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Abstract: The current climatic scenario requires the use of innovative solutions to increase the
production of electricity from renewable energy sources. Multilevel Power Inverters are a promising
solution to improve the penetration of renewable energy sources into the electrical grid. Moreover,
the performance of MPIs is a function of the modulation strategy employed and of its features
(modulation index and switching frequency). This paper presents an extended and experimental
analysis of three-phase five-level Cascaded H-Bridges Multilevel Inverter performance in terms of
efficiency and harmonic content considering several MC PWM modulation strategies. In detail, the
CHBMI performance is analyzed by varying the modulation index and the switching frequency.
For control purposes, the NI System On Module sbRIO-9651 control board, a dedicated FPGA-
based control board for power electronics and drive applications programmable in the LabVIEW
environment, is used. The paper describes the modulation strategies implementation, the test bench
set-up, and the experimental investigations carried out. The results obtained in terms of Total
Harmonic Distorsion (THD) and efficiency are analyzed, compared, and discussed.

Keywords: multilevel power inverter; CHBMI; multicarrier PWM; sbRIO-9651; FPGA

1. Introduction

In the last decade, the interests of scientific, industrial, and political communities
focused on environmental issues, in particular on future catastrophic climate scenarios
currently foreseen with temperature increases of up to 2 °C [1,2]. Therefore, several efforts
of these communities to find new solutions to improve greenhouse gas reduction and
decarbonize of energy sources have been detected. In detail, the European Commission
launched the European Green Deal [3] that provides for a substantial reduction in polluting
emissions by 2050 with policies that encourage member states to adopt innovative and
advanced solutions. Many efforts of scientific and industrial communities have focused
on the research and development of innovative technologies to increase the penetration
of renewable sources into the production of electrical energy, trying to satisfy the goals of
sustainable development and energy savings. In detail, the power electronics technologies,
owing to their features and potentiality, play a fundamental role in this scenario.

At present, most applications of energy production from renewable sources employ
traditional two-level Voltage Source Inverters (VSIs) that present several operative limita-
tions for greater penetration of renewable energy sources into the electrical grid, such as
high harmonic content and control flexibility. Indeed, the main performance indicator of a
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power converter is the harmonic distortion in the output voltages. For this reason, in order
to evaluate the harmonic distortion of a VSI and its impact in different fields of applications,
several indices have been proposed in the literature, as discussed in [4]. Moreover, currently,
a new concept of the power conversion systems, called “Smart Inverters”, is developing,
in which inverters perform additional functions (e.g., self-governing, self-adapting, and
self-healing features), as reported in [5].

In this context, Multilevel Power Inverters (MPIs) are a promising solution since they
present, with respect to the traditional three-phase two-level inverters, reduced harmonic
content in the output voltages, lower voltage stress in the power components, and reduced
Electromagnetic Interference (EMI) [6,7]. Therefore, multilevel power inverters, because
of these features, represent a valid solution in many fields of application where high
performance is required [8-10].

According to [11,12], the MPIs can be classified into single DC source and multiple
DC sources. The classical single DC source multilevel inverters are Neutral-Point Clamped
(NPC), Flying Capacitor Inverter (FCI), and Modular Multilevel Converter (MMC). The
Cascaded H-Bridge Multilevel Inverter (CHHBMI) is a multiple DC sources type. Moreover,
there are new reduced switch count topologies that have a common objective of reducing the
number of the power components to increase the reliability of the converter. Nevertheless,
all of these topologies generally present higher hardware complexity and a lower or absent
modular feature.

Among classical and new topology structures of MPIs, the CHBMI stands out in
particular for its modular structure, high flexibility, and intrinsically fault-tolerant capa-
bility. Moreover, in many applications where the DC sources are naturally separated, e.g.,
Photovoltaic (PV) systems and vehicles propulsion, the CHBMI is particularly fascinating
since it allows easy expansion and reconfiguration of the PV plant or the battery package,
also in fault condition [13,14]. Furthermore, the CHBMI performance is a function of
the modulation strategy employed, especially regarding the efficiency and the harmonic
content in the output voltage and current waveforms [15,16]. Moreover, the modulation
strategy choice is also fundamental for the optimal and economic design of LCL filters,
especially for grid-connected applications [17].

The typical modulation strategies employed for CHBMI are the Multicarrier Pulse
Width Modulations (MC PWM) that are an evolution of conventional PWM modulation
strategies employed for traditional VSIs. In detail, the main features of these modulation
strategies are simple implementation in the common electronic devices (e.g., microcon-
trollers and FPGA systems) and control flexibility owing to the simple adaptation in
closed-loop controls. Moreover, the MC PWM schemes allow for obtaining a good re-
sponse in terms of the harmonic distribution in the frequency domain because the low
order harmonics are absent and significant harmonics start at the switching frequency.
Indeed, there are several kinds of MC PWM that present different behavior and impact on
CHBMI performance in terms of harmonic content and conversion efficiency. Furthermore,
advanced multicarrier PWM modulation strategies are proposed in the literature. By way
of example, in [18], a modified MC PWM scheme, based on the phase shifted as carrier
pattern, for a five-level three-phase CHBMI has been proposed. The authors aim is to
improve the lifetime and reliability by reducing the switching losses through clamped
modulation signals where each leg conducts switching operations at different frequencies.
Although a power loss reduction was demonstrated through experimental tests, a complete
analysis that takes into account the impacts on the harmonic distortion and conversion
efficiency, in different operation conditions, is missing. In [19], the authors propose a
modified level-shifted pulse width modulation to improve the fault-tolerant capabilities
of CHBMIL. In this case, the authors demonstrate that the proposed method allows for
balancing line voltage and currents in case of a fault of the converter. Nevertheless, the
impact of the proposed method in terms of harmonic distortion and efficiency is missing.
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In high power and medium-high voltage applications, low-switching frequency mod-
ulation schemes such as Selective Harmonic Elimination (SHE) and Selective Harmonic
Mitigation (SHM) algorithms are used to obtain high converter efficiency [20]. These algo-
rithms allow for elimination or mitigation of low-order voltage harmonics by using a set of
nonlinear transcendental equations systems, in which the order depends on the number of
converter voltage levels. In the literature, different approaches are proposed to overcome
and simplify the applications of the SHE and SHM algorithms [21-23]. Nevertheless, these
algorithms provide good performance when converter voltage levels are high, in which it
is possible to eliminate or mitigate a greater number of the harmonics. By changing point
of view, SHE and SHM algorithms are hardly used because of their high computational
costs; extensive electronic hardware resources are required for real-time implementation.

Another interesting method to drive a converter is the Space Vector PWM (SVPWM)
that, as well known, is particularly adapted in electric drives and traction applications.
The Space Vector PWM (SVPWM) strategies are widely adopted for good DC-link voltage
utilization, for flexibility in switching states selection, and for lower THD, as discussed
in [24]. According to [25], a novel SVPWM for an electrical drive system-based Permanent
Magnet Synchronous Machine (PMSM) fed by CHBMI has been proposed with the purpose
of reducing the computational complexity. The authors have demonstrated a significant
reduction of the switching losses, but the analysis does not account for the harmonic
distortion impact in the motor with the proposed method.

Although most of the contributions in the literature are focused on the study and
definition of new modulation schemes to improve the performance of multilevel convert-
ers, there are few comparative studies focused on multilevel converter performance as
a function of modulation technique and its parameters such as switching frequency and
dead-time, especially regarding the CHBMI circuit topology.

In [26], the authors study the main difference between space vector modulation and
carrier-based PWM modulation schemes by analyzing the output voltage harmonic content
of a five-level three-phase NPC inverter. Additionally, in this work, the study is focused on
the harmonic distortion while a comparison between the conversion efficiency in different
operation conditions is missing.

In [27], the energy performance of various types of voltage and current source inverters,
including multilevel inverters, is examined and the inverter efficiency is evaluated for fixed
switching frequency value as a function of output power or modulation index.

In [28], the authors compare the performance of a modular multilevel single-delta
bridge-cell (SDBC) inverter, for utility-scale grid-tied photovoltaic applications, in terms of
power-balancing capability and harmonic performance by using phase-shifted PWM and
level-shifted PWM. Additionally, in this case, the analysis was carried out for different load
conditions but without varying the switching frequency.

In [29], the authors present a new cascaded H-bridge multilevel inverter configuration
and its performance in terms of total harmonic distortion, distortion factor, and power
losses, which are analyzed as a function of the modulation index.

Some conference papers [30,31] address the effect of switching frequency on multilevel
inverter performance in terms of harmonic content, although not extensively and they do
not investigate the effects on inverter efficiency. In [32], CHBMI efficiency and voltage
waveforms THD are evaluated by varying the switching frequency for fixed amplitude
modulation index; only two MC PWM schemes are compared and the analysis is performed
in simulation. In [33,34], switching and conduction losses in CHBMI are analyzed, owing
to the implementation of a power loss model; SHE soft switching and LS-SPWM control
techniques are compared. In [35,36], the impact of CHBMI in powertrains is evaluated; in
detail, switching losses, torque ripple, and THD are evaluated by varying the number of
CHBMI levels per phase and the amplitude modulation index; PS PWM control technique
is chosen and the switching frequency is fixed.
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In [37], an advanced power loss model is developed; IGBT-based traditional inverter,
IGBT-based CHBMI and SiC MOSFET-based CHBMI are compared in order to evaluate
the impact of different inverter topologies and different fully controlled switching devices
technologies on electric vehicle performance and cost. Only the PS-PWM scheme is taken
into account and the switching frequency is fixed. In [38], the switching loss model is
developed, and LS PWM, PS PWM, and SHE control schemes are compared for fixed
switching frequency.

As can be seen, regarding the converter efficiency, several analyses have been carried
out on inverter losses and voltage THD; however, on a side, switching frequency is treated
as a fixed parameter, on the other, only a small number of PWM control strategies are taken
into account and compared for the same conditions. In addition, most of the cited works
are carried out only in the simulation environment.

In summary, it is possible to claim that the switching frequency effects in the harmonic
distortion and conversion efficiency have been rarely investigated and reported in the
literature. In particular, a detailed comparison among the commonly used MC PWM
schemes and their behavior, in terms of the conversion efficiency and harmonic distortion,
are missing in a unique work. Indeed, if on the one hand, the increase in the switching
frequency determines a shift in the voltage harmonic spectrum, with consequent advantages
in terms of power quality and sizing of the filtering system, then, on the other hand, it
determines a reduction in the inverter efficiency. In some grid-connected applications,
in order to reduce the impact of the grid-interface filter size, in terms of inductance
and capacitance, high switching frequencies are chosen to result in a reduction of the
conversion efficiency. Therefore, an extended performance analysis of multilevel inverters
as a function of switching frequency can be of considerable importance for identifying
optimal working conditions of the inverter, depending on the application, both in terms of
harmonic distortion and efficiency.

This paper aims to perform an extended and experimental analysis of a three-phase
five-level CHBMI performance in terms of efficiency and harmonic content when ten MC
PWM modulation strategies are employed. In detail, three different carrier dispositions,
one phase-shifted and one suppressed carrier arrangement modulation strategies have been
considered, and, for each one, the sinusoidal and switching frequency optimal modulation
signals have been employed. Moreover, in this analysis, the CHBMI performances are
evaluated by varying, for each modulation strategy, the modulation index and the switching
frequency. The implementation of the modulation strategies and, therefore, the control of
CHBMI are carried out on NI System On Module sbRIO-9651 (SOM sbRIO-9651) that is a
control board designed and distributed for power electronics and drive control applications.
This control board presents an FPGA control unit and a real-time processor that can be
programmed separately with consequent benefits in terms of control flexibility. Moreover,
the SOM sbRIO-9651 can be programmed in the LabVIEW environment with the benefits
of graphical language [39]. Therefore, the results obtained can be usefully employed for the
optimal choice of modulation strategy of CHBMI according to the application requirements.

The paper consists of the following sections: Section 2 presents the MC PWM modula-
tion strategies considered and their main features; Section 3 describes the implementation
on the SOM sbRIO-9651 control board and computational cost analysis; Section 4 presents
the test bench set-up and the CHBMI prototype analyzed; Section 5 presents the experi-
mental investigations carried out and the results obtained.

2. Overview of Multicarrier PWM Schemes for Three-Phase Five-Level CHBMI

In this section, a brief description and comparison of the main multicarrier PWM
schemes considered in this work are reported. In detail, the comparison is carried out by
taking into account the harmonic distribution in function of the switching frequency, the DC
power absorption among the voltage levels, and the implementation resources required.

In detail, the circuit diagram of a three-phase five-level CHBMI is shown in Figure 1.
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Figure 1. Circuit diagram of a three-phase five-level CHB.

As shown in Figure 1, a three-phase five-level CHBMI converter is composed of six
H-bridge modules that can be easily changed in case of a fault. Moreover, in the case of a
fault of a power component or an H-bridge module inside a leg of the converter, the CHBMI
can be reconfigured to work with reduced voltage, thus maintaining continuous operation.

Generally, the performance of the converter depends by the modulation schemes in
terms of harmonic distortion. In particular, Multi-Carrier Pulse Width Modulations (MC
PWM) are commonly used in many fields of applications due to the simple implementation
in the common electronic devices (microcontroller or FPGA) and the good response in
terms of the harmonic content that allows for easy voltage and current filtering. Moreover,
owing to the new technologies of the power components that allow increasing the operation
speeds, the MC PWM is attracting growing interest in industrial applications.

According to [11], the MC PWM can be classified in Carrier Disposition (CD) scheme
and Phase Shifted (PS) scheme. Generally, these modulation strategies represent an evolu-
tion of the classical PWM scheme for three-phase three or two-level converters in which are
present modulations and carrier signals. In particular, by comparing in real-time modula-
tion signal and carrier signal, the gate commands are generated for each power component.

The CD schemes, called also level shifted modulations, are composed with a number
of the carrier signals n¢ cp equal to:

ncep =np—1 1)

where n; is the number of the voltage levels of the converter. Thus, for a five-level converter,
a CD scheme is composed of four carrier signals. In the CD scheme, the four carrier signals
present the same time variable profile, with identical peak-to-peak amplitude, but are
amplitude-shifted with a nonzero average value and the phase among the carrier signals
can be equal to 0 or £

In the phase disposition function among the carrier signals, there are three types of
CD modulation schemes:

e  Phase Disposition (PD);
e  Phase Opposition Disposition (POD);
e  Alternative Phase Opposition Disposition (APOD).
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In the PD scheme, all carrier signals have the same phase. In the POD scheme, the
carrier signals have the same phase, two by two. In the APOD scheme, all carrier signals are
in phase-opposition. The carrier patterns CD-based in a period of the modulation signals
are shown in Figure 2.

1 1 ‘ / 1
0.5 \ / A A A A /A\ /\\ / 0.5 /\ A A /\ /\ A JANEAN 0.5 \ /\ /\ /\ /\ /\ /\ /\ /
\ / /\ N /N SN/ /N [\ ) \ /N /N /N SN N \ \ /N /N /N /N SN N \
NSNS NSNS NSNS NN / / /N / /N /N / / \ /N / / / N\ /
\ / \ / \ / \ / \/ \/ \ / / \ / \ / \ / \/ \ / \ / \\/ \ \ / \ / \ / \ / N/ \/ / \ /
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-0.5 -0.5 -0.5
1 ! . . -1 . . .
0 2 s 3m/2 2 0 /2 m 37/2 2T 0 /2 m 37/2 27
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Figure 2. Carrier patterns: (a) Phase Disposition—PD; (b) Phase Opposition Disposition—POD;
(c) Alternative Phase Opposition Disposition—APOD.

In terms of the harmonic distribution in the frequency domain, the CD schemes present
similar harmonic distribution in which the harmonics are centered at the switching fre-
quency and integer multiplies, similar to a traditional two- or three-level inverter. Moreover,
the commutations number is limited because each H-bridge works in an alternative way
and the DC power absorption is not uniform among the voltage levels.

The PS scheme is composed of a number of the carrier signals nc ps equal to:

ny — 1
neps =~ ()

that is half of the CD schemes. Moreover, the carrier signals in the PS scheme present the
same peak-to-peak amplitude, an average value equal to zero, and the carrier signals are

shifted of an angle given by:
(1—1)-180

o= —— ®)

where i is the ith H-bridge and N is the number of the H-bridges cascaded connected. Thus,
for a three-phase five-level CHBMI, the PS scheme is composed of two carrier signals that
are shifted by an angle equal to 90°. The carrier pattern PS-based is shown in Figure 3a.

I I I 1
0.571] ,‘“\ 0.5
OF VIV UV VYT 0
U
-057‘““‘ “‘\‘“‘ ‘H““‘ “w““ “H‘( \““ “\‘“‘ ‘H““ “\ ‘05
T Y Y T T T T
) 1 1 | N
0 /2 T 37/2 27

(a)

Figure 3. Carrier pattern: (a) Phase Shifted—PS; (b) Suppressed Carrier Arrangement
Modulation—SCAMOD.
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It should be noted that with PS modulation each H-bridge works similar to a classical
tree-level single-phase inverter. In this way, each H-bridge module absorbs the same DC
power from the sources and the commutations number in each PWM period is four times
the commutations number of CD schemes. Therefore, a shifted harmonic distribution
towards the high frequency is expected with respect to the CD schemes and, in particular,
the first voltage harmonics are centered at a frequency equal to:

fn=(—1)few 4)

where fg;, is the switching frequency. Thus, by using the PS scheme the converter works
with a virtual frequency f;, that depends on the voltage levels #;. In detail, for a five-level
three-phase CHBMI, the first voltage harmonics are centered at a frequency four times
that of the switching frequency. Nevertheless, a major commutations number generates an
increase of the switching losses.

A hybrid modulation scheme is called Suppressed Carried Arrangement Modulation
(SCAMOD). As described in [40,41], the SCAMOD is carried out by using the same concept
of the level-shifted schemes, and the converter is controlled the same as in the PS scheme.
The number of the carrier signals is the same as the PS scheme and the modulation pattern
is made similar to a phase disposition scheme. Thus, for a three-phase five-level, the
SCAMOD pattern is composed of two carrier signals with the same phase and the same
peak-to-peak amplitude but are amplitude-shifted with a non-zero average value. The
carrier pattern PS-based is shown in Figure 3b.

In terms of the harmonic distribution in the frequency domain, the SCAMOD present
an intermediate behavior between CD and PS carrier patterns. In particular, the first voltage
harmonics are centered at a frequency equal to:

fu = W (5)

that is half of the PS scheme. Moreover, the SCAMOD scheme allows for uniforming
the DC power absorption between the sources such as the PS scheme. Furthermore, the
performance of the converter is affected by the waveform of the modulation signals. In
detail, the common waveform modulation signals are sinusoidal and Switching Frequency
Optimal (SFO) as shown in Figure 4a,b, respectively. The first is commonly used in grid-
connected applications and the second is commonly used in electrical drive applications.

|

0.5

T 37/2 27 0 7/2 T 37/2 27
(a) (b)

Figure 4. Modulation signals with modulation index equal to 1: (a) sinusoidal; (b) Switching
Frequency Optimal—SFO.
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The SFO modulation signals for three-phase converters can be expressed as:

Vg = Ua — Oof fset
Z)Z = Up = Uoffset (6)
v =0 — Ooffset

where v;, v}, and v, are the sinusoidal modulation signals, and vyg,; is an offset signal
determined as:
max(vg, vp, vc) + min(v,, vy, vc)
Uoffset = ) . 7)

In detail, the vyg,; is a signal with a triangle waveform and a frequency equal to three
times the fundamental voltage harmonic.

According to [42], the SFO modulation signals allow for obtaining the same overall
harmonic content of a Space Vector PWM (S§V PWM) and the modulation index can be
extended up to 1.15.

As previously described, this work aims to analyze the performance of the converter
with the commonly used MC PWM schemes. Thus, the CD-based modulation schemes
adopted and tested in this work follow:

Sinusoidal Phase Disposition—SPD (Figure 5a);

Sinusoidal Phase Opposition Disposition—SPOD (Figure 5b);

Sinusoidal Alternative Phase Opposition Disposition—SAPOD (Figure 5c);
Switching Frequency Optimal Disposition—SFOPD (Figure 5d);

Switching Frequency Optimal Phase Opposition Disposition—SFOPOD (Figure 5e);
Switching Frequency Optimal Alternative Phase Opposition Disposition—
SFOAPOD (Figure 5f).

Trios @2
;

0 /2 T 37/2 2w

05,
of
0.5
0 /2 T 37/2 27 0 /2 T 37/2 2 0 /2 T 37/2 2w
(d) (e) ®

Figure 5. Carrier-disposition-based modulation schemes: (a) Sinusoidal Phase Disposition—SPD;
(b) Sinusoidal Phase Opposition Disposition—SPOD; (c) Sinusoidal Alternative Phase Opposition
Disposition—SAPOD; (d) Switching Frequency Optimal Phase Disposition—SFOPD; (e) Switching
Frequency Optimal Phase Opposition Disposition—SFOPOD; (f) Switching Frequency Optimal
Alternative Phase Opposition Disposition—SFOAPOD.
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The PS-based and SCAMOD-based modulation schemes tested and considered in this
work follow:

Sinusoidal Phase Shifted—SPS (Figure 6a);

Sinusoidal Suppressed Carried Arrangement Modulation—SCAMOD (Figure 6b);
Switching Frequency Optimal Alternative Phase Shifted—SFOPS (Figure 6¢);
Switching Frequency Optimal Suppressed Carried Arrangement Modulation—
SFOSCAMOD (Figure 6d).

Figure 6. Carrier-disposition-based modulation schemes: (a) Sinusoidal Phase Shifted—SPS;
(b) Sinusoidal Suppressed Carrier Arrangement Modulation—SCAMOD; (c) Switching Frequency
Optimal Phase Shifted—SFOPS; (d) Switching Frequency Optimal Suppressed Carrier Arrangement
Modulation—SFOSCAMOD.

In the next section, a brief discussion regarding implementation issues and improve-
ments to obtain high performance with minimal hardware resources is presented.

3. Control Software Design and MC PWM Implementation

All the techniques described in the previous section were implemented on a sbRIO
9651 System on Module (SOM). The controller consists of two different units: an ARM
Cortex-A9 processor, used for real-time process management, and an Artix-7 FPGA unit,
used for high-frequency control. Both units can be programmed individually, choosing the
desired target in the LabVIEW project [39]. Furthermore, the sbRIO 9651 SOM is equipped
with some peripherals that allow an easy and user-friendly approach to the realization
of Power Electronics and Drive applications (PED) control. Commercially, this system is
called a PED-board. The PED-board main features are summarized in Table 1.
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Table 1. The sbRIO Module and PED-board main features.

Type Xilinx Zynq-7000, XC7z020 All Programmable SoC
P Architecture ARM Cortex-A9
rocessor Speed 667 MHz
Cores 2
Type Xilinx Zynq-7000, XC7z020 All Programmable SoC
No. of Logic Cells 85,000
Reconfigurable FPGA No. of flip-flops 106,400
No. of LUTs 53,200
No. of DSP slices 220
30x
PWM Channels - 0-5Vor0-15 V selectable voltage
2x
- Simultaneous Sampling
14 bit ADC, 8 Channels - 1.45 us conversion time
- Differential inputs
- —5-+5V or 0-10 V configurable inputs
1x
10 bit ADC, 8 Channels - Up to 200 kS/s
- 0-5 Vinputs
PED Board . 1x
Features 12 bit DAC, 4 Channels R 10 ps settling time
1x
- Fully configurable electrical interface
Resolver Interface 5 i
- peed and position Measurement
- Resolver fault detection
46x
- Hall-effect position sensors interface
Digital 1/0 3.3 V standard ) Encoder interface
- Relay control
- Additional PWM
- General purpose I/O
1x RS485
Ethernet - Isolated transceiver

- Half-duplex and full-duplex communication

To highlight the improvement brought to the new implementation of the control
approach with respect to that carried out in the previous work [40], the last one here is
briefly summarized. In the FPGA target, a Flat Sequence Structure (FSS) with two frames is
placed. In the first frame, the initialization of PWM 1/O nodes is implemented, placing in
there the PWM I/0O Driver. The second frame contains the control itself; in particular, two
structures are placed there: a Timed Loop (TL) and a While Loop (WL).

Into the TL, the generation of carrier signals is carried out by four up—down counters;
the arrangement of the carriers can be set by the user, acting on the counter parameters,
i.e., the initial value of counting, maximum value, minimum value, and counting direction.
PWM signal generation is carried out by the comparison of carriers and modulating signals
by relational operators. In TL, a reset counter is also placed that generates an Aux Clock and,
subsequently, the operations in WL are enabled. TL operations are executed at a 120 MHz
clock, while operations in WL are executed at a clock frequency that is a function of desired
modulating signal frequency. The generation of the modulating signals is realized in the WL.
In particular, three reset counters (one for each phase) are used to extract elements by a pre-
allocated vector of 1000 elements, representing one sinewave signal period. Subsequently,
the sinewave amplitude is matched with the carriers” amplitude and, if required, SFO
modulating signals are generated.
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In [40], the entire control algorithm has been implemented on the FPGA target only,
including all operations related to the carrier’s parameter calculation, for fixed control
strategy and the carrier’s frequency. This kind of operation is implemented as single
precision floating point data; thus, on one hand, a high computational cost is required,
on the other hand, this kind of operation could be performed with a very low clock
frequency or, at the most, only once. Based on these considerations, all operations for the
aux parameter calculation were moved from the FPGA target to the Real-Time Target (RTT).
Therefore, the FPGA target contains only the control main structure, and it is completed by
the complementary operations executed in RTT. In particular, in RTT, another two-frame
FSS is placed. The first frame contains all operations to be executed only once, i.e., dead-
time conversion from seconds to clock ticks and the carrier’s parameter calculations. To
realize parameter calculation, the MathScript Node is used: it allows for implementing
operations with a textual language instead of linking blocks. Parameter calculation is
generalized; for each carrier arrangement, introducing an Overlap Factor k, owing to the
Carrier Overlap PWM (CO-PWM), can be realized. In this work, k is constantly set to 0;
thus, no carrier overlap is realized.

The second frame contains the timed loop that addresses the signals exchanged with
the FPGA target and the signal monitoring. The LabVIEW FPGA and real-time block
diagrams are synthesized in Figure 7.

Flat =
Sequence MathSeript Node l I I | I I @ LabVIEW Timed Loop
Structure Main Clock | Real Time

I Overlap Factor k I- I Tnit Value I _ Up-Down Counters for

Carriers Replication
Mod-A
[ ovctioe |y ModB

‘ Frequency /\/\/\
Mod-C

=—u AVAVA

Arrangement Tri-1
Counting Tri-2

Direction l
Si/SFO Tri4 -I .MM, I
Scope

I Dead time [s] || =) I Dead Time [Ticks] I

Data
-
Timed L
E LabVIEW Up-Down Counters for fmec Loop
Main Clock FPGA Carriers Generation

While Loop

Figure 7. FPGA and real-time block diagram synthesis.
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The user interface is developed in the real-time target front panel and is shown
in Figure 8. There, carrier signals, modulating signals, and relative parameters can be
monitored; modulation index amplitude m,, switching frequency fs», and modulating
signals frequency f, can be set by the user, owing to the relative sliders; desired carriers
arrangement can be set, introducing in the text box the relative symbol (PD, POD, APOD,
SCA, PS). The enable button allows for setting the PWM outputs to zero value.

Page Indicator Enable N Nfs2 Nfs3 Nfed
Exc_Time 59 = e o 3000 3000 2000 3000
Tk MAINIHz e Time [us] Arrangement N Init_valuel  Init_value?  Init_value3 Init_valued
1z [ ,\D]E;:“'”E[SI PS \“. \ 0] ~3000 3000 0
gain BcTime [Teks @bk % | J N N2 NfE N
3125 ED [Ticks @120 MHz] ?‘T‘TDVSTZT "\ =/ -3000 -3000 -3000 ~3000
i B> N ,,-/ 0-180_1 0-180.2 01803  0-1804
Mod FreqlHz]  m_s £ Carriers [Hz]  Overlapp_k = ~ -
200- 1- 100000~ 0,5- Mod Moda [N
190 D,QSEI 95000 0482 e . "= ]
1802 09: 90000% 4 ) /

T?Dé D,sf'é EiDDD;
1602 08: 80000°
1502 0751 75000

Amplitude

140 07 70000
1307 0652 ESDDDE
‘ZDE Drﬂé annnné
“Dé '3-55§ 550005
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% 05 45000
2 04z 400002

25000-
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250001
lDDDDé
15DDDE

E - 100002
mE D'DSE 5000{.
0- 0- 1000°

y Al A A O Y T O Y]
e 709 o 10000 o0 0 20000 40000 60000 8000D 100000

N_fs_port Frequency Counter
2400

Figure 8. Front panel user interface in the case of phase-shifted as the carriers pattern and sinusoidal
waveforms as modulation signals.

Owing to the RT and FPGA target coordination, the control algorithm computational
cost is drastically reduced.

Table 2 reports the computational cost comparison obtained with the control algorithm
implementation on the FPGA target [40] and the proposed control algorithm implemen-
tation on FPGA and real-time targets. It can be noted that the number of total slices in
percentage used is reduced from 88.5% to 38.2%; thus, a drastic reduction of FPGA resources
is obtained.

Table 2. Comparison of the control algorithm computational costs.

Device Utilization Available Resources FPGA Only (%) FPGA + RT (%)
Total slices 13,300 88.5 38.2
Slice registers 106,400 319 12.4
Slice LUTs 53,200 729 27.8
Block RAMs 140 5 5
DSP48s 220 7.7 2.7

Concerning the control complexity, once the main structure operating principles are
known, the control realization is extremely easy; in detail, an interesting way to simplify
the programming workflow is to create Sub-VI-containing structures that are often repeated
along with the code, such as the up—down counters for generation of the carriers and the
dead-time generators. By way of an example, in Figure 9, the front panel in FPGA target is
presented: the structure of the up—down counter is presented in the red square, while the
dead-time generation structure is in the green square.
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Figure 9. Block diagram of FPGA target including generation of carriers, modulating signals, and
PWM signal.

This programming approach is modular, so that all of the LabVIEW structures and
SubVIs can be reused to implement the control of any kind of inverter.

It is interesting to make a comparison between the three-phase five-level CHBMI
(3P5L CHBMI) and traditional Three-Phase Two-Level Inverter (3P2L Inverter) control
complexity. The difference between the two control programs lies in the number of up—
down counters and dead-time generators required: in the 3P5L. CHBMI four counters and
twelve dead-time generators are required, while in the 3P2L Inverter one counter and three
dead-time generators are required. Regardless, since both these structures are implemented
using Boolean or long-int 32-bits signals, the number of structures used does not drastically
change the required control computational cost.

4. Measurement Test Bench

The experimental investigations were carried out on a CHBMI H-bridge prototype
present at SDESLAB (Sustainable Development and Energy Saving Laboratory) of the
University of Palermo. In detail, the CHBMI prototype is a MOSFET-based six-power H-
bridge (DigiPower s.r.l., model IRFB4115Pbf) whose technical data are reported in Table 3.
Six DC power supply RSP-2400 units with 48 V, whose technical data are reported in Table 4,
were used to power each CHBMI H-bridge.
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Table 3. CHBMI MOSFET IRFB4115PBF technical data.

Quantity Symbol Value
Voltage Vss 150 V
Resistance Rason 9.3 mQ)
Current Ip 104 A
Turn on delay Tpon 18 ns
Rise time Tr 73 ns
Turn off delay Tpost 41 ns
Fall time Tg 39 ns
Reversal Recovery Trr 86 ns

Table 4. DC power supply RSP-2400 technical data.

Quantity Symbol Value
Rated output voltage Vout 48V
Rated output current Tout 50 A

Rated power Py 2400 W
Ripple AV 200 mVpp
Input voltage range Vin 180~264 VAC
Power factor CcosQ 0.95
Efficiency n 91.5%
Input current Lin 12 A

To investigate the CHBMI performance with fixed load power factor, three constantan
rheostats and a three-phase inductive load with resistance equal to 20 (2 and inductance
equal to 3 mH are employed, respectively. Since the CHBMI input electrical quantities have
a continuous waveform, the CHBMI active input power is measured by two three-phase
Yokogawa power meters models WT130 and WT330, respectively. More attention was
paid to the measurement of CHBMI output active power since the modulation strategies
considered introduce non-negligible voltage and current harmonic components. In de-
tail, only the combination of current and voltage harmonic isofrequential components
contributes to the generation of active power. Therefore, the CHBMI voltage and current
output quantities are sensed by the use of two Yokogawa 700924 voltage differential probes
and the use of two Yokogawa 701933 current probes, respectively, and acquired by the use
of Teledyne LeCroy WaveRunner 640Zi oscilloscope. Since the international standards IEC
61800-9-1 [43] and IEC 61800-9-2 [44] for accurate active power measurement prescribe
a measurement bandwidth ranging from 0 to 10 times of the switching frequency f; for
traditional two-level inverters, a sampling frequency equal to 10 MS/s is chosen. In detail,
this choice allows for performing an accurate analysis in the frequency domain of electrical
quantities and accurate CHBMI output power measurement with switching frequency
values up to 1 MHz. A schematic representation and a picture of the test bench are shown
in Figures 10 and 11, respectively.
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Teledyne LeCroy DC power supply RSP- 2400

Voltage probes
Yokogawa 700924

@

Current probes
Yokogawa
701933

Electric load Electric load
rheostats 20 Q inductances 3 mH

Figure 10. Schematic representation of the test bench.

Figure 11. Test bench.
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5. Experimental Results and Discussions

This section is devoted to the presentation of the experimental results obtained in this
work by using all modulation schemes discussed in Section 2. This work aims to evaluate
the switching frequency effects in the harmonic distortion of the output voltages and the
conversion efficiency. In detail, the experimental tests are conducted by supplying the
RL load for different values of the AC output power, by changing the modulation index,
and for different values of the switching frequency. Table 5 summarizes the main electric
quantities of the converter system and highlights the switching frequency and modulation
index variation ranges.

Table 5. Main electric quantities of the converter system.

Quantity Symbol Value
DC voltage Vbe 48V
Fundamental frequency f 50 Hz
Switching frequency fow 10-70 kHz
Modulation index M 0.3-1.15
Dead-time dt 1us

In detail, seven different switching frequency values from 10 to 70 kHz, with a step
of 10 kHz, and four different index modulation values equal to 0.3, 0.6, 0.1, and 1.15 are
considered in the experimental investigations.

As described in Section 4, the DC and AC electrical quantities are acquired and
subsequently elaborated to evaluate voltage THD% and conversion efficiency.

Figures 12 and 13 show, for each modulation schemes taken into account in this work,
the phase voltages (yellow and red curves in the first grid), line currents (blue and green
curves in the first grid), and corresponding voltage harmonic distribution in the frequency
domain (blue bar graph in the second grid) for phase A and B of the system, respectively. In
detail, in Figure 12 the acquisitions are carried out for a modulation index equal to 0.9 and
a switching frequency equal to 10 kHz. Moreover, the voltage scale is set to 100 V /div and
10 ms/div, the current scale is set to 5 A/div, and the harmonic spectra in the frequency
domain is set to 10 V/div and 20 kHz/div.

It should be noted that for the CD-based schemes, shown in Figure 12a—f, the first
harmonics are centered at the switching frequency, equal to 10 kHz in this case, and the
more significant harmonics are up to four times the switching frequency equal to 50 kHz.

The PS-based schemes, shown in Figure 12g,h, present a harmonic spectrum in which
the first harmonics are centered at four times the switching frequency, equal to 40 kHz
in this case, and the more significative harmonics are up to sixteen times the switching
frequency equal to 160 kHz. Instead, the SCAMOD-based schemes, shown in Figure 12i,j,
present an intermediate behavior between CD-based and PS-based schemes. In particular,
the first harmonics are centered at two times the switching frequency, equal to 20 kHz in
this case, and more significative harmonics are up to eight times the switching frequency
equal to 80 kHz.

Figure 13 shows the same electric quantities of Figure 12 with the same settings
but for a switching frequency equal to 40 kHz. By analyzing Figure 13, it is possible to
observe that the same phenomena, previously described, is also observed in this case. Thus,
these results confirm that each modulation scheme presents the same response in terms of
the harmonics distribution in the frequency domain for different values of the switching
frequency. Moreover, it is possible to demonstrate the effectiveness of the control algorithm
implemented, as described in Section 3.

In addition, the knowledge of the exactly harmonics distribution in the frequency
domain and their entity toward high-frequency spectra allows for accurately designing the
filter system.

The harmonic distortion analysis and the evaluation of the conversion efficiency are
reported in the following two subsections.
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Figure 12. Real-time acquisition at switching frequency equal to 10 kHz of the phase voltages,

line currents, and corresponding harmonic spectra in the frequency domain of the modulation
schemes: (a) SPD; (b) SFOPD; (c) SPOD; (d) SFO POD; (e) SAPOD; (f) SFOAPOD; (g) SPS; (h) SFOPS;
(i) SCAMOD; (j) SFO SCAMOD.
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line currents, and corresponding harmonic spectra in the frequency domain of the modulation
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(i) SCAMOD; (j) SFO SCAMOD.
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5.1. Harmonic Distortion Analysis

To investigate the performance of the converter in terms of the harmonic distortion,
the Total Harmonic Distortion (THD%) index [4] is used as comparing tool and expressed
in percent as

Y V2
THD% = | "=2,—-100 8)
Vl

where V), is the generic voltage harmonic and V; is the fundamental voltage harmonic.
As described in Section 4, by using a sampling frequency equal to 10 MS/s in the THD%
evaluation, the harmonics up to 5 MHz are considered, according to the Shannon theory.

Figures 14-16 show the THD% and first voltage harmonic trends as a function of the
modulation index and for switching frequency from 10 to 70 kHz, obtained with CD-based
schemes (PD, POD, and APOD) with sinusoidal and SFO modulation signals.

It is interesting to observe that the switching frequency effects are more evident for
lower values of the modulation index, which generates a low increase of the THD%. More-
over, the fundamental amplitude appreciable variations are not detected in the switching
frequency variation. Thus, it is possible to claim that CR-based schemes do not provide
harmonic distortion significant variations to the switching frequency variation.

The THD% and first voltage harmonic trends obtained with PS-based schemes with
sinusoidal and SFO modulation signals are illustrated in Figure 17. In this case, an enhanced
increase of the THD% trend and, in particular, for lower values of the modulation index, is
observed. In detail, for a modulation index equal to 0.6, the THD% varies from about 28%
at 10 kHz to approximately 60% at 70 kHz by using SPS modulation.
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Figure 14. Experimental THD% and fundamental amplitude trends of SPD and SFOPD schemes.
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Figure 17. Experimental THD% and fundamental amplitude trends of SPS and SFOPS schemes.

In the case of SFOPS, the THD% varies from about 34% at 10 kHz to approximately 77%
at 70 kHz for the same value of the modulation index. For higher values of the modulation
index, which correspond to higher values of AC output power, the switching frequency
effects on the THD% values are significantly reduced.

By analyzing first voltage harmonic trends, for both SPS and SFOPS schemes a re-
duction of the voltage amplitude as the switching frequency increases is observed, which
is more evident for lower values of the modulation index. By taking into account the
expression (8), the reduction of the first voltage harmonic as the switching frequency in-
crease explains the higher values of the THD%. The reduction of the first voltage harmonic
is due to the high virtual switching frequency of the PS schemes and by the presence of
the dead-time in the gate signals. In detail, by increasing the switching frequency, the
time-width of the gate signals is reduced and becomes similar to the dead-time. Thus, this
phenomenon generates the cancellation of some gate signals and the increasing overall
distortion with respect to the ideal gate signals without dead-time.

Figure 18 shows the THD% and first voltage harmonic trends as a function of the
modulation index and for switching frequency ranging from 10 to 70 kHz, obtained with
SCAMOD-based schemes with sinusoidal and SFO modulation signals, respectively. In
this case, a lower increase of the THD% values and a lower decrease of the first voltage
harmonic values emerge as the switching frequency increases with respect to the SPS and
SFOPS schemes. It should be noted that SCAMOD-based schemes are affected by the same
phenomenon as the PS-based schemes but in a more contained way.

Another interesting consideration concerns the comparison between sinusoidal and
SFO schemes as modulation signals with the same carrier pattern. In particular, it is
observed that the sinusoidal-based schemes present lower values of the THD% in all
cases examined.
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Figure 18. Experimental THD% and fundamental amplitude trends of SCAMOD and
SFOSCAMOD schemes.

Figure 19 shows the switching frequency effects on the THD% among MC PWM
schemes under test as a function of the switching frequency and for fixed modulation index.
In detail, it is interesting to observe the THD% trends in the case of modulation index
equal to 0.6, where the converter works with five voltage levels. The PS-based schemes
show a significant increase of the THD% values as the switching frequency increases and a
similar phenomenon can be observed with SCAMOD-based schemes. Instead, CD-based
schemes show a constant trend as the switching frequency increases and lower values
are obtained with the SFOPD scheme. For higher values of the modulation index, all
THD% values present a constant trend as the switching frequency increases among the
schemes considered.

To complete the voltage waveforms harmonic analysis, in Table 6 some waveform
features are summarized; in detail, the number of phase voltage and line-to-line voltage
levels, the amplitude of the phase voltage, and the harmonic order with the maximum
harmonic amplitude are presented. It is interesting to note that these features depend
on the modulation scheme and modulating signals chosen, but they are not affected
by the switching frequency, while the amplitude of each harmonic can depend on the
switching frequency.
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Figure 19. Experimental comparison of THD% trends as a function of the switching frequency among
the schemes under test.

Table 6. Voltage waveform features.

Harmonic Order with  Number of Phase Number of Line Amplitude of Van,  Amplitude of Vay,

Type Maximum Harmonic Voltage V,N to Line Voltage Sinusoidal SFO Modulating
Amplitude Levels Va1, Levels Modulating Signals Signals
PD mf 5 9 7/3 VDC 7/3 VDC
POD mg 5 9 7/3 Vpc 8/3 Vpc
APOD mg 5 9 2Vpc 8/3 Vpc
PS 4mf 5 9 2 VDC 8/3 VDC
SCAMOD 2my 5 9 2Vpc 8/3 Vpc

5.2. Conversion Efficiency Analysis

The second quantity analyzed and used for converter performance comparison pur-
pose is the conversion efficiency 77 expressed in percent as:

Pyc
="

Y. Ppc,i
i—1

1100 )

where P4 is the AC output power, Ppc; is the ith DC input power of the corresponding
H-bridge, and npyp is the H-bridge overall number of the converter.

Figures 20-22 show the conversion efficiency trends as a function of the modulation
index and for switching frequency values from 10 to 70 kHz, obtained with CD-based
schemes (PD, POD, and APOD) with sinusoidal and SFO modulation signals, respectively.



Energies 2022, 15, 586

24 of 29

100

1 [%]

80
0.

SPD

—6—10kHz
—6—20kHz| -
30kHz
—6—40kHz| -
—60—50kHz
—6—60kHz|
—6—70kHz

3 0.6 0.9 1.15
Modulation index

SFOPD

86
84
82

—0— 10kHz
—6—20kHz|

30kHz
—6—40kHz| 1
—0—50kHz
—6—60kHz| 1
—6—70kHz

80
03

0.6 0.9 1.15
Modulation index

Figure 20. Experimental conversion efficiency trends of SPD and SFOPD schemes.

SPOD
100 ;
95
90
’_o\ i
= 85
=
80 ——10kHz| |
——20kHz
30kHz
——40kHz
75 —o—50kHz| ]
—6—60kHz
——70kHz
70 : :
0.3 0.6 0.9 1.15

Modulation index

100

95+

90 1

4
4

857

80

75

SFOPOD

—6—10kHz| |
—6—20kHz

30kHz
—0—40kHz
—6—50kHz|
—6—60kHz
——70kHz

70
0.3

0.6 0.9 1.15
Modulation index

Figure 21. Experimental conversion efficiency trends of SPOD and SFOPOD schemes.

As shown in Figures 20-22, the increase of the switching frequency generates a re-
duction of the conversion efficiency, which is further reduced as the modulation index
decreases. This phenomenon is mainly due to the increase of the commutations number
that generates an increase of the switching losses. Indeed, for higher values of the modu-
lation index, which correspond to higher values of the AC output power, the conduction
losses are predominant, and, for this reason, switching frequency effects on the conversion
efficiency are reduced.

Another interesting consideration concerns the impact of the modulation signals in
the scheme. In detail, by using SFO as modulation signals an increase of the efficiency for
lower values of the switching frequency, is observed in all cases of the CD-based schemes.
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Figure 22. Experimental conversion efficiency trends of SAPOD and SFOAPOD schemes.

Figure 23 shows the conversion efficiency trends as a function of the modulation index
and for switching frequency values from 10 to 70 kHz, obtained with a PS-based scheme
with sinusoidal and SFO modulation signals, respectively.

SPS SFOPS
100 T 100 : ‘
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Figure 23. Experimental conversion efficiency trends of SPS and SFOPS schemes.

In the case of the PS-based scheme, the switching frequency effects are highlighted to
the CD-base schemes. Moreover, for lower values of the modulation index, the reduction
of the converter efficiency is about 25%. Regardless, the same behavior emerges for the
CD-based schemes for higher values of the modulation index. Moreover, also, in this case,
the use of the SFO as modulation signals allows for increasing the efficiency values for
lower values of the switching frequency.

In the last case studied, SCAMOD-based schemes and the corresponding efficiency
trends as a function of the modulation index and for different values of the switching
frequency are shown in Figure 24.
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Figure 24. Experimental conversion efficiency trends of SCAMOD and SFOSCAMOD schemes.

Additionally, the efficiency trends of the SCAMOD-based schemes are affected by the
switching frequency effects. In detail, a reduction of the conversion efficiency has been
observed as the switching frequency increases. Moreover, in the SCAMOD-based schemes,
the SFO modulation signals do not generate any effects on the efficiency values.

Figure 25 shows the comparison among modulation schemes with the same modulation
signal as a function of the switching frequency and for different values of modulation index.
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Figure 25. Comparison of the efficiency trend among modulation schemes with the same modulation signal.

It is interesting to observe that through the analysis of Figure 25 the switching fre-
quency effects are more evident. In particular, for modulation index values less than 0.5, the
converter works with three voltage levels. Thus, in these operating conditions, the worst
efficiency results are obtained. Although all efficiency values present decreasing trends
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toward the high switching frequencies, CD-based schemes have higher values of efficiency
and, in particular, the best results are obtained with the SFOPD scheme (blue curve).

For modulation index values over 0.5, the converter works with five voltage levels.
Indeed, as shown in Figure 25, the best efficiency results are obtained. The CD-based
schemes present the same values of efficiency and, in detail, the best results for higher
values of the switching frequency.

The worst efficiency results are obtained with PS-based schemes and, in particular, for
higher values of the switching frequency. Regardless, it is necessary to observe that for
switching frequency up to 30 kHz, efficiency values are comparable with the CD-based
schemes. Moreover, it is necessary to consider that by using PS-based scheme voltage
and current filtering are simpler with respect to the CD-based schemes with the same
switching frequency.

The SCAMOD-based schemes present higher efficiency values with respect to the
PS-based schemes. In detail, for higher values of the modulation index SCMAOD-based
schemes present comparable efficiency values with the CD-based schemes. Regardless, the
analysis carried out confirms that CHBMI performance obtained with the SCAMOD-based
are intermediate between CD-based and PS-based schemes.

The case with a modulation index equal to 1.15 is very interesting. It should be noted
that in this case higher values of the efficiency are obtained for all cases. Nevertheless,
by using sinusoidal-based schemes in this condition, the converter works in the over-
modulation region that, as well known, is an operating condition in transient time. By
using SFO-based schemes, the converter works inside the linear-modulation region for
modulation index values up to 1.15.

6. Conclusions

In this paper, switching frequency effects on the efficiency and harmonic distortion in
a three-phase five-level CHBMI prototype are investigated. The experimental analysis is
concerned with the converter performance characterization by using common MC PWM
strategies for MPIs for different values of the switching frequency and modulation index.
Moreover, the implementation issues and some practical considerations to optimize the
implementation, reduce the computational costs, and minimize the modulation control
algorithms device utilization are discussed and proposed.

Experimental results show that the CD-based schemes are only slightly sensitive to
the switching frequency effects in terms of the harmonic distortion. A decrease of the
efficiency conversion, enhanced for lower values of the modulation index, is observed.
Instead, the switching frequency effects affect the CHBMI performance controlled with
PS-based schemes in terms of harmonic distortion and conversion efficiency. Regardless,
for switching frequency values up to 30 kHz and for higher values of the modulation index
the results are comparable to the CD-based schemes. The SCAMOD-based schemes provide
CHBMI intermediate performance between CD-based and PS-based schemes in terms of
harmonic distortion and conversion efficiency.
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