photovoltaic
(PV) systems or batteries [3], [4], [5], [6], [9], whereas
only a few research articles introduced a full solution as
ac/dc/ac converter based on the cascade MLI, which are more
adapted with the reality than the constant/isolated dc sources-
based structures. In this context, the LCL grid-connected
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PWM-active front-end topology, connected to the grid by a
phase-shifted multiwinding transformer, is proposed to ener-
gize the CHB modules [12]. It is worth noting that the use
of the LCL filter is restricted by the control complexity and
the destructive phenomenon of series and/or parallel reso-
nances/antiresonance with the grid [15]. Also, Lezana et al.
[16] suggested a single-phase (reduced cell-CHB) topology
connected to the ac grid side through passive L-series filter;
the reduced cell consists of two insulated gate bipolar transis-
tors (IGBTs) and two capacitors. The main disadvantage of
this structure is that the input current is twice that of the active
rectifier-CHB.

Moreover, in [13], a single-phase back-to-back CHB is
employed as a solution for MV motor-drive application. How-
ever, a complex control strategy, based on two controllers:
average dc-link voltage controller and voltage-balancing con-
troller, was proposed in this article to regulate the dc-link
voltages. Besides, this structure requires an active rectifier
for each CHB, while the interface coupling system (L-series
filter) is employed to ensure the grid connection through the
tertiary winding transformer. Finally, for automotive applica-
tions, Khoucha et al. [14] introduce the three-phase rectifier,
without transformer, for each CHB module, with LC filters at
dc side. This structure generates distorted load voltage.

A. NOVELTY/IMPROVEMENT

The novelty/improvement of this work, with respect to the
literature, lies in proposing an advanced ac/dc/ac converter
structure based on two main aspects: an advanced mod-
ulation approach for ACHB-MLI, using a combination of
staircase modulation technique (SMT) and SHE techniques
that calculates, adapts, and limits the switching angles while
minimizing the number of CHB modules. This approach also
ensures, with a low rating of dc-side capacitors, output voltage
devoid of specific harmonics for sensitive load (SL) applica-
tions, including those that could appear if the maximum limit
of the switching angles, detailed in this research, is exceeded.
The idea of these advanced/combined control techniques
(SMT-SHE), applied to the proposed ACHB-MLI structure, is
to minimize the number of CHB modules while compensating
the reduction effect by integrating an adapted SHE algorithm.
Indeed, the reduction of the CHB modules leads to the degra-
dation of output voltage harmonic mitigation, while good
selection of the switching angles of the SHE algorithm offers
a targeted elimination of predominant/specific harmonics. As
a result, combined control techniques (SMT-SHE) validate
both THD recommendations as well as the elimination of
undesirable specific harmonics for SLs while minimizing the
number of CHB modules and the dc-side capacitors’ ratings.
The second aspect is a combination of multiwinding trans-
formers and conventional diode rectifiers associated with one
or a limited number of three-phase shunt active filter (SAF)
to simplify the ac/dc structure and significantly improve the
power quality on the grid side, thus maintaining the low rating
of the dc-side capacitors.
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FIGURE 1. (a) General scheme of the proposed ac/dc/ac structure. (b) ACHB-MLI with n CHB modules.

Finally, the performance and effectiveness of the proposed
advanced structure will be validated within a real environ-
ment, textile factory, by taking site measurements on its
network using power quality analyzers. To address this issue,
this structure will be designed to eliminate the harmonic con-
tent at the output voltage applied on an SL, i.e., asynchronous
motor, that suffers from the effect of specific harmonics while
improving the power quality on the grid side. The contribution
of this work, which introduces the proposed ac/dc/ac con-
verter operating within the constraints of harmonic reduction
as specified by the IEEE-519 norm for THD in load and grid
voltages, is outlined in the following key aspects.

1) Determine the minimum number of the CHB modules,
knowing that the increase of the modules number leads
to obtain an output voltage of the MLI closer to sinu-
soidal shape and to reduce consequently the THD of the
MLI output voltage.

2) Identify the appropriate dc configuration of the ACHB-
MLLI, noting that increasing the difference between the
dc voltages results in raising the voltage levels and the
switching angles of the SHE algorithm. Consequently,
the output voltage waveform is closer to sinusoidal,
devoid of specific/predominant harmonics.

3) Make a tradeoff between the previous constraints (1)
and (2) considering accepted/industrial values of the
dc-side capacitors. It is worth noting that the capacitor
rating of each CHB is inversely proportional to the num-
ber of modules and the level of the output voltage.

4) Apply the proposed/controlled SMT-SHE-based ACHB
-MLI structure to supply/drive an asynchronous motor,
which is very sensitive to specific ranks of torque and
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voltage harmonics and requires controlled output volt-
age amplitude for motor speed variation; this latter is
ensured by a variation of the modulation index parame-
ter of the SHE.

5) Provide a grid-side real-time harmonic mitigation ac/dc
structure that is easy to design, install, and maintain, for
instance, the conventional diode rectifiers, associated
with three-phase SAF.

Il. PROPOSED AC/DC/AC STRUCTURE FOR HARMONIC
DISTORTION REDUCTION

The proposed ac/dc/ac topology is illustrated in Fig. 1(a). This
structure ensures a three-phase voltage waveform that closely
approaches a sinusoidal waveform at both load and grid sides.
The suggested ACHB-MLI can be built, without constraints,
with n number of CHB modules per phase, whose outputs
are connected in series. The dc voltages of these modules are
configured asymmetrically to obtain different output stepping
voltages. These modules are energized by the combination
of a single-phase multiwinding transformer with single-phase
full-wave conventional diode-based rectifiers. These rectifiers
are equal in number to the cascade H-bridges’ modules as well
as to the secondary windings of the multiwinding transformer
whose primary windings of the three phases are connected, to
the grid, in a delta configuration to avoid the propagation of
the triplen harmonics.

However, the ac/dc front-end converter-based rectifier pol-
lutes the grid by harmonic current components, leading to
poor local power quality and affecting neighboring loads. To
mitigate these harmonics’ impacts, an SAF (SAF) is employed
to cancel out these harmonic perturbations to obtain a grid
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current and, consequently, a grid voltage, as close as possible
to a sinusoidal waveform.

Using this ac/dc/ac topology, a tradeoff between the com-
plexity of the converter structure and the power quality can
be realized, along with several further advantages. First, the
use of multiwinding transformer eliminates the need for dc-
voltage regulators, as described in [12]. Second, unlike other
topologies, it does not require bulky damping inductors con-
nected in series with each full-wave rectifier or higher order
LCL filters connected to the active PWM rectifiers to mitigate
its switching frequency. However, this LCL filter interacts
with the equivalent grid-side inductance, causing the destruc-
tive resonance/antiresonance phenomenon. Third, there is no
need for notch filters to eliminate the second-order frequen-
cies, common on the dc sides [14] or huge capacitors, as stated
in [11].

Besides, for SL application, i.e., asynchronous motor drive,
the proposed structure of dc/ac side should ensure a vari-
able amplitude of an output fundamental voltage closer to
sinusoidal and free of specific/undesired harmonics. These
undesired/specific harmonics distort the rotating magnetic
field produced by the stator. Consequently, the rotor will
experience additional torque fluctuations, specifically named
harmonic torques, which affect, among other things, the mo-
tor speed, overheating of the motor winding, and develop
braking torques imposed by the inverse/negative harmonic
components [17], [18], [19]. It is important to highlight that
these specific/undesired harmonic ranks vary according to the
air-gap MMF harmonic, the saturation of the machine core,
and the teeth body.

Therefore, this article presents an appropriate combina-
tion SMT-SHE modulation technique adapted to ACHB-MLI
structure. The proposed dc/ac structure ensures an almost
sinusoidal shape with a variable amplitude of the output volt-
age according to the motor speed variation, as well as a
wideband free of predominant harmonics, including the spe-
cific/undesired ones.

IIl. NOVEL MODULATION APPROACH SMT-SHE FOR
ACHB-MLI

In this section, an advanced modulation technique is proposed
for ACHB-MLI suitable for various applications, such as
MY, low-voltage, motor-drive, 60/50 Hz frequency converter,
automotive, and industrial. This novel modulation approach
is configured by adapting and optimizing a combination of
two modulation techniques as one modulation algorithm.
Particularly, in SMT and SHE, the SMT uses various configu-
rations/combinations of the dc sources to generate, depending
on the number of modules, an approximately sinusoidal out-
put voltage signal. Meanwhile, the SHE modulation technique
allows determining the switching angles corresponding to
each voltage step generated by SMT technique to eliminate
individual and predominant and/or specific harmonics in the
output voltage signal. As a result, the novel approach aims to
achieve the following objectives.
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TABLE 1. THD% for the Line Voltage of ACHB Three and Four Modules

Number of Configuration | Number of | THD%
modules levels

3 [1:2:4] 15 8.18%
3 [1:2:6] 19 6.03%
3 [1:3:9] 27 4.17%
4 [1:2:3:4] 21 5.07%

1) Improve the power quality of the output voltage applied
to ac loads by reducing the THD ratio according to the
IEEE-519 standard by using the SMT technique and the
minimum number of ACHBs.

2) Eliminate, using the adapted SHE technique, a band-
width of specific harmonics that disturb the optimal
operation of certain SLs, such as the asynchronous mo-
tor drive.

3) Identify the number of output voltage levels, for a min-
imum number of ASHB, and the corresponding dc-side
capacitor values to meet the industrial requirements.

4) Study in depth the limitations of the SHE switching
angles for a three-phase system.

A. PROBLEM STATEMENT AND SOME RECALLS FOR A
SINGLE-PHASE STRUCTURE

1) ACHB-MLI BASED ON THE SMT

SMT is a technique used in asymmetric MLIs to increase the
output voltage level without requiring additional CHB mod-
ules. It works by dividing the dc input voltages into multiple
levels and generating a staircase waveform for the output
voltage. By using different ratios of dc-voltage levels, the
staircase waveform can be varied to achieve different output
voltage levels. The resulting waveform of the output voltage
has reduced its harmonic content compared with traditional
inverters or MLIs, such as SCHB-MLI. In all cases, it is
important to carefully select capacitors suitable for industrial
use, especially when the structure is energized by the grid
through ac/dc rectifiers.

In [20], SMT was proposed for 3 modules, ACHB-MLI,
with 2 dc voltages’ configurations to generate 19 and 27
voltage levels, respectively. These configurations use ratios of
[1:2:6] and [1:3:9], where the second one corresponds to the
independent dc voltages of [24, 48, 144] V.

In order to motivate the choice of the number of ACHB
modules associated with the SMT algorithm, a complemen-
tary study, via-a-vis the literature, is made in this research. In
this context, a comparison between three and four modules
SMT-SCHB structure supplying/driving a low-voltage SL,
for instance, asynchronous motor, is made, as presented in
Table 1. Noting that beyond four modules based structures,
reliability, economic, and industrial constraints limit their im-
plementation.

From Table 1, apparently, the three modules raise the volt-
age level up to 27, to reduce the THD ratio to 4.17%. However,
this configuration is limited by the capacitors’ ratings since
their HB modules are connected in series. In the same context,
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FIGURE 2. Output voltage of four modules ACHB commanded by SMT.
(a) Time domain. (b) Frequency domain.

the minimum voltage level of the four modules reduces the
THD ratio of the output voltage to 5.07%, as demonstrated
in Fig. 2(b). The corresponding time-domain waveform, as
demonstrated in Fig. 2(a), is distorted by predominant low
harmonic ranks, including the fifth, in which its individual
distortion ratio is 4.6% of the fundamental line voltage of
400 V. It is worth noting that these individual/predominant
harmonics could severely affect certain SLs; see Section I'V-C.

In the same context, the SMT accompanied by space vector
modulation was proposed for 3 modules ACHB-MLI to gen-
erate 42 voltage levels in [21]. This configuration was set up
as [1:4:16] that corresponds to dc voltages of [5,20,80] V with
identical capacitors of 11 mF. The THD of the resulting line
voltage was reduced to below 2%. However, a voltage-level
jump occurred at each nonreachable level as the maximum
achievable level from three modules’ topology is 27.

In the MV application, SMT technique was suggested for
four modules ACHB structure in [11]. These modules are
configured to generate 31 voltage levels as follows [1:2:4:8],
which correspond to the dc voltages [575, 1150, 2300,
4600] V; each module was equipped with an identical ca-
pacitor of 10 mF. This configuration limits the harmonic
reduction of line voltage to a THD of 2.75% since the IEEE-
519 norm for the producer side of the MV networks is 3%
max. Moreover, this structure was performed depending on
self-balancing capacitors where the first module is fed by an
isolated master dc source, and the remaining three modules
are fed by three floating capacitors.

Finally, based on the literature and the complementary
study of this research, the SMT technique needs to be rein-
forced to obtain a validated THD voltage and eliminate some
predominant harmonics, which can severely affect certain
SLs.
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2) SCHB-MLI BASED ON SHE

SHE modulation technique is commonly used to synthesize
the output stepping voltage waveform of the single-phase
symmetric SCHB-MLI inverter. This approach computes nu-
merically the switching angles needed to SCHB-MLI to
mitigate the individual and predominant harmonics at its
output voltage signal [3], [4], [5], [7], [22]. This numerical
computation is made offline by solving a series of nonlinear
transcendental equations, while a lookup table is exploited to
store the desired switching angles for real-time implementa-
tion [5].

In [5], SHE-based linear system solution (LSS) is used to
generate nine voltage levels for a single-phase SCHB-MLI
structure based on four CHB modules. To set up this structure,
independent dc sources are employed. The switching angles
are calculated for two cases: First, to mitigate the harmonics
orders third, fifth, seventh, and their odd multiples; second,
to mitigate the harmonics orders third, fifth, and their odd
multiples, while imposing the modulation index to ensure
output voltage variations. The first case results in a reduction
of the output voltage THD to 10.89%, while in the second
case, a higher THD ratio is obtained with the modulation
index varying from 0.3 to 1. Besides, the switching angles
calculated, at a modulation index of 0.3-0.7, have at least
one angle exceeding the 90°, which reduces the output voltage
level.

In [8], a new pulse active width modulation (PAWM) was
applied on three modules, single-phase SCHB-MLI, to gen-
erate seven voltage levels. As a result, the output voltage
had a THD ratio of 11.86%, which was achieved using three
independent dc voltages of [164.9, 132.2, 73.38] V. In [22], a
genetic algorithm is used to determine the real-time switching
angles for three modules, single-phase SCHB-MLI with inde-
pendent dc supplies. The resultant output voltage is generated
with seven levels, free of harmonic orders third, fifth, and with
a predetermined modulation index. Despite these achieve-
ments, the THD ratio of output voltage remained higher than
18% and, in certain cases, it reached 31.1%.

The main drawback of using SHE with SCHB-MLI is the
requirement of a large number of CHB modules and switching
angles to meet the power quality standard IEEE-519-2014.
To overcome this drawback and achieve higher voltage levels
with a minimum number of CHB modules, we propose the
ACHB-MLI structure commanded/controlled through a novel
modulation technique based on both SMT and SHE that is
able to reduce the THD and to eliminate the wideband of
predominant harmonics in the generated voltage.

B. ACHB-MLI-BASED NOVEL MODULATION APPROACH
SMT-SHE

The ACHB topology is commonly associated with the use of
SMT, while SHE is typically utilized with SCHB structure.
However, in this research, a combination of two techniques
is employed together in ACHB-MLIs, aiming to achieve im-
proved performance, increased output voltage levels with a
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reduced number of CHB modules, reduction of the overall
output voltage THD, elimination of a wideband of specific
harmonics, and variation of the output voltage amplitude for
specific loads, for instance, asynchronous motor drive. How-
ever, the main objective of the SHE algorithm is to define
a set of harmonic ranks to be eliminated by the SHE-SMT
algorithm. Thus, one can eliminate the lowest harmonic orders
at the output voltage waveform of the ACHB-MLI or the
predominant harmonic orders that might be generated by an
SL.

Let us consider an ACHB-MLI structure with » CHB mod-
ules supplied by the voltages Vyc1 = k1 Vac, ---,Vac.n = kn Ve,
where ki, ..., k, are the positive real numbers. One can rep-
resent the dc sources configuration as {1, ky/ky, ..., k,/k1},
meaning that Vdc,l/Vdc,2 = ki/ky, "'7VdC,1/VdC,I1 = ki/ k,. Each
configuration of dc sources produces a unique output stepping
voltage. For example, for n = 3 CHB modules, one can have
configurations, such as {1:2:4}, {1:2:5}, {1:2:6}, and {1:3:9},
which provide, respectively, 15, 17, 19, and 27 output volt-
age levels. The selection of dc configuration depends on the
associated capacitors’ ratings and the desired power quality
of the output voltage of the inverter. Indeed, increasing the
difference between the dc voltages leads to increased voltage
levels of the SMT as well as the switching angles of the
SHE algorithms. Therefore, the output voltage is, respectively,
closer to sinusoidal shape and free of specific/predominant
harmonics.

However, the equivalent dc voltage Vi for this topology
is given by Vi = 3 Vg, where s is the number of voltage
steps per quarter cycle. In addition, one can denote the output
voltages for each H-bridge module by veni; k=1, 2, ..., n.
Therefore, the output phase voltage vy, becomes vour = Ven,1
+Veh2 + - +Vehon-

Since the higher the number of voltage levels, the lower
the lowest asymmetrical dc voltage, and consequently, the
higher the related capacitor value, we will concentrate to a
minimum, with respect to the SMT technology, of three CHB
modules with {1, ko/k1, ka/k; } same configuration, as depicted
in Fig. 1(b), for three modules instead of n. It is worth not-
ing that the results of this work can be easily extended to
more general configurations and number of modules as we
will demonstrate in the case study. Thus, the dc sources can
configure as k; = 1, ko = 2, and k3 = 4 with the voltage ratios
{1:2:4}, such as

Vges = 1 PU
v,

s Vgeo = dzc" =0.5PU
V,

5 Vges = (‘Z*l = 0.25 PU. (1)

In this context, PU means “per unit.” By setting Ve 3 = Ve,
clearly, Vi1 = 4Vqc and Vgeo = 2Vye, where Vy. is a base
dc-voltage value fixed in accordance with the required load
voltage. In this case, the modulation technique has seven
symmetric switching angles and seven voltage steps for each
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TABLE 2. Switching Patterns for ACHB—3 Modules, 15 Levels

Vour | St | S| S5 | Sa | S| S| S| S| S| So| Su|Se
0 rfoj|rf{ojrjfoj|1rjyo0/|11]o0 1 0
E O[O0 |O]O|O]O|O]O(|1]O 0 1
E, Ooj(o0o|o0jO |1 ]|O0O|O]|L[O]O 0 0
E; 00|00 |1 |0 /0|1 110 0 1
E, I {001 ]0O0|O]O]O0O]|0]O 0 0
E; I fojof1rjojfojojoj|11]o 0 1
Es I {0 ]0 |1 I {0 ]0 (|1 ]07]0O 0 0
E; 1 (OO (1 ]J1T]JO]JO |1l ]|]1/]O 0 1

quarter-cycle waveform, as well as a zero-voltage level. This
results in a total of 15 voltage levels in the output, as shown
in Fig. 2. In fact, the number of the output voltage levels L for
this asymmetrical topology is given by

L=2Vae,1 + Vaco + Vae3) +1 =15 V. (2)

Two choices of switching angles can be considered. The
switching angles can be computed to eliminate only the pre-
dominant harmonics (seven harmonics’ ranks in this case).
Alternatively, with the same configuration, one can eliminate
six harmonics as well as adjust the amplitude of the fun-
damental output voltage. In ACHB-MLI topology, one can
consider that the number of switching angles oy and the
number of voltage steps » are equal per quarter cycle, where
k=1,2,3, ..., » Therefore, in a single-phase application,
the switching angles o have to satisfy the condition 0° <
o] < oy < - < d; < 90° [4]. However, in a three-phase
application, these angle values should be optimized to prevent
generating the even and zeros harmonics. In this article, we
consider symmetric output voltage waveform voy(wt). This
implies that even harmonics are not present at the output volt-
age waveform for 6 € [0, 7/2], which permits us to express
the output voltage waveform as a Fourier series containing
only odd harmonics.

To set up the switching states of the ACHB-MLI, we will
consider, for clarity, the three ACHB modules with {1:2:4}
configuration. The states of these ACHB switches S;; i = 1,
...,12, can take values in the set {0,1}, and the string S; of 0/1
values is called a “switching pattern.” The switching patterns
required to realize the 15 voltage levels are provided in Table 2
for one positive quarter cycle. It is worth noting that the output
voltage steps V; could be realized with more than one pattern.

After assigning the switching pattern for each voltage step,
one can generate the output voltage steps Ep, ...,E7 during the
interval [0°,90°], as depicted in Fig. 3(a). Each switching pat-
tern is scheduled to turn ON/OFF the transistors associated with
S1, ...,S12 at specific switching angles «, ..., ;.. To impose
the ON/OFF values to the transistors, considering for simplicity
just the switches Sj, ...,S4 [upper module of Fig. 1(b)], it is
possible to compare the value of a sawtooth signal generator
N with a desired switching angle «, using two comparators
and two logic AND gates, as appeared in Fig. 3(b). They
constitute a “block,” here called Block (A), that commands
S1, ...,S84. Similar blocks can be used for the other switches. If
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FIGURE 3. (a) Output voltage v, for ACHB-MLI-3 Modules, 15 levels.
(b) SHE-SMT technique scheme for one switching angle.

N € [«,180°—«], the transistors corresponding to (Sy, S4) are
turned ON, during the positive quarter cycle. If N € [180° +
o, 360° —a], then those corresponding to (S», S3) are turned
ON, during the negative half-cycle. Repeating the same for the
other two modules of the H-bridges of Fig. 1(b), one finally
obtains the output of Fig. 3(b) imposing one switching angle
to the upper module, three to the central module, and seven to
the lower module.

In order to formulate the output voltage as a function of
the switching angles and the harmonic ranks #H needed to
be eliminated, let us define the general harmonic rank as the
set of integers from j = 2 until ju,x = 49 representing the
harmonic orders contributing to the signal vou (), where jmax
is chosen so that the contribution to the output signal due to
higher harmonics is considered negligible.

The harmonic rank for a single-phase system is the set
of odd harmonics’ components j = 3, ..., jmax, While the
harmonic rank for a three-phase system is given by j € {6j £ 1
|j=1,2, ...,jmax . To control the amplitude of the fundamen-
tal component vy, j = 1 is addressed. Following [1] and [2],
the output voltage voy(f) can be written as a Fourier series

Jmax

Vour (@) = Y vj - sin (jor)

j=1

4 v Z
~ j > cos (jey) 3)

T
k=1

vj =

where, in the case of a single phase where one considers only
the odd harmonics, one imposes s constraint, with s the odd
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integer indicating the voltage steps of the ACHB MLI output
voltage

4
V] = - Vi [cos (1) + -+ cos (as)]
4 Vi
vy = — [cos Bay) + -4+ cos Ba,)] =0
T 3
4 Vi . . .
v = p i [cos (Jar)+---+cos (ja,)] =0, j= .

“4)

Clearly, with these conditions, one imposes for the funda-
mental component a desired amplitude and the mitigation of
the first s« — 1 = H low-order harmonics. Under the assump-
tion of symmetric waveforms, considering the s switching
angles and v; the voltage harmonic to be eliminated, one can
impose the following conditions:

4 Vel >
v =—Vio > cos(jey). vy =Y _cos(jai) = 0. (5)
k=1 k=1

IV. NUMERICAL CASE STUDY OF THE NOVEL
MODULATION APPROACH

The techniques of the SMT and the SHE, as recalled in Sec-
tion III, are combined to obtain improved performance for the
(n) CHB modules based ACHB-MLI.

A. TRIGGERING ANGLES ALGORITHM (GENERAL CASE)
Referring to the single-phase case and applying the SHE for
finite voltage steps sz, the triggering angles can be determined
by solving an optimal problem that minimizes the function
in (4) to be zeroed. The constraint on these predetermined
angles is that the resulting solutions «1, ..., «,, should fall
within their range of &min < &1 4 Smin < &2 + Smin < -+ <
O + Omin < Omax, Where amin = 0° and amax = 90° are the
minimum and maximum angle values, and &, 1S the switch
gap. Furthermore, the desired fundamental output voltage vy,
which varies according to specific modulation index M, is
calculated in (6a), while the modulation index is determined
in (6b), with C a definitive positive number [5]

4vre Z
v = T‘k;cos (o)

- . wex-M
— | cos (jay) -——=0 (62)
k=1
V1 V1 %
=—=——V'=C-M,
VE Ve
a4
C (6b)

==————>0
> iy cos (ag)

The remaining > — 1 conditions (3) can be exploited to
mitigate the »c — | harmonics in H. These sz — 1 harmonics
are low-order ones that have a higher amplitude and appear
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right after the fundamental frequency. To solve (4), for in-
stance, Newton-Raphson’s (NR) method can be employed as
the following procedure [3].

1) Select the (sx—1) predominant/specific harmonics, ac-
cording to SL specifications, to be eliminated.

2) Fix some appropriate initial value for the switching
angle vector oy o = (1,0, 2,0, ...,oz%,())T with re-
specting the angle constraint.

3) For the iterative stepsj = 1,2, ..., xand k=1, 2, ...,
2, compute the matrices

|

OF;

F: = U ,
/ Ja

— 2 ke J - sin o)

= | ~X&desinGon) | o =g (7)

and the new angle vector

aF;\ !
Ay = A — B lp File, = k0 =oky1. (8)

1) Validate the range of the switching angle’s constraints.
2) Finally, the iterations end when a certain (fixed) accu-
racy is reached at the final step M.

After calculating the switching angles using the SHE tech-
nique for a certain harmonic rank, the obtained switching
angles are set as starting points for the desired voltage levels
generated by the ACHB-MLI structure via the SMT tech-
nique, as illustrated in Fig. 3(a) and (b).

Section IV-B examines this method in two potential sce-
narios for switching angle determination in single-phase ap-
plications. Subsequently, the calculation of switching angles
will be extended to be suitable for three-phase applications in
Section IV-C.

B. SWITCHING ANGLES CALCULATION OF THE SMT-SHE
APPROACH AT VARIOUS MODULATION INDICES

The modulation index is a crucial parameter to control the
output voltage for a grid-tied inverter. This allows the output
voltage to be varied for a fixed grid-side input voltage. Mean-
while, in motor-drive applications, the variation of inverter
output voltage, depending on the required torque and speed,
further affects the motor voltage and torque harmonic problem
and imposes various specific harmonic ranks to be eliminated.
Therefore, the precise determination of the switching angles
leads to the best motor-drive performance. In fact, some meth-
ods have limitations in calculating the modulation index, for
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TABLE 3. Switching Angles for a Single-Phase 15-Level ACHB-MLI With
and Without Modulation Index Variation

M a1 % a3 o4 as a6 a, THD%
1 8.62° | 10.32° | 24.53¢ | 33.55¢ | 45.54 61.64> | 87.47- 6.91%
0.9 | 947 9.47° 24.56° 33.5° 45.521° | 61.69° 87.46° 7.24%
0.7 6.82° 15.77 29.71° 41.83° 60.25° 88.82° 88.82° 7.44%

instance, Buccella et al. [5] use the SHE-based linear solution
method to assign switching angles for SCHB four modules.
Indeed, four angles had been selected; one angle is predefined
to adjust the modulation index and three switching angles are
trajected to mitigate two harmonics and their multiples. How-
ever, the lowest THD was 10.89% and the resulting switching
angles exceeded the angles’ constraints of 90° at the modula-
tion index M = 0.7.

In order to supply, in this research, an SL by the proposed
SMT-SHE algorithm-based ACHB-MLI structure, ensuring
output voltage fulfilled with the THD recommendations, de-
void of the predominant/specific harmonics, associated with
amplitude variation of the output voltage, the tradeoff was
made. Indeed, to ensure these latter specifications/constraints,
a minimum CHB module associated with appropriate dc-
voltage configuration and, thus, low/industrial dc-side capaci-
tors’ ratings, only 3 CHB modules-based structure, configured
as [1:2:4], to generate 15 levels is adopted. To evaluate the ef-
fectiveness of the single-phase topology of the adopted struc-
ture, one can examine two scenarios. In the first scenario, the
switching angles are calculated to realize a predefined mod-
ulation index and to eliminate a specific harmonic spectrum.
In the second scenario, the switching angles are calculated to
eliminate a wide harmonic spectrum.

For both scenarios, SMT-SHE calculated seven switching
angles. One angle is set to assign M and six angles are set to
eliminate the lowest/predominant orders of the harmonics in
the first scenario. Therefore, one can examine M taking the
values of M = [0.9,0.7] and H = {3, 5, 7,9, 11, 13}. In the
second scenario, the seven angles are subjected to eliminate
a harmonics rank consisting of seven lowest harmonic orders,
such as H = {3,5,7,9, 11, 13, 17} and M = 1. Therefore,
one can determine the switching angles for both scenarios, as
reported in Table 3, including the THD% for each case, which
is expressed as the following notation:

2
Zi2 ¥, ©
Ui

THD% =

It is worth noting that this research opted for the elimination
of the 17th harmonic rank instead of 15th, according to speci-
fications related to certain SLs, i.e., asynchronous motor drive
[19]. Table 3 illustrates that the lowest harmonic distortion
of the output voltage occurred in the second scenario when
its THD% was reduced to 6.91%. Despite the control of the
fundamental component of the output voltage, in the first
scenario, the THD% of the output voltage reduced at each
value of M is set to 7.24% and 7.44%, respectively. Notably,
the THD percentage is bigger than the first scenario due to the
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FIGURE 4. Output voltage of a 15-level single-phase ACHB-MLI. (a) Time
domain. (b) Spectrum analysis.

presence of harmonic order 17th in comparison with the first
scenario.

The output voltage of the second scenario was analyzed in
the time and frequency domains, as shown in Fig. 4(a) and (b),
respectively, using MATLAB/Simulink/Simscape electrical.
Clearly, the output voltage waveform had seven voltage steps
per quarter cycle, with a maximum value of v; = +/2 230 V
and THD of 6.91% in the frequency domain.

C. SMT-SHE TECHNIQUE FOR THREE-PHASE SYSTEMS
(SWITCHING ANGLE LIMITATION)

In a three-phase asynchronous motor drive, the harmonic
components h take the rank of (h =6j £ 1|j=1,2, ...,
Jmax }. Therefore, the interaction of the air-gap flux W with
rotor current /. generates a harmonic torque t;, that can be
computed as follows [26]:

tysin (hot + 8) = k [V (Ip—1 — Lrpt1) ] sin (hoot)
+ [Who1 + Wig1 ] 1,1 cos (hot)] (10)

where

k motor constants;

8y, phase angle at 4 harmonic rank of the torque;

w angular velocity.

Let us consider the first harmonic component of this SL
[i.e., h = 6]. Therefore, the first term at the right side of
(10) represents the interaction between the fundamental air-
gap flux and the fifth and seventh harmonic ranks of current.
Similarly, the second term on the right side of (10) repre-
sents the interaction between the fundamental current and the
fifth and seventh harmonic flux. As a result, this interaction
generates the harmonic torque ¢, which increases the losses,
reduces the efficiency, and decreases the power quality of the
motor. Therefore, it is crucial to study the limitations of the
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TABLE 4. Switching Angles for 3-Phase, 3 Modules, 15-Level ACHB-MLI

Switching

ai a s o4 as as
angles

7700,

SMT-SHE with
Switching

angle limitation
SMT-SHE with

3.577 12.256° 13.528° 23.4307° 29.480° 41.185° 58.537°

Switching 8.623 10.317 | 24.525° | 33.546° 45.545¢ 1.6420 87.468°

angle limitation

MLI-based proposed structure, from two points of view, the
validation of the THD recommendations, and the elimination
of the predominant/specific harmonics for the three-phase in-
dustrial configurations.

In this context, let us consider the line voltage u is expressed
as i € { lfah = IZa — IZ[,, Izbc = L?b — IZC, IZw = Izc — Ifa}. This
line voltage u(f) as a function of angle 6 is symmetrical,
and evenly spaced with respect to 7/3, if u(w/3+6)=
u(wr/3 —0), and for 6 € [0, n/3]. In addition, u(@) is a
balanced three-phase system, if iy, +up. + e = 0, for
0 € [0,2], while the triplen harmonics are automatically
eliminated in this system [9].

To satisfy the balanced and symmetrical output voltages of
the ACHB-MLLI, let us consider the switching angles that cor-
respond to the three-phase system (a,b,¢) as oy, ag, and «y,
where k.8, y € [1, ..., »]. In this three-phase configuration,
the triplen harmonics are automatically eliminated, and the
seven angles are precalculated to eliminate the predomi-
nant/lowest seven harmonic ranks, for instance, H = {5, 7,
11, 13, 17, 19, 23}, while M = 1. These angles are shifted
apart 120° per phase. Therefore, the switching angles’ values
of phase (a) have to lay in the interval [0, /3] to avoid simul-
taneous command of two sequenced phases, without a 120°
phase shift, and to prevent the appearance of nonconventional
harmonic components in the output voltage of the ACHB-
MLI. However, one can impose the balancing constraint of the
three-phase system within the time interval [0,277/3] to solve
(4), from a harmonic limitation standpoint, as follows:

Amin < &1 + Smin < 02 + Omin < -0 < oy

+ Smin < Umax

Omin = 0°,  ormax = 60°. (11)

Once again, the NR method is used iteratively to satisfy (9).
As a result, almost complete elimination is obtained for the
predominant > harmonic ranks (for M = 1) of the line voltage
ifyp. The resulting switching angles needed to perform the
SMT-SHE with switching angles limitation for the ACHB-
MLI configured as {1:2:4} to generate 15 levels are shown
in Table 4. It is important to mention that the switching angles
of the second and third phases ag and «,, take o values with
phase shifting of —120° and —240°, respectively.

To evaluate the performance of the SMT-SHE approach,
including switching angle limitation, on the ACHB-MLI,
15 levels, the resulting switching angles are compared with

591



KARANIA ET AL.: DEVELOPED AC/DC/AC CONVERTER STRUCTURE BASED ON SAF AND ADVANCED MODULATION APPROACH

N & @
o © o
o © o

)
=]
=3

Uab,Ubc,Uca (volt)
A
(=]
o o

&
=1
=1

60 120 180 240 300 360 420 480 540 600 660 72(
Angle (degree)

(a)

VL-Lmax (50Hz) = 563.3 , THD= 3.14%
T T T T T T

o

Mag (% of Fundamental)

0.5 I |
. | L . ; |

0 5 10 15 20 25 30
Harmonic order

(b)

45 50

o

ikl
35 40

FIGURE 5. Line voltages ugp, Upc, and u, using SMT-SHE with switching
angle limitation (a) in the time domain and (b) ug voltage in the
frequency domain.

those obtained without switching angle limitation, as defined
in Table 4.

It is evident that the switching angles for the three-phase
system were simultaneously triggered. Therefore, when the
maximum switching angle exceeds 60° in each quarter cy-
cle, two sequenced phases, without a 120° phase shift, will
experience simultaneous command during a time interval of
(@max — 60).

Indeed, the simultaneous L—-L command occurs during the
two intervals (ag — 60) and (a7 — 60) (see Table 4). This
results in an unbalanced voltage system and, thus, a neg-
ative voltage sequence, inversely proportional to the angle
differences of (amax — 60), along with other related noncon-
ventional disturbing components that might be appeared.

To quantify the impact of the switching angles on the SMT-
SHE/ACHB structure performance, Fig. 5(a) and (b) shows
the (a) three-phase line voltages in the time domain as well as
the (b) line voltage u,;, in frequency domain for the two cases,
with and without switching angle limitation, respectively.

From Fig. 6(a), it is clear that the SMT-SHE with limita-
tion results in an output line voltage that closely resembles
a sinusoidal waveform with a THD of 3.14%, satisfying
the IEEE-519-2014 norm. In addition, an almost complete
elimination of the predominant/low harmonics rank in H is
achieved.

On the contrary, the SMT-SHE approach without limitation
causes a simultaneous L—L switching angle injection and gen-
erates, consequently, a negative-sequence voltage component
(of 1.2% in this case) as well as even, zero, and dc disturbing
voltage components, while amplification of the odd harmon-
ics, as shown in Fig. 6(b). So, the output voltage waveform
is no longer closed to sinusoidal, as shown in Fig. 6(a). This
distorted waveform is confirmed by an increase of the voltage
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FIGURE 6. Line voltages ugp, Upc, and u, using SMT-SHE without
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THD% up to 5.75% [see Fig. 6(b)]. It is worth noting that
these additional disturbing voltage components have unde-
sired consequences on the overall ac/dc/ac structure, including
the supplied loads (i.e., magnetic circuits, rotating machines,
protection systems, switching circuits, etc.).

D. DC-LINK CAPACITORS RATING SELECTION

The capacitor rating of the ACHB-MLI structure requires to
satisfy various contradictory constraints. Indeed, the capaci-
tors must be high enough to maintain a constant dc voltage
during transient consumption periods while limiting the ripple
frequency of the dc voltage and, consequently, not degrading
the load voltage THD. On the other hand, both economic and
industrial approaches require limited values of capacitors.

A limited amount of research deals with the sizing of the
capacitors in MLI structures. Indeed, in [11], the identical
capacitor of 10 mF for each module of ACHB-MLI four mod-
ules was energized by an isolated master dc source and three
modules were fed by three floating capacitors. However, this
topology is designed to feed two typical loads with a power
rating of 15 kW and an R-L value of 100 €2, 80 mH, as well as
the dc-voltage ripple set to £10%. This relatively high ripple
ratio and low connected loads make the capacitance value
very large and unsuitable from the industrial perspective. Fur-
thermore, in [23], the ACHB-MLI topology with 3 modules
configured as [1:3:9] is utilized to generate 27 voltage levels,
while each module is energized by a storage capacitor of
33 mF. This topology is designed to operate at MV network,
with an output voltage of 3.3 kV, and is intended to supply a
three-phase load with power rate of 100 kW.

In this research, the sizing of the dc-link capacitors Cyc
was determined by designing the minimum capacitance value
required to attenuate the voltage ripple at the dc side of the
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ACHB-MLI. The equivalent capacitance selection for each
CHB module will correspond to the industrial demand. In this
context, the following expression is derived and adapted to our
study [24]

_ \/z “Imax - 1

8- Seria- AV
where In,x denotes the peak value of the fundamental load
current component, AV denotes the peak-to-peak voltage rip-

ple, fgria denotes the fundamental frequency, and r denotes the
modulation depth (usually less than 0.90).

Cac (12)

E. SYNTHESIS OF THE PROPOSED SMT-SHE APPROACH
FOR ACHB-MLI

The SHE-SMT algorithm proved its effectiveness to eliminate
all the targeted harmonics to control the amplitude of the
fundamental component, to reduce the number of the CHB
modules, and to significantly reduce the harmonic distortion.
Indeed, with only 3 cascaded H-bridge and 15 voltage lev-
els, the THD voltage is 3.14% [see Fig. 5(b)]. Moreover,
according to Table 1, the ACHB-MLI structure commanded
by SMT technique requires at least four ACHB modules to
reach a THD of 5.07% but with a high level of individual
low rank/predominant harmonics’ voltages. Indeed, the fifth
individual harmonic rank ratio is 4.6%, as shown in Fig. 2(b),
of the fundamental line voltage, which can greatly deteriorate
the optimal operation of certain SLs, such as asynchronous
motors. It is worth noting that, in the proposed SMT-SHE ap-
proach, the predominant low harmonic ranks are completely
eliminated [see Fig. 5(b)].

Finally, for the MLI structures based on 4 ACHB modules
and more, with a minimum of 21 voltage levels, the dc-side
capacitors must be overrated. Indeed, according to [11], a set
of 10 mF capacitors is necessary to supply a load of only
1.5 kW. Meanwhile, the new SMT-SHE, with 3 modules and
15 voltage levels, requires only 9 mF for an SL of 50 kW [see
Section VI-C]. Meanwhile, Section IV-A compares SMT-SHE
with other modulation techniques.

F. COMPARISON STUDY OF THE PROPOSED SMT-SHE
WITH OTHER MODULATION TECHNIQUES

To validate the proposed SMT-SHE approach, it should be
compared with other algorithms, available in the literature, to
prove its effectiveness across different design aspects, such
as controlled structure, number of output level L, number of
H-bridge modules n, number of phases, modulation index
M, and harmonic distortion of the output stepping voltage
THD, %, as shown in Table 5.

Apparently from Table 5, the ACHB topology controlled by
SMT or SMT-SVM approach requires a higher output voltage
level to reach the desired reduction of harmonic distortion.
However, significant low dc voltages should be configured for
the second and subsequent HB modules to avoid raising the
number of HB modules, as defined by (2). The configuration
of these low dc voltages requires higher capacitors, which lim-
its the applicability of these approaches in real applications.
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TABLE 5. Comparison Among Different Algorithm Structures

Algorithm Controlled | Network | |y | prace | THD%
topology Type
SMT-SHE ACHB LV 3151 1 6.91%
SMT-SHE ACHB LV 30151 |3 3.14%
SMT ACHB LV 302701 |3 4.17%
SMT -SVM | ACHB LV 304 ]1 |3 1.5%
SMT-SVM | ACHB MV 41311 |3 2.75%
SHE-LSS SCHB LV 409 |1 |1 10.89%
PAWM SCHB LV 317 1 1 11.86%,
GA-PWM SCHB LV 307 |1 |1 >18%

Moreover, the SCHB topology controlled by SHE-LSS,
PAWM, or GA-PWM requires a higher number of HB mod-
ules to fulfill a wide spectrum elimination of the harmonic
components from the output voltage. These approaches can
mitigate one harmonic per module at the output voltage, ex-
cept the SHE-LSS approach, where one of its HB modules can
be set to mitigate a harmonic component with its multiples. As
a result, these approaches present a high harmonic content on
the output voltage.

The proposed SMT-SHE approach reduces the harmonic
distortion of the output voltage to 3.14% with 3 HB modules
configured to generate 15 levels. Furthermore, this approach
grants mitigation a wide harmonic rank, including those af-
fecting the performance of SL. Besides, it fulfills the industrial
requirement of the dc links at the HB inputs by presenting an
adequate capacitor size derived from the applied dc voltage
and the capacitance rating.

V. SAF DESIGN FOR THE PROPOSED AC/DC/AC
STRUCTURE

SAF topology has recently gained widespread use in industrial
and commercial applications. This topology is considered a
real-time current compensator that is typically connected in
parallel, on the perturbing/nonlinear load side, between the
load and the grid [20], [21], [22], [23], [24], [26]. With appro-
priate control, it mitigates precisely undesired perturbations,
such as harmonics, unbalanced conditions, and reactive power
compensation on the grid side [26], [27].

A. GENERAL STRUCTURE OF SAF
This filtration/compensation solution, associated with the
classical ac/dc rectifier, is the alternative to the complex ac/dc
active or simple rectifiers with passive filters [11], [13], [16].
Although the classical ac/dc rectifier is considered a polluting
source of harmonics, it is, in addition to its economic aspect,
very simple to install and maintain. Besides, active filters can
be installed regardless of the load types and the perturbations
to be eliminated; only their rated power must be a percentage
of the perturbating loads [28]. SAF can compensate the per-
turbations caused by the nonlinear loads, particularly power
electronics based loads, while continuously tracking their
changes [24].

A typical SAF consists of two main parts (power and
control part). The power part comprises a two-level voltage-
source inverter (VSI), a dc capacitor storage system, and an
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output filter, as illustrated in Fig. 7 [29]. Meanwhile, the typ-
ical control part relies on the identification of the perturbing
load current and two control loops: an inner loop to compen-
sate the perturbing currents into the grid and an outer loop to
regulate the dc voltage across the storage capacitor, as well
as a pulsewidth modulation (PWM), as depicted in Fig. 8. To
configure the control strategy of the SAF, its instantaneous
model should be defined at first.

B. INSTANTANEOUS MODEL AND CONTROL STRATEGY OF
SAF
The SAF structure includes the inverter with the downstream
storage element and the upstream output filter.

In this context, a VSI is widely used; it is usually associated
with a first-order output filter [29].

The first-order output filter, given by Ly series inductor and
Ry internal resistance, is connected between the VSI and the
grid to reduce the distortions of the injected current caused by

the switching frequency.
594

Let us consider irk, isk, Vinv.k» and vgi denote the load
current, source current, inverter output voltage, and the point
of common coupling (PCC) voltage, respectively, where
k € {1,2,3} represents the three phases. One can determine
the injected current ijyj x with respect to KCL as ijpj x = i x —
is,x while its dynamic iin j.k 18 expressed as follows:

fing —i(u —v )—&i-- (13)
inj,k = Lf inv,k s,k Lf inj,k-

To describe the instantaneous model of the SAF, the power
inverter of the SAF is composed of three legs, that is com-
manded by PWM to generate a three-phase voltage output
Vinv.k- The transistors in each leg (S1/S2, S3/54, and S5/56)
operate in either an ON-state 1 or an OFF-state 0. The upper
and lower transistors in each leg are operated complementary
and phase shifted by 120°.

For simplicity, the upper and lower transistors are denoted
as Syp,k and Sgown,k, Tespectively. According to this config-
uration, the output voltage of this power inverter can be
calculated as follows [30]:

Vinv,k = (Sup,k - Sdown,k) Vdc- (14)
By substituting (13) into (12), we find
: Sup — Sq 1 .
linj,k = (upL—fown)vind - L_fvs,k E “lpj k- (15)

By neglecting the transistors switching losses, one can de-
fine the SAF capacitor current /4. based on the injected current
and the associated transistors’ states per leg, i.e., lsc = (Sup —
Sdown )inj, k-

Therefore, the voltage variations across the capacitor are
expressed as follows:

1 (Sup - Sdown)
— =
Cdc Cdc

However, the instantaneous model of a classical SAF is
expressed in the compact form as follows:
Vinv,k
linj,k

< l:inj,k
i)dc
17

Vge = “Tinj k- (16)

_B

(Sup_Sdown)
_ Ly k Ly .
) 0 (Sup *Sdown ) (
Cdc

_ 1
+ Ly
(=

To eliminate the load current perturbation, the SAF typi-
cally employs the instantaneous power method to identify the
network perturbation current [31]. This method aims to deter-
mine the reference currents /ref ; as input for the inner current
control loop of the SAF. The identified current subtracted from
the injected current is to define the current error, which is
controlled using an appropriate controller. For this purpose, a
proportional-integral (PI) controller can be utilized to control
the injected current and track the desired reference current as
follows:

)-vs,kke{l,z,s'}.

Vinv.k = kpi (iret.k — iinj k)
VOLUME 4, 2023
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+ ki,i/ (irvef,k — fimj k) -dt (13)
where kj, ;,k; ; > 0 are the PI gains. These gains are designed to
ensure fast dynamics of the injected currents, as well as better
performance tracking to the reference current /.f. Further-
more, the SAF requires a voltage controller to eliminate the
steady-state error of the capacitor voltage Vg, and to maintain
it constant around the desired reference voltage V. In this
article, a simple PI controller has two gains kj,, and k; ,, which
are suggested as follows:

lae = ke (v = vae) ki [ = vt (19)

VI. EXPERIMENTAL RESULTS FOR REAL CASE STUDY

In this article, the proposed ac/dc/ac converter had been vali-
dated on a real industrial plant, a textile factory, located in the
industrial city of Aleppo, Syria.

The electrical network of this factory is composed of three
transformers (20/0.4 kV) fed by a 66/20 kV substation trans-
former. In this context, these transformers (TR, k = 1,2,3)
have the following load types [32].

1) TRI: textile machine, ventilation fans, dyeing machine.

2) TR2: textile machine, ventilation fans, lighting system.

3) TR3: textile machine, ventilation fans.

The electrical loads of TR1 are considered the most impor-
tant production line of this factory since any electrical failure
in this line stops the production process of the remaining
two production lines, powered by (TR2 and TR3). Therefore,
special research is conducted on TR1, whose power topology
is shown in Fig. 9.

Apparently, the TR1 network comprises four main parts:
Grid, TR1, load power cable, and loads. The numerical imple-
mentation of these parts requires their electrical parameters.
The parameters of the first three parts are determined by their
nominal values, while real measurements are needed to deter-
mine the load characteristics and parameters. Let us consider
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TABLE 6. Parameters of the Electrical Components

Electrical Network Parameters

eS‘ SCC! RCC! LCC

Power Transformer TR1
STL’ APCU,' APDC' UCC' IOC
Main Power Cable

20 kV, 500 kVA, 0.253 O, 0.002415 H
D11/Yn, 20/0.4 kV

630 kVA, 6.5 kW, 1.3 kW, 4%, 1.6%
3 x 500 mm2, L=10 meter

—[1[A] e—i2[A] w—3[A] Maodeling Point

ag

11:27:00 11:29:00 11:31:00 11:33:00 11:35:00 11:37:00 11:39:00 11:41:00

FIGURE 10. Currents at SL—50 kVA.
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FIGURE 11. Line voltages at SL—50 kVA.
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FIGURE 12. THD; at SL—50 kVA.

that e; denotes the grid line voltage, one can express the
short-circuit grid model as S, R.¢, and L., which represents
the apparent power, resistance, and inductance of the grid,
respectively.

The TRI1 primary/secondary windings’ voltages are
20/0.4 kV, these windings are connected in delta/star
(D11/Yn) and their parameters S,, AP.,, APy, Use, and I,
denote the nominal apparent power, copper losses, iron losses,
magnetic power losses, short-circuit voltage, and open-circuit
current, respectively. The load power cable parameters are the
cable section and length. Table 6 illustrates the nominal value
of the grid, TR1, and load cable as follows.

Due to the high amount of TR1 loads, it is difficult to
investigate their individual load parameters. However, a power
analyzer instrument is used to precisely assign the TRI
load state. Two real measurements were executed. The first

595



KARANIA ET AL.: DEVELOPED AC/DC/AC CONVERTER STRUCTURE BASED ON SAF AND ADVANCED MODULATION APPROACH

—THDV1[%] —ew—THDV2([%] wm—THDV3[%] Modeling Point 150 —
. w5l
o 100\ AGAGAGA Ky prdep |
— — | i
6 \/v_ z %0
-
o
5.5 E 0
=
=
5 © -50
a5 -100!
11:27:00 11:30:00 11:33:00 11:36:00 11:39:00 11:42:0 '1?24 0.25 0.26 0.28 0.’29 0.3

0.27
Time [S]
FIGURE 13. THD, at SL—0 kVA.

FIGURE 16. SL current isy, gp.c.
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FIGURE 15. PF at SL—50 kVA.
FIGURE 18. THDisy,q,5,c%.
measurement was conducted at the PCC, which reflects the 095
full-load state of TR1, whereas the second was measured at o4 :
the terminals of a sensitive textile machine with a nominal w093 - PF=0.924
a0 ! /

power rate of 50 kVA. The duration of the first and second
measurements was taken from 4:19 A.M. to 11:28 A.M., and
from 11:27 AM. to 11:42 AM., respectively. Figs. 10-15 show

the electrical measurements at the SL terminals, including %2 025 o026 N n‘z{;l 028 028 03
ime

092

091-

the line currents I, line voltages Vyr, THD of the current

and the voltage (THDj, - THDvy), power factor (PF), and FIGURE 19. PF at SL.
fifth current components Iy ;5. It is important to note that the
induction/asynchronous motor of the SL had already been fed
by a classical ac/dc/ac converter.

These real measurements enable us to implement numeri-
cally the linear and nonlinear parts of loads. To evaluate the
load performance, the most distorted operating point is con-
sidered, which is so-called the “modeling point.” This point is
selected to correspond to the maximum THD of the SL load
voltage. Therefore, one can create the SL numerical model
at measurement time 11:31 A.M., while the TR1 load can
be modeled at 10:38 A.M. Table 6 summarizes the electrical
quantities corresponding to these two measurement times. FIGURE 20. TR1 full-load currents.

Current [A]
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After setting the parameters of the TR1 network, one can
create its numerical model using MATLAB/Simscape Elec-
trical. To set up the simulation parameters of this model, the
Euler solver method is used at sampling time 75 = 1 us [33].
These results represent the time-domain analysis of the SL
load, such as the phase voltages vgy, line currents sy, the PF,
and the THDigr,, which are depicted in Figs. 16-19. How-
ever, the same analysis for the TR1 load at PCC is shown
in Figs. 20-23. To address the accuracy of the TR1 model,
a comparison is made between the results obtained using the
suggested model and the real measurement at the correspond-
ing measuring time in the effective values. One finds that the
accuracy ratio of the PCC load model ranges from 92.2% to
100%, while it ranges for the SL load model from 91.1% to
99.3%.

A. INTEGRATION OF THE PROPOSED AC/DC/AC
STRUCTURE TO SUPPLY SL

This article investigates the performance of the proposed
ac/dc/ac converter that employs three ACHB modules as a
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TABLE 7. Triggering Angles for a 17-Level ACHB-MLI for SL Load

o [¢53 a3 23 as 06 a7

2.726° 11.206° 11.206° 19.175° | 25.177° | 31.879° | 42.246

[

58.566°

power MLI inverter for the SL within TR1 network. This con-
verter structure is designed to reduce the THD of the output
line voltage to less than 3% at the load side by employing
the novel modulation approach SMT-SHE. The ac/dc part of
the converter is accomplished by combining a simple ac/dc
rectifier for each module and a multiwinding transformer. This
combination provides the desired asymmetrical dc voltages
for the inverter modules. Furthermore, an SAF is utilized
to mitigate perturbing harmonics at the grid side. Fig. 24
illustrates the power plan for the TR1, which highlights the
integration of the ac/dc/ac converter on the SL side. It is
important to highlight that the SHE-SMT approach might be
configured to change the rotation direction of the SL instead
of switching two phases at the SL terminals. To address this
phase changing by the SHE-SMT algorithm, the switching
angles of ACHB modules of phase A should be shifted 120°,
while the switching angles of ACHB modules of phase B are
triggered with zero shifting.

B. CONFIGURATION OF THE ACHB-MLI FOR SL

In this real case study, the three modules, ACHB-MLI will
be commanded by SMT-SHE approach. The objectives of this
modulation approach are to reduce the number of structure
modules, voltage levels, the THD, and the harmonic content
of the output voltage while limiting the dc-side capacitors’
ratings. Therefore, taking into account the high power/current
to be supplied to the SL, with the required high-power quality
of the load voltage, the 3 modules, ACHB-MLI config-
ured their dc voltages as {1:2:5} to generate 8 voltage steps
per quarter cycle and 17 voltage levels at the SL terminal.
This configuration can mitigate up to eight predefined low-
order/specific harmonics. Therefore, the targeted harmonic
ranks are H =[5th, 7th, 11th, 13th, 17th, 19th, 23rd, and 27th],
which include those undesirables by such an asynchronous
motor [19]. Since the SL is a three-phase balanced load, the
triplen harmonics disappear at the voltage terminals.

The novel modulation approach (SHE-SMT) is used to mit-
igate the undesired harmonics by computing and optimizing
the relevant switching angles that correspond to the selected
harmonic rank.

These switching angles were limited to /3 to prevent neg-
ative sequence as well as nonconventional harmonics from
appearing on the SL side and to prevent the amplifications of
the odd harmonics (see Section VI-C).

Table 7 summarizes the switching angles for the 17-level
ACHB-MLI, with switching angle limitation to satisfy the
ideal balanced three-phase system. It is important to note that
one of the SHE-SMT advantages is its ability to calculate the
switching angles offline using quarter-wave symmetry [38].
Therefore, one can calculate and equip the switching angles

597



KARANIA ET AL.: DEVELOPED AC/DC/AC CONVERTER STRUCTURE BASED ON SAF AND ADVANCED MODULATION APPROACH

Factory Linear and

nonlinear loads
i T 1
‘ P . : et '
| Grid | 2004KV | | 500mm’ | : Phase A !
777777777 | 630KVA | | 10m I 1 C 1
(it N b | del
el | é L | ot o :
: : 3 1 :
(& ! ! 1
| 'ﬂ:.—l Lr : E _ | Ca !
g | — -
C O ! ; |
A ! 1 1
___________________ 1 1
Shunt active filter . E - Cica ! Sensitive
: Full-wave ! load
| — ] Ise_ct_ifzer___\_ ___________ Z £
Multi-windings ) e
Tl'ansformegr ACHB-MLI [1:2:5]
S PuaseB ]
e o S T i S e S i
el PhaseC . —

FIGURE 24. Power diagram for TR1 with the SL supplied through ac/dc/ac—ACHB-MLI converter.

for the ACHB-MLI at different harmonics’ ranks and modu-
lation index for the controlled SL.

C. DC CAPACITORS RATING OF THE PROPOSED AC/DC/AC
STRUCTURE

To determine the appropriate capacitor rating for each of
the three modules, two main factors should be considered.
First, the dc voltage V4. of each module’s capacitor should
correspond to the relevant dc configuration {1:2:5}. Second,
the capacitors should be rated without degrading the power
quality at the load side, as well as being applicable from an
industrial point of view. The nominal phase voltage of the SL
is vi = 230, which is ensured by a unity modulation index.
Therefore, one can calculate the capacitance Cq. needed for
each module per phase using the following notation:

. N V2 (V2 %79.139) 50.7
dec = =
8.7 faria - AV g7 550 % (230*ﬁ*3%)
110.79
= = 9.035 mF. (20)
8174.9

This capacitance is selected for SL load with a power rating
of 47.306 kVA, as demonstrated in Table 6, and a voltage
ripple of 3%. Clearly, this value is fulfilled with industrial
requirements as compared with 10 mF with 15 voltage levels,
3 modules, which feed small load lower than 1.5 kW and
voltage ripple of =10% [11].

After assigning the dc capacitors, one can analyze the per-
formance of the 17-level, 3 modules per phase, ACHB-MLI,
which feeds within real factory environment. Figs. 25 and 26
show the SL line voltage v, in the time and frequency do-
mains, and Fig. 27 shows the dc voltages across the capacitors
of the three modules connected on phase a. However, Fig. 28
shows the grid current of SL in time domain.
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We effectively noticed from the numerical simulation re-
sults that the predefined low harmonics’ ranks [Sth, 7th, 11th,
13th, 17th, 19th, 23rd, and 27th] of the output line voltage
applied to SL are almost eliminated and the line voltage in the
time domain is closer to the sinusoidal waveform.

Besides, the THD of the voltage is equal to
THD, % = 3.45%, which is complied with IEEE-519 norm
below 5%. Moreover, the dc voltages across the capacitors
track their references of [Vic.1, Vac2, Vaezl = [200,80,40],
which correspond the desired configuration {1:2:5} to satisfy
the required voltage level and a ripple ratio less than 3%. This
harmonic reduction to 3.45% under dc-voltage fluctuation of
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FIGURE 27. DC voltage across the three capacitors Vyc,1, Vac2, and Vycs.
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FIGURE 28. Source current at grid side is in time domain.

TABLE 8. Rated Element Values of the SAF

Output filter: (L¢; -Rey), (L2 - (0.4 mH -0.005 ohm), (0.8 mH-0.005
R¢2) ohm)

Storage element: Ve ar Cac 840V, 0.9 mF

Switching frequency: fiy 12.5 kHz

3% proves a high filtration performance of the SHE-SMT
algorithm for controlling the SL using the ACHB-MLI.

Finally, the SL grid-side current (/;-SL) is quite far from
a sinusoidal shape with THDi;% of 13.58% (see Fig. 28 and
Table 7). These perturbing current harmonics propagate to the
mains and distort the voltage of other consumers supplied by
the same grid. Therefore, the SAF is recommended here to
cancel out these perturbations and improve the power quality
on the grid side of TR1. It is worth noting that the SL can be
completely isolated from the perturbing voltage and current of
the grid using a series active filter, which is more complicated
to design, install, and protect than an SAF, with an oversizing
also [34], [35].

D. DESIGNING AND INTEGRATING THE SAF

In this article, the SAF is added to eliminate, on the grid
side, the harmonic currents and, consequently, harmonic volt-
age that are caused by the full-wave rectifiers. Indeed, the
grid current of the proposed ac/dc/ac structure contains ob-
vious harmonics that are produced due to the existence of the
power electronics’ devices and its THD is equal to 13.58%.
Therefore, we suggested that the SAF eliminates its harmonic
contents. Table 8 gives the element values of the employed
SAF.

It is important to note that, in this real case study, the
method of instantaneous real and imaginary powers is used to
identify current perturbations, such as harmonics, unbalance,
and reactive power [31]. In this context, a phase-locked loop
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FIGURE 29. After and before integrating SAF—Lf,1.
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FIGURE 30. After and before integrating SAF—Lf,2.

is integrated into this method to obtain a reliable identifica-
tion result, even in distorted PCC voltage conditions [29], as
shown in Fig. 8. In addition, two PI-based control loops were
used for the injected current control /j,; and for dc-side voltage
(V4c) regulation and stabilization. PI controllers’ parameters
were carefully selected to provide robust, fast, and accurate
tracking between Iiy; and Irer as well as Ve ar and Vie.rer for
current control and dc-voltage regulation loops, respectively
[36].

The performance of this SAF was tested and validated using
two different values of the coupling inductor, Ly; = 0.4 mH
and Lgp = 0.8 mH. The purpose of using these inductors
was to ensure that the switching components were signif-
icantly attenuated while maintaining good dynamics of the
SAF. Figs. 29 and 30 show the time-domain grid current
iy before and after the SAF activation for Ly and Ly», re-
spectively. The grid current becomes relatively sinusoidal
for both inductor values, after SAF activation, indicating a
significant improvement in the current waveform. This im-
provement contributed to the THD reduction from 13.38%
without filtering to 2.38%—1.74% with filtering for Ly; and
Ly», respectively, as shown in Figs. 31 and 32. In fact, this
SAF satisfies high-power quality with respect to the IEEE-519
norm at the grid side, even with a relatively low inductance of
the coupling filter. However, the proposed ac/dc/ac structure
presents a high-power efficiency of 95.7% for feeding the SL
of 50 kVA.

Finally, adding one or more SAFs to the ac/dc/ac structure
implies additional cost, knowing that the overall cost and the
filtering quality depend on the number and the layout em-
placement of the SAFs installed in the industrial site. Indeed,
Sheebi et al. [37] have shown that adding one active filter
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FIGURE 32. THDis% after and before integrating SAF—Lf,2.

for a set of polluting loads results in more economical with
better filtration quality than coupling one active filter for each
polluting load. It is worth noting that the rated power of an
SAF is 30% of the polluting load.

F. POWER LOSSES CALCULATION USING MATLAB AND
PLECS PROGRAMS

The power losses of the ACHB-MLI structure controlled by
SMT-SHE vary among the HB modules due to the various
power contributions of each module. In the 3-module,17-level
ACHB-MLI structure proposed for the factory network, we
choose the IGBT device IKQ100N60TA with current and
voltage rating of 160 A and 600 V, respectively; it corresponds
to the 50 kVA protected load. Thus, the power loss calculation
of the entire 17-level ACHB-MLI structure can be calculated
based on the conduction and switching losses. It is worth
noting that the conduction losses are mainly caused by the
conduction resistance of both IGBT and its antiparallel diode,
while the switching losses depend on the thermal character-
istics of the IGBT device, as demonstrated in [39]. Based on
the specifications given by IGBT datasheet, the conduction
loss of the studied structure, using the MATLAB program, is
711.3 W; this value only represents the conduction losses and
does not include the switching losses.

In order to calculate both losses, this article proceeded to
model the dc/ac part of the overall structure using PLECS
program, which can be installed within MATLAB. The advan-
tage of PLECS software is the ability to calculate both power
losses, including the switching one, even for real power elec-
tronics’ components. As a result, conduction and switching
losses, given by PLECS, are 713 W and 4.7 W, respectively.
This result is in concordance with this obtained by MATLAB
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program, with an error ratio of 0.23%. Besides, one can ob-
serve the relatively low switching losses caused by switching
frequency corresponding to the fundamental frequency of the
grid.

It is important to emphasize that the maximum voltage
stress experienced by an IGBT device of the proposed struc-
ture is, in our case study, 200 V. Indeed, the applied voltage
levels on the first, second, and third HB modules are 200 V,
80V, and 40 V, respectively, for each phase. Additionally, the
IGBTSs’ devices of the three HB modules experience identical
current stresses of 105.5 A, which represents the maximum
value of the load current [2].

Vil. CONCLUSION

In this article, an advanced ac/dc/ac converter is proposed
for harmonic reduction at both ac sides. The ac load side
was conducted based on n modules of ACHB-MLI that are
commanded through a novel modulation approach called
SMT-SHE, whereas the ac-side structure was built using sim-
ple conventional rectifiers combined with only one SAF.

The proposed SMT-SHE modulation approach aims to
reduce the THD ratio of voltage, eliminate wide spe-
cific/predominant harmonic band at the load side, and com-
mand the output voltage amplitude, using a minimum number
of CHB modules with appropriate output voltage level and
lower industrial rating of the dc-side capacitors. The principle
and the mathematical algorithm of SMT-SHE were explained
in detail. First, for single-phase application, this combined
approach exhibits its effectiveness to provide an output/load
voltage closer to sinusoidal using the SMT technique, cal-
culate the suitable switching angles of the SHE algorithm,
eliminate the predefined harmonic rank, and control the fun-
damental component of the output inverter voltage using the
modulation index. Second, this algorithm was extended to
include the three-phase applications; the SMT-SHE approach
with switching angle limitation was defined to prevent the
simultaneous activation of two sequenced phases. This L-L
simultaneous command leads to generating negative and dc
components as well as even and zero harmonic ranks while
amplifying the conventional odd harmonics.

In this context, the simulation results of the SMT-SHE-
based ACHB-MLI showed a voltage harmonic distortion
reduction to 3.4514%, while minimizing the CHB module
number to 3, for an appropriate voltage level equal to 17.

Another challenge is to energize such an MLI structure
from the grid using a simple/conventional ac/dc rectifier
structure free of harmonics at the grid side. Therefore, a
combination of multiwinding transformers associated with the
conventional diode rectifier for each module per phase is set
up. In addition, to mitigate the harmonic impact of these
rectifiers on the grid, the SAF solution was introduced.

Furthermore, the proposed ac/dc/ac structure was tested and
validated within a real industrial network, where real mea-
surements were taken for the textile factory whose electrical
network model was proposed and validated. Then, the pro-
posed SMT-SHE-based ACHB-MLLI, including the SAF, was
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applied to an SL (textile machine: asynchronous motor drive)
with a nominal power rate of 50 kVA. In fact, any power in-
terruption of this load results in stopping the entire production
line. The real simulation results proved the effectiveness and
reliability of the proposed structure to significantly mitigate
the harmonic components at both ac sides with a minimum
number of load-side inverter modules and a noncomplicated
ac/dc structure, while guaranteeing industrial values of dc
bus capacitors. In this context, only 3 CHBs and 17 voltage
levels using the proposed SMT-SHE combined approach with
switching angle limitation allowed sinusoidal load voltage
with 3.45% of THD. Also, an almost total elimination of the
predominant/specific harmonics’ ranks [5th, 7th, 11th, 13th,
17th, 19th, 23rd, and 27th], including the undesired ones of
the SL, was achieved while limiting the dc bus capacitors’
values to 9.035 mF.

Finally, using a conventional full-bridge diode rectifier
combined with a three-phase SAF on the grid side, the THD
of the grid current was reduced from 13.58% to 2.38%—
1.74%, which corresponds to two suggested values of the
coupling/output filter of Ly = 0.4 mH and L;> = 0.8 mH,
respectively.
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