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Abstract: A small prototype of a 5-level single-phase full H-bridge inverter for ocean current applica-
tions is presented. The inverter was designed applying level-shift control in pulse-width modulation
(LS-PWM), and experimental tests were conducted using a variety of modulation subschemes,
including in-phase disposition (IPD), alternate-phase opposition-disposition (APOD), and phase
opposition-disposition (POD). The test results were examined for harmonic content and voltage total
harmonic distortion (THDYV). The results suggest that the inverter presents a viable solution with
significant potential for the development of a larger three-phase inverter model that can be used to
connect ocean current power sources to the electrical grid.

Keywords: ocean current energy; marine generation system; PWM modulation; multilevel inverter;
harmonic content; power quality; statistical analysis

1. Introduction

The demand for energy is growing at such a rate that conventional energy resources
(oil, gas, and coal) are rapidly depleting as the world population rises. The global popu-
lation was around 7919 million in January, 2022 [1]; optimizing the use of conventional
resources and developing solutions based on the long-term usage of alternative energy
sources has become critical. One of the renewable energies that has evolved in the last
decade, thanks to technology developed in Europe and the United Kingdom, is that derived
from ocean currents and waves. In 2020, the installed capacity of ocean energy in various
forms, such as tidal energy, thermal, and saline gradients, was around 0.5 GW [2].

Because of the regularity of ocean flows and their highly predictable behavior, ocean
current energy offers great potential for electricity generation [3]. However, research and
development in this field are time-consuming and expensive. At present, South Korea has
the highest installed capacity for generating power from ocean currents, with 254 MW,
France has 240 MW, Canada 20 MW, the United Kingdom 2.1 MW, and Norway 0.3 MW [4].
Several high-impact initiatives are also being developed around the world and will be
operational in the near future.

Wave power technology is progressing, with a number of test deployments recently
announced in Europe and China. In Europe, deployments of more than 4 MW have been
planned since 2020, generally full-scale, high-capacity devices [2].

According to Guabghui et al. [5], the potential for tidal energy on continental shelves
is 2.5 TW, enough energy to supply between 500 and 1000 TWh per year without fossil
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fuel emissions. With only a few pilot projects launched, ocean thermal energy conversion
(OTEC) and salinity gradient technologies remain far behind in commercial implementa-
tion [2].

In Mexico, potential marine currents exist in the Gulf of California, between Baja
California and Sonora, as well as in the channel between Cozumel and the coast of Quintana
Roo in the Mexican Caribbean. The latter is estimated to have a potential production of
around 3.2 MW [6], which is about 6.7 percent of Cozumel’s (48 MW) installed electricity
capacity [7]. The average reported velocity of the ocean current in the water column in
the central part of the Cozumel channel is 1.1 m/s [6]. With a sufficient sweep area of the
marine turbine, it is feasible to generate considerable energy at low velocities of the ocean
current, as the density of sea water is 800 times higher than that of air [8].

Commercial marine turbines come in a variety of types and configurations, and their
use is determined by ocean conditions. Horizontal axis, vertical axis, oscillatory, and Venturi
tube turbines are the most common, but there are other less common varieties, such as
Archimedes screw and sea kite turbines [9]. Similar to the way wind turbines maximize
energy from the wind, all these turbines work by maximizing the energy converted from
ocean currents.

The power electronics interface is one of the most important components in offshore
energy harvesting systems, as it enables connections between the generation system and
the grid. Major advances in power electronics have aided the development of more efficient
power systems, such as high voltage direct current (HVDC) transmission systems, hybrid
power systems, distributed generating systems, microgrids, and smart grids.

In the evolution of electrical systems, power converters are crucial. The basic layout
of a power generation system that harvests ocean flows is depicted in Figure 1, where the
inverter architecture relies directly on optimal electrical and operating conditions [10-12].
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Figure 1. Schematic diagram of a marine current generation system.

Power inverters are able to handle large amounts of power and to allow maximum
energy generation. Recent advances in power electronics have centered on building topolo-
gies that allow the inverter to rearrange and adapt, avoiding a halt in operations and an
interruption to the power supply. The characteristics of operating (reconfiguration) can
be changed using a reliable software. The device uses control algorithms that allow for
high-speed switching [13].

In multilevel topologies, upper switches regularly run in a complementary way with
lower switches, resulting in columns with two pairs of complementary switches. As a result,
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two command signals are required, one for each pair. A simple and effective approach
to generate an alternating output voltage is through PWM modulation, which uses a
modulator and two high-frequency carriers in phase but shifted in level [14,15]. To analyze
and optimize the performance of multilevel inverters, several level-shift PWM (LS-PWM)
control approaches are now available. The reduction of overall harmonic distortion in the
output voltage is one advantage of LS-PWM control techniques (THD).

The efficiency and performance of a converter can be improved by using recent, novel
modulation strategies. Various modulation schemes used in a multilayer converter are
described by Ferreira et al. [16]. Modern inverters are such converters, and they have a
promising future. For multilevel inverters, these devices also incorporate carrier-based
techniques with modulation (CB-PWM).

Various classic and hybrid multilevel converter topologies for renewable energy
applications are reviewed in [17-19]; they analyze modulation strategies, particularly for
multilevel converters with diverse applications in electric vehicles, medium voltage and
high power drives, power flow control, active power filter, and so on.

Modulation is thus an important part of the inverter that enhances the performance.
There are numerous modulation schemes (Figure 2); McGrath and Holmes [20,21], and Chen
and Zhao [21] examined modulations and suggest adjustments and trade-offs for a va-
riety of applications. Switching losses can be reduced using discontinuous modulation
techniques such as DPWM [22-24].
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Figure 2. Schematic diagram of a marine current generation system with several modulation options.

The selection of the modulation technique is determined by the modulation range,
the degree of linearity required, the waveform quality and the complexity of its implementa-
tion. The voltage gain and waveform quality of the overmodulation zone were explored by
Hava et al. [25], who proposed carrier-based PWM algorithms based on the modulation in-
dex comparison. Similarly, other authors [26-28] investigated control strategies for low-cost
drives, using a variety of discontinuous and continuous modulation methodologies.

In addition, carrier-based modulation, harmonic elimination (SHE), space-vector
modulation (SVM), and A /%A modulation are discussed in the literature, as well as its
benefits and drawbacks. Finally, a comparison of the electronic equipment necessary for
the inverter level number is included in the references.

LS-PWM control is an efficient modulation technique that requires no additional
components, eliminates low-level harmonics, and allows for easy filtering of higher-order
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harmonics [14]. These novel modulation schemes allow better voltage wave sampling and
the delivery of an alternating wave that is as close to that of the electrical grid as possible.

This paper proposes the use of LS-PWM techniques to control the operation of a small
single-phase multilevel inverter prototype suitable for ocean current generation. The test
findings suggest that higher-power applications are possible. To optimize energy from
the ocean current energy converters, the inverter is integrated into the generation system
(OCECs). The results could lead to the development of a three-phase system. The prac-
ticality of its implementation could be determined by analyzing waveform distortion
(amplitude and frequency variation), harmonic content, and voltage THD in all the tests
performed, using several LS-PWM control methods (IPD, APOD, and POD). National
standards demand that research be conducted from the 3rd to 49th harmonic component
(including information of all odd and even components) [29]. One of the most important
aspects of proper filter calculation is the identification of the highest magnitude harmonics,
which is detailed in this paper.

Unlike simulations and implementations of different types of multilevel inverters and
PWM modulations developed by some authors in references [30-37], this article presents a
broader and more complete analysis, where the variations of the output voltage waveform
and the frequency spectrum are reviewed in detail, when the control parameters and load
are being modified. In addition to this, general aspects of interconnection are covered,
useful for the large-scale development of these devices. This analysis and development
are focused on the optimum use of the energy generated by marine currents in Mexico,
for which the mathematical model is analyzed in a general way, to calculate the available
potential in a specific area, and, with this, see on how the prototype and control proposal
presented in this work can contribute to this new type of system. Previously, very little
research has been carried out in this field of study

2. Marine Current Generation System Model
2.1. Turbine Model

While generally diffuse, the kinetic energy of ocean currents is concentrated where
they are channeled through limiting topographies, such as islands and straits. Ocean
currents are similar to wind, in that the kinetic energy of the moving fluid can be collected
using a suitable type of turbine [5,8]. The available power P,, in watts, of an ocean current
impinging on the sweep area of a turbine blade (in the absence of major variations in depth
or elevation), is given by (1), which can be extended to marine turbines:

1
PozipAvg D

where p is the density of seawater (1023.6 kg/m?), A is the sweep area of the rotor blades
(m?), and v, is the velocity of the ocean current (m/s).

The strength of an ocean current is determined by its fluid velocity. Because the density
of saltwater (p) is substantially greater than that of air, the power delivered to a marine
turbine, per unit of sweep area, is much higher than that delivered to a wind turbine at the
same fluid velocity [5,8].

Although a horizontal axis marine turbine theoretically extracts energy in a similar
way to a wind turbine, in practice, the maximum power of a marine current turbine is
limited by the water depth. According to Betz’s law, the maximum power extracted by
a perfect turbine with unrestricted flow is 16/27 = 0.59 of the power of the marine flow
impinging on the sweep area of the turbine blades. The power coefficient (C,) is a fraction

that is defined as:
P P

C:—:i
PP loAdd

()

where Py is the power of the ocean currents reaching the turbine (watts) and P is the power
developed by the turbine (watts).
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The analysis above focused on locations with ocean currents or tidal stream channels
that are wide and deep in comparison to the diameter of the turbine, and where the relative
depth of the turbine location changes only slightly. The power coefficient, Cy,, represents
the turbine’s effectiveness and is unaffected by the flow velocity or the capture area of
the device.

Despite the similarities with wind turbines, there are significant differences in the
engineering of marine current turbines, due to the higher density of saltwater compared
to air, as well as the proximity of the turbine to the free water surface, the slower flow
velocity, and the cavitation [5]. The structural design of a marine turbine must consider the
marine environment as well as the complex dynamic loads that exist in the ocean due to
wave/structure interactions, turbulence, shear velocity, and pressure variations across a
rotor moving vertically within the bathymetry (water column) of the flow [3,5,6,8].

2.2. Potential of Ocean Currents

The shelf around Cozumel Island, Mexico is shown in Figure 3, where the sea is
35-50 m deep at 250-500 m from the coast, and has a fluid density of 1023.6 kg/m?3 [6].

'/ Molas

20.60°N!

GULF
OF MEXICO

20.50°N"

Study Area

=== Limit of Protected Areas
= ADCP transects

® CTD measurements

O HOBO pressure sensors

20.40°N!

RBCM Reserve of the Biosphere|
“Caribe Mexicano”
PNAC National Park “Arrecifes
de Cozumel”
atural Protected Area
of Fauna and Flora “Isla
de Cozumel”
Non-protected Area

0 S 10km
———

20.30°N]

Punta
Celarain

87.20°W ! 87.10°W ! 87.00°W |86.‘)0°W ! 86.80°W

Figure 3. Cozumel Channel, Marine Protected Areas, bathymetry, and main urban areas. The red box
shows the study area. Reproduced with permission from [6], MDPI, 2019.

Ocean currents in the Cozumel Channel are promising for generating electric power.
According to the reported data, the annual average velocity of the ocean currents in the
research area is between 1 and 1.2 m/s, with an increase of 0.05 to 0.06 m/s per kilometer [6]
towards the center of the channel. From (1), the marine power, P,, arriving at the turbine,
with an annual average fluid velocity of 1.1 m/s and a turbine diameter of 21 m (typical
commercial marine turbines), becomes:

1 21\*
Po= 3 x 10236 x mx (5 ) x1.1° = 23594 kW

When a turbine with C, = 0.4 receives 235.94 kW from marine currents, the output
power is rated 235.94 kW x 0.4 = 94.376 kW. The turbine could generate 94.376 kW x 365
x 8 =275.557 MWh if it ran for an average of 8 h per day, throughout the year (a plant
factor of 33%), ignoring conversion losses and net speed changes.

A turbine diameter of 21 m was chosen since this is the typical size of a commercial
turbine. For example, the Andritz Hydro® HS1000 and HS300 turbines have a 21 m
diameter, three-blade horizontal axis rotor, and can generate up to 1 MW at a voltage
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of 7.6 kV from sea current speeds of 1.0 m/s at a depth of 35-100 m [38]. According to
Barcenas Graniel et al. [7], a SeaGen double marine turbine with an 18 m diameter can
generate 380 MWh per year.

2.3. Electrical Connection and Interconnections

In general, all alternating electric systems require energy conditioning through a power
converter for connection to a power grid, with the inverter playing a key role. The power
converter should be designed and arranged in such a way that it allows the system to
run efficiently and ensures maximum continuity, regardless of faults in the system or
disruptions to it [11,12].

Depending on the particular application, multilevel power inverters in renewable
energy systems have diverse topologies [39]. The benefits of the multilayer structure come
from their ability to lower the harmonic content of the output voltage produced by adding
a zero voltage level [13]. Depending on the topology used, the number of multilevels can
be increased by adding switching and other passive devices [40].

The full H-bridge multilevel inverter (HBMLI) is a power inverter that can work
with independent sources without the use of diodes or capacitors to clamp the voltage.
The technique has less sophisticated switching device control and a simpler duality design
than other inverter designs. The number of levels (m) and modules (k) shown in [15]
determine its setting, as indicated in:

m=2k+1 3)

More levels can be achieved with fewer components in the cascade design (CHBMLI
or CHBI) that operates in a modular format [13]. Based on the series connection of the DC
sources, the device produces a maximum peak output voltage. It also ensures the operation
is ongoing in the event of a DC source failure; if additional robustness is needed, modular
cascading allows the addition of more inverter units without the need to reconfigure the
entire inverter scheme.

Figure 4 shows a 5-level single-phase CHBI used to harness the power generated
by two marine turbines in isolation that can resist high operational voltage stress [41].
Between the OCECs and the inverter, a PWM rectifier and DC converter are considered.

OCEC1
s1_ G Q1 s2_ fG& Q2

Rectifier Filter DC converter ss_ G @ sa__ G s

sr_ & or sz _ & o2

Rectifier Filter DC converter sy G @@ sa G o

Figure 4. Electrical diagram of two marine turbines connected to a single-phase inverter by 5-level
H-bridges.

PWM rectifiers reduce harmonic pollution, maintain a power factor, regulate the DC
bus voltage, and work with a variable frequency from the generator; the latter is important
because the variability of marine currents and the load connected cause a significant change
in the frequency of the waveform [42-44]. After the PWM rectifier, the DC converter
delivers a different voltage level than the DC link, but a voltage gain of over five times the
input (or a similarly sized reduction, if it works as a buck converter) is not allowed.

This converter is very popular in renewable energy applications because it supplies a
constant voltage input to the inverters and can modify the duty cycle according to system
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requirements (in this case, it can reduce the level of OCEC voltage according to the nominal
parameters of the prototype) [45,46].

Power quality is optimized to meet international requirements as filters are added at
the output (not considered in the previous scheme) and multilevel control mechanisms.
To replicate the results achieved in this study in three-phase systems, a 120° voltage phase
wave shift is required, and the system must be balanced.

Figure 5 shows an example of a six turbine farm, connected to integrate a three-phase
inverter cascaded by 5-level H-bridges. This design of this arrangement was based on the
analysis of the study inverter configuration and the operation of the OCECs [41].
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Figure 5. Electrical diagram of six marine turbines connected to a three-phase inverter with 5-level
H-bridges (star connection).

Continuing with the example of Section 2.1, where a developed power of 94.37 kW per
turbine and OCEC was estimated, and applying the scheme of Figure 4, a total of 94.376 kW
x 2 =188.752 kW would be available per phase. If the output voltage per turbine is 7 kV,
then the voltage per phase would be 14 kV. The commercial value of 7 kV per OCEC was
taken from the European Marine Energy Centre (EMEC) [9].

It is possible to maintain a constant DC link voltage suitable for the nominal voltage
value of the components in the circuit using the schematic diagram in Figure 4. If the
previous power electronics stage cannot give the appropriate voltage level, a suitable
combination of series-parallel IGBTs (with voltage division) allows the nominal voltage
values presented in this paper to be used, or any other voltage level [47].

With the configuration shown in Figure 5, a three-phase power of 188.752 kW x 3 =
566.256 kW can be generated, with a line-to-line voltage of 14 kV x V3 =24.24 KV, star
connection. To include more OCECs, an arrangement with multiple levels (CHBMLI) can
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be used to change the values. It is worth noting that the turbines must all be identical.
It should be remembered that high switching frequencies generate considerable heat in
semiconductor devices [13,48].

Figure 6 shows two arrays that could be used to connect a marine current generation
system like that proposed for the Cozumel Channel. According to Rezini et al. [49], a 5-level
CHBMLI has a superior cost/benefit ratio than those with more or fewer levels, and is
somewhat higher than other configurations. This is due to the fact that the percentage
of waveform voltage distortion is quite similar and has similar effects as others, while its
construction and control are less complicated [13,50,51].
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Three Phase Rectifier DC converter
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Figure 6. Examples of interconnection arrangements for a marine current generation system. (a) in-
terconnection arrangement with power sub-station on land; (b) interconnection arrangement with
power sub-station on sea.

It is important to note that, as the number of levels increases, modulation control
becomes more difficult, and configuring the control is not an easy task [51]. Another
key feature of multilevel inverters is that they lower the number of filters or auxiliary
compensation systems that are required [13].
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3. Prototype Model
3.1. Prototype Specifications

The printed circuit board (PCB) used for the 5-level single-phase CHBI prototype was
designed using EasyEDA software (free use). On the copper tracks for the power stage,
there were two layers of copper (upper and lower) with a weight of 28.70 g and a width of
6 mm.

The main technical specifications of the prototype are listed in Table 1. The nominal
parameters were determined using the maximum supported current value of the PCB
tracks [52] and the IGBT voltage [53], as well as the power stage of the connectors and
terminals. Considering the greatest switching frequency (2940 Hz) and the test parameters,
a 10 pF/600 V DC link capacitor was used [54].

Table 1. Nominal parameters of the 5-level single-phase CHBI prototype.

Parameter Value
Capacity 3.9 kW
Input voltage 600 V. (per source)
Input current 6.5 A (per source)
Output frequency ~60 Hz
Efficiency (17) ~88%
Dimensions 120 mm x 160 mm

3.2. Equipment and Test Conditions

Due to the limited DC sources available in the laboratory, the inverter tests were not
performed with their nominal values; as a result, heat sinks were not required for testing
values, although they were considered for future inclusion in the PCB design. As shown in
Figure 4, constant DC sources were used assuming an input with little change (standard
requirements for interconnection of renewable sources to the grid). The power supply
was two DC batteries of 12 V. y 550 A each. The testing included both resistive and
inductive-resistive loads. The prototype inverter and the testing equipment are shown in
Figure 7.

Figure 7. Prototype of multilevel H-bridge inverter and experimental equipment.

4. Control Methods Applied

The LS-SPWM control methods used to generate the trigger signals of the 2k + 1 level
with k = 2 were obtained by applying a reference signal (sine wave) and a high frequency
carrier signal (triangular wave). Comparison of both signals produced the two states (high
or low).
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Only the odd components were addressed in the design of the LS-PWM control, which
used carrier waves ranging from 660 to 2940 Hz (11th to 49th component, respectively).
The modulating wave had a frequency of 60 Hz.

The frequency of the carrier signal was the switching frequency of the inverter. The ref-
erence (modulating) signal is described as:

h(Vi, fin, t) = Vi sin(271 fit) 4)

where 1 is the sine wave, V}; is the peak amplitude of the modulating signal (V), f, is the
frequency of the modulating signal (Hz), and t is the time (s).
The number of carriers 1. required for control is given by

ne=m-—1 (5)
The n. carrier signals used were obtained with
1 1 1 ne —k

Voo fortenesbt) = 2Vefe (5 = |4 p0) mod = 5| ) + 6

Vo foenait) = 205 = [ gy mod 7 = )+ ©

where g is the trigger signal, V. is the peak amplitude of the carrier signal (V), f; is the
frequency of the carrier signal (Hz), and ¢, is the phase angle.
The high and low states for levels i < k + 1, wherei = 1,2,...,k, were calculated

g(VC/fC/¢C/i_1/k/t> > h(Vm/fmrt) (7)
Similarly, the levels i > k + 1, wherei = k+2,k+3,...,2k + 1, were calculated
g(VCIfC/(PC/i_ZIk/t) < h(VWI/fH’Ht) (8)

In multilevel inverters, multicarrier waveform modulation is controlled by the ampli-
tude and frequency modulation indices [13,41,55], given by (9) and (10).

Vin
mg = m )
my = j{; (10)

The representative control diagram for the LS-PWM control is shown in Figure 8,
with the carriers ordered from top to bottom. According to the LS-PWM modulation,
each carrier signal is displaced on a separate level of DC, with the amplitude of each
modulation scheme defined by the m, used. In all the tests, a constant value of amplitude
modulation was used m,; = 0.99, as this value was identified to produce lower harmonic
component magnitudes. In this study, the analysis of phase shift and the frequency for each
carrier signal with each control scheme was important. The control methods applied to the
prototype inverter are shown in the following sections.

4.1. In-Phase Disposition (IPD) Control

In this method of control, all the carriers are in phase (¢. = 0°) for the creation of the
trigger control signals [13-15]. Furthermore, all the carriers above and below zero have the
same frequency, amplitude, and phase, but a distinct DC offset (Figure 9).
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Figure 8. LS-PWM control diagram.
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Figure 9. IPD-scheme with m = 11 and m,; = 0.99.

4.2. Alternate-Phase Opposition—Disposition (APOD) Control
The odd levelsi < k+1andi > k + 1 in this control method are out of phase ¢. = 180°

from their adjacent or alternating carrier with ¢. = 0° [13-15] (Figure 10).
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Time (s)

Figure 10. APOD-scheme with m = 11 and m, = 0.99.
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4.3. Phase Opposition—Disposition (POD) Control

In this arrangement, all the carriers with a value greater than zero (levels i < k + 1)
have the same phase ¢. = 0°, whereas carriers below the zero reference (levelsi > k + 1) are
in phase with each other, and ¢. = 180° is out of phase with those above the references [13-15]

(Figure 11).

1
—Carrier 1 Carrier 2

Carrier3 —Carrier 4
—Modulating

0.5

Amplitude
o

-05 A \ A
/ \ / \
X i
, A \ / \ / —%7)
/ / \ \ \ /
=9 / 1\\/ |\ 1 / I \ \"\/ Y, \/
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
Time (s)

Figure 11. POD-scheme with m = 11 and m,; = 0.99.

5. Implementation of the Control Program

The inverter was controlled using a Texas Instruments® microcontroller TMS320F28379D
and a 2019 student edition of Solid Thinking Embed® software, which allows for the selec-
tion of m £, Ma, and IPD, APOD, and POD controls. A flowchart of the proposed LS-PWM
control algorithm is shown in Figure 12. The embedded scheme of the program is seen in
Figure 13, and Figure 14 gives the block scheme of the control algorithm. This program
uses fixed point type blocks for the variables.

SELECT CONTROL METHOD (IPD, APOD & POD), AMPLITUDE (m,)
AND FREQUENCY () MODULATION INDICES

N|
3 4

GENERATION OF MODULATING h(V,,, ,f,,,, t) AND

CARRIER g(V, ,f. ,@, ,n, ,k,t) SIGNALS

9V, £ /B i1,k 8) >h(V,, f s 8)

1 YES

9V, K /9. ,i-2,k,t) <DV, £, t)

Sn

0

A

&
s, =

>
+ A4

SIGNALSTO  S,,S,,S,,S,
/ OUTPUT IGBT GATE SIGNALS
l SIGNALS TO  S,,S,,,S,S,

Figure 12. Flowchart of the proposed LS-PWM control algorithm.
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Figure 13. Control program interface built with SolidThinking Embed® V. 2019.
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SET “H e
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, iy
> tripha | Pl2.32 Bottom Inverter
05@ha 32
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${Level 2|—{F280XDSP vsGpioOut
p{Level F280XDSP vsGpioOut

Figure 14. Block scheme for the LS-PWM control method.

6. Analysis of Results

For each method of control, the results were analyzed focusing on the voltage wave-
form, harmonic content, and voltage THD. The load current waveform distortion was
observed but was not evaluated for the purpose of this paper.

A first analysis was performed using the IPD method, applying resistive load, with
mg = 11 and m,; = 0.99 values. Then, for comparison, the modulation index m  was
varied applying the values of 19, 29, 39, and 49, to identify the variations in the waveform,
harmonic content, and THD.

For a second analysis, an inductive-resistive load of ratio X; /R = 3.06 was applied,
using the same modulation indices as in the first analysis. The procedure was repeated for
each control method.

It is assumed that the response of the single-phase prototype would be quite similar to
that of a balanced three-phase system, except for the behavior of third order harmonics.

6.1. Results with IPD Control

Figure 15 shows the output voltage performance under resistive load conditions,
and Figure 16 shows the harmonic spectrum considering the range of m, values. Note
that the first harmonic has been removed from the plots to give better detail of the remain-
ing components.

It can be seen that, when m f increased, the voltage waveform was more robust, and the
odd harmonics of increasing magnitude moved closer to the high frequency. The waveform
frequency was from 59.916 to 59.923 Hz.

With the IPD control method, there was a relatively low harmonic content under
resistive load, with the smallest components below 5% of the fundamental. The highest
magnitude reached almost 15% (note the displacement that this component undergoes
when m varies, locating itself in the values of m ¢ used). The largest component decreased
as mj rose.
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Figure 15. Output-voltage waveform obtained in 5-level CHBI under resistive load. IPD con-

trol method. (a) voltage with mp =11 and m,; = 0.99; (b) voltage with mg =19 and m, = 0.99;
(c) voltage with my = 29 and m, = 0.99; (d) voltage with m; = 49 and m, = 0.99.
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Figure 16. Harmonic spectrum from IPD control method, under resistive load.

50

Compared with the results of the simulations of the IPD control and other PWM
methods presented in [30-37], under resistive load, there is a similarity in the output
voltage waveform and the harmonic spectrum. There is also a considerable reduction in
the magnitude of the highest component under any .

Figures 17 and 18 show the output voltage and the harmonic spectrum, obtained
under inductive-resistive load, respectively.
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Figure 17. Output-voltage waveform obtained in 5-level CHBI under inductive-resistive load. IPD
control method. (a) voltage with mg =11 and m,; = 0.99; (b) voltage with myg =19 and m,; = 0.99;
(c) voltage with my = 29 and m, = 0.99; (d) voltage with m; = 49 and m, = 0.99.
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Figure 18. Harmonic spectrum from IPD control method, under inductive-resistive load.

In contrast to the voltage waveform obtained under resistive load, the waveform
obtained under inductive-resistive load showed an abrupt distortion and an increase in
magnitude (approximately 12.1 V). The zero voltage level had a level-shift higher than the
positive and negative peak values. As i increased, the waveform became more robust
and the distortion behaved in a similar manner.

The frequency did not vary much when compared to the results with resistive load
(59.920 to 59.927 Hz).

Under inductive-resistive load, the harmonic content increased dramatically. There are
three degrees of significance: first, the components of greater magnitude that are close to
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25%; second, the components with an average value near 10%; and, finally, the components
of smaller magnitude, below 5%.

The largest components (660 and 1140 Hz) were produced with m¢ values of 11 and 19.
It is clear that the 3rd component did not vary significantly as the m varied, but there was
no noticeable difference between the 5th and 15th components when applying m values of
29, 39, and 49.

As in the previous analysis, there were no even components and DC presence of
significant value.

6.2. Results with APOD Control

Figure 19 shows the voltage behavior under resistive load with different i, values.
In comparison to the IPD approach, it is seen that the pulse width changes in the lower
lobes of the voltage waveform.

DS0-X 20124, MY51451413: Sun Oct 31 07:34.07 2021

50 2 3 Sun 02
1100V 2 0.0s 5.000%/ Stop 4 1 800y 1 2 0.0s 5.000%/ Stop 4 1 -B00Y

- Agilent s Agilent

Acquisition Acquisition
Norrmal Normal
1.00MSals 1.00MSals
—_— ——— T Yoy —— —
Charinels | Channels
poaa |4 - R RN T 001 ottt L | PR S N 1001
| 0c 0.0 T T 0 001
i 4 - - — i 13— J . ) [N o
[ Weasuremerts - L | Wezsuremerts
[ a— - - R Freall) sy ek ooemmd AR Freall]
| 59.927Hz 59.920Hz
e L Ll GG L N Al LG
41.4v 1.4V
Measurement Meru Measurement Mer
Source O Ty Add Settings Clear Meas Source O Type Add Settings Clear Meas
1 Srapshot Measurement - - 1 Srapshot Mezsurement - -
(@) (b)
5
1 00s 50004  Sop £ 1 800y 1 00s 5000  Sop £ 1 -800%
i Agilent i Agilent
Acquisition Acquisition
Normal Normal
L A 1.00msas — . - | 1-00MSals
| Charnels Channels
- s willd 1y - 0o |, . | " el 10
[ [ ‘T o 100 [ i Tl Il oc 001
I
= | - o I i i - il ey il I
- |
Measurements Measurements
- -~ by TR Freall] L S —_ 1 — [ E— i
| 59.927Hz 59.221Hz
Ll Jinnm Ph-PK(T) AL il -\l Pl-PK{T]
a1.4v a1.av
Measurement Meru Measurement Men
Source O Ty Add Settings Clear Meas O Type Settings Clear Meas
1 Snapshot Measurement - - Snapshot Measurement - -
(0) (d)

Figure 19. Output-voltage waveform obtained in 5-levels CHBI under resistive load. APOD con-
trol method. (a) voltage with ms = 11 and m, = 0.99; (b) voltage with my = 19 and m,; = 0.99;
(c) voltage with my = 29 and m, = 0.99; (d) voltage with m; = 49 and m, = 0.99.

Figure 20 shows the harmonic spectrum obtained with the APOD control method.
As shown later, this gives a smaller percentage of total harmonic distortion (THD).

The amplitude (41.4 V) and distortion behavior were nearly identical to those obtained
in IPD control, while the frequency changes were from 59.221 to 59.927 Hz (0.696 Hz less
than the range in IPD method).

As the components approached high frequency, their behavior was fairly similar.
Unlike the prior control method, the component with the highest magnitude was not
located in the m f used. It can be seen that, unlike the IPD control method, the even
harmonic components had the greatest magnitude (close to 10%), although they were not as
large as those given by the harmonic content of the IPD control method. Using a ¢ of 49,
the fundamental component was almost 88%, but dropped to 85% when using a m ¢ of 11;
when compared to earlier results using the IPD method with resistive load, the percentage
of the fundamental component was smaller.
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Figure 20. Harmonic spectrum from APOD control method, with resistive load.

It is interesting to note that the harmonic component with the greatest amplitude was
five orders behind the my applied. When the m; was 11 and 19, the largest components
were created (660 and 1140 Hz).

Comparing the APOD control and other PWM modulation results with the simulations
reported in [30-37], under resistive load, the output voltage waveform is similar, and there
is a considerable reduction of the highest magnitude component in the harmonic spectrum.

Figure 21 shows the output voltage behavior, and Figure 22 shows the harmonic
spectrum obtained with the APOD control, under inductive-resistive load.
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Figure 21. Output-voltage waveform obtained in 5-level CHBI under inductive-resistive load. APOD
control method. (a) voltage with mg =11 and m,; = 0.99; (b) voltage with mg =19 and m,; = 0.99;
(c) voltage with m = 29 and m, = 0.99; (d) voltage with m; = 49 and m, = 0.99.
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Under inductive-resistive load, the voltage waveform had a small distortion at the
peaks, due to the zero level shift when compared to the harmonic content results of the IPD
control method, but the magnitude was greater (0.8 V larger). The frequency did not differ
much from the values obtained in the IPD approach, but, with my = 29, the frequency
increased to 69.813 Hz.

The harmonic content behaved similarly to the previous control method, with the
exception that the components of greater magnitude were close to 18%, while those smaller
in size were below 5%. However, it is clear that there are even components of considerable
magnitude in this method; the 3rd and 5th components were the most significant (180 and
300 Hz). From the 3rd to the 11th odd component, the behavior was fairly similar to the
IPD control technique. When m; = 11 was used, there was a substantial DC component
(nearly 1%).

25 T T T T T T T T T T

-mf=11 -mf=19

=M =29 mm =39
m,=49

N
o
T

—
()]
T
1

—
o
T
1

Magnitude (% of fundamental)
()}

IALMRELELILAL

15 20 25 30 35 40 45 50
Harmonic order

Figure 22. Harmonic spectrum from the APOD control method, under inductive-resistive load.

6.3. Results with POD Control

Because the POD and APOD methods use identical modulation criteria, the results
achieved with the POD approach are similar to those obtained with the APOD method.
The distortion of the signal was quite close to that produced using the IPD approach.
Figure 23 shows the voltage behavior under resistive load conditions with various m
values. Figure 24 shows the harmonic spectrum with a POD control approach.

The POD method had different amplitude and frequency values than the IPD and
APOD methods, but the waveform peaks followed the same pattern as the preceding
ones. In both IPD and APOD, the variation in frequency was greater. The lowest and
highest deviations with the prior approaches were 0.066 and 0.073 Hz, respectively, over the
60 Hz fundamental, while the lowest and highest deviations with POD were 0.073 and
2.158 Hz, respectively.

In comparison to the waveforms in Figures 15 and 19, the voltage amplitude was
reduced by 0.8 V. The waveform was almost identical to the previous control techniques
due to the robustness created by increasing the m to 49. However, examining the harmonic
spectrum and THD, it was found that the harmonic content was very different—higher in
some approaches than others. It is interesting to note that the harmonic component with
the highest amplitude was one order behind the m ¢ used. When employing a m of 11 or
19, the highest components were created (660 and 1140 Hz).
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Figure 23. Output-voltage waveform obtained in 5-levels CHBI under resistive load. POD con-

trol method. (a) voltage with mp =11 and m,; = 0.99; (b) voltage with mg =19 and m, = 0.99;
(c) voltage with my = 29 and m, = 0.99; (d) voltage with m; = 49 and m, = 0.99.
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Figure 24. Harmonic spectrum from POD control method, under resistive load.

Compared with the simulation results of the POD control and other PWM methods
reported in [30-37], under resistive load, the output voltage waveform and harmonic
spectrum are very similar. In most cases, there is a considerable reduction in the magnitude
of the highest harmonic component.

Figure 25 shows the output voltage behavior, whereas Figure 26 shows the harmonic
spectrum applying the POD control method, under an inductive-resistive load.
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Figure 25. Output-voltage waveform obtained in 5-level CHBI under inductive-resistive load. POD
control method. (a) voltage with mg =11 and m,; = 0.99; (b) voltage with myg =19 and m,; = 0.99;
(c) voltage with my = 29 and m, = 0.99; (d) voltage with m; = 49 and m, = 0.99.
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Figure 26. Harmonic spectrum from the POD control method, under inductive-resistive load.

When comparing the harmonic content from the IPD and APOD control methods with
inductive-resistive load, the voltage waveform had the same magnitude and distortion in
the peaks as the APOD approach, but not as the IPD method.

The frequency variation was almost identical to the results obtained using the IPD
and APOD methods with an inductive-resistive load; however, when m F =29 was used,
the frequency increased to 69.803 Hz.

The harmonic content was similar in behavior to that of the prior control method,
except that the components of greater magnitude were below 18% and the smaller ones
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were below 5%. There are even components of significant magnitude in this method, where
the 3rd and 5th components were the most significant (180 and 300 Hz). The amplitude of
the odd components from the 3rd to 15th was very similar regardless of the m; applied.
It was also very similar to that of the APOD control, and very different from that of the IPD.

6.4. THD Results with Resistive Load

Figure 27 shows the THD of the 5-level CHBI output voltage, applying the three
distinct control methods under resistive load for each m ¥ considered.
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Figure 27. Comparison of voltage THD obtained with the different control methods, under resis-
tive load.

When m = 11 was used in IPD control, the overall THD was 23.6%. However, when
the m £ was increased to 49, the total THD was 5.5%. A direct examination of the harmonic
components is possible with a resistive load, and it is clear that this is directly dependent on
the my value. The harmonic components were significantly reduced with high m, values.

Atmy = 11, applying the APOD control, a THD of 24.6% was obtained. The overall
THD fell to 3.3%t when the m  was increased to 49. However, when m F= 11, the THD
was 1% greater than when using the IPD control. Because lower frequency harmonic
components were practically inconsequential, and the measurement instrument did not
consider components beyond the fifteenth harmonic, this THD was the lowest of the three
methods for high m; values. In this method, the even harmonic components had the
highest magnitudes.

With the POD method, a THD of 24.9% was obtained with a value of m F= 1L
If m r =49, the total THD fell to 7.3%. Note that, in this method, the even harmonic
components had the highest magnitudes. However, THD was higher than that in previous
cases when m; = 49; 4% higher than the APOD method and 1.8% higher than the IPD
method. It was thus evident that, in all three methods of analysis, the THD decreased as
the value of m increased.

A THD of 24.9% was obtained using the POD control, with m F=1L The overall THD
fell to 7.3% when my = 49. The even harmonic components had the highest magnitudes in
this control. However, using my = 49, there was a greater THD than in earlier situations;
4% higher than the APOD approach and 1.8% higher than the IPD method. In the three
control methods, the THD decreased as the value of m 5 increased.

When compared to the POD technique, the APOD method gave a lower THD for all
my values. However, when the m; was 11 and 29, the THD percentage was larger than the
IPD control.
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A reduction in the THD level under resistive load was obtained compared to the
results presented in the previously cited references, where the LS-PWM method and other
modulation techniques, such as space-vectors or selective harmonic elimination techniques
for 5-level inverters, were employed.

6.5. THD Results with Inductive-Resistive Load

Finally, Figure 28 shows the THD for each m considered, applying the three control
methods with inductive-resistive load.
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Figure 28. Comparison of voltage THD obtained with the different control methods, under inductive-
resistive load.

The direct examination of the harmonic components produced for each control ap-
proach was more complex; increasing the m did not ensure a reduction in THD as occurred
as in the previous instances. In IPD control, m = 11 had a THD of 52.6%; however, when
the m; was increased to 49, the total THD dropped to 37.1%.

At m F = 11 using the APOD control, a THD of 55.5% was obtained. However,
increasing the m rto 49 reduced the overall THD to 37.8%. With m F= 11, the THD was
2.9% greater than with the IPD approach.

The POD technique had a THD of 55.5% with a value of m; = 11. When m; = 49,
the total THD dropped to 38.8%. With m; = 49, however, a higher THD was given than
in the preceding situations; 1% higher than the APOD approach and 1.7% higher than the
IPD method.

The IPD approach had a smaller THD than the other methods when using ¢ values
of 11, 29, and 49. Using m; = 39, the THD values when using the APOD technique were
only slightly lower than in the preceding case.

It is important to mention that this THD analysis approach for a multilevel inverter,
under different types of load, has not been studied in great depth as yet.

7. Discussion and Conclusions

The inverter with a resistive load showed acceptable tolerance in the voltage wave-
form, harmonic content, and voltage THD. The results were better than those presented by
Solangi [56] and similar to configurations of seven or more levels reported by Rezini et al. [49]
and Soomro et al. [57]. This feature is deemed vital for its usage in OCECs due to its modu-
lar operation. It also offers better efficiency in this application than photovoltaic systems.
Under a resistive load, the results of the frequency fluctuations show acceptable behavior,
with a deviation that is within the tolerance range allowed in Mexican regulations [29].
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The waveform deformation caused by the presence of a large number of harmonics
of significant amplitude is seen in the findings obtained using an inductive-resistive load.
The frequency variations, on the other hand, are low, due to careful selection of the control
technique and the my value (with values of 29 and 39, there were very high deviations).

Many of the larger harmonic components are easily detected with this sort of analysis,
making filter selection easier for improved electrical grid connectivity. For marine turbine
configurations in Mexico, the Grid Code reduces its constraints for THD and individual
harmonic distortion (IHD) values, assuming operating voltages and capacities below those
specified in Section 2.3. For voltage, a THD value of less than 5% is necessary, and for
individual components, a THD value of less than 6.5% is required. According to these
results, some values are close to those that are permitted under resistive load (the use of
filters is mandatory in connectivity). However, with an inductive-resistive load, a high m f
may be used to shift the components with larger amplitude towards the high frequency and
eliminate them using low-pass filters. This was done with the understanding that, as the
magnitudes of the high frequency components decrease, the price of the filters decreases
(as shown in the analyses performed under various loads). When selecting filters, this has
the advantage that the size of the filters is drastically reduced.

The results obtained in this work show an improved output voltage waveform and a
reduction in the THD values, under the resistive and inductive-resistive load values con-
sidered when compared with those of [17-19,30-37,56,58], where other inverter topologies
and PWM modulation methods were analyzed. It can be said that the implementation of
the control scheme and the topology applied to the prototype are suitable for developing a
practical three-phase inverter model.

The research described in this paper is based on a laboratory prototype. Using the
theory and analysis presented, it is feasible to investigate offshore ocean current power
interconnection applications, where findings may be compared (potential for Cozumel,
arrangement and control methods applied). In conclusion, the findings from the single-
phase prototype suggest that three-phase systems might benefit from the results found in
this research.
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