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Power converter technologies have become vital in various applications due to their efficient management of electrical
energy. With the growing prominence of renewable energy sources such as solar and wind, the high penetration of power
electronic converters has been justified. However, ensuring power quality has emerged as a significant challenge for grid-
connected power converters.
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| 1. Introduction

Nowadays, power converter technologies play a significant role in various applications, such as electric transportation &,
electric aircraft BBl and energy conversion systems M& due to their efficient management of electrical energy. The
increasing adoption of power electronic converters in energy systems can be attributed to the growing use of renewable
energies such as solar and wind power 8. In renewable energy applications, addressing power quality has become a
primary concern for all grid-connected power converters to comply with grid codes [, |n this sense, power quality issues
involve deviations from the ideal sinusoidal waveform in magnitude and frequency, impacting both grid- and load-side
currents and voltages 29, Recent research has proposed various approaches to enhance the efficiency of voltage
source converters (VSC) and mitigate power-quality-related losses L2131 The rapid progress in power converters has
been furthered by the development of high-performance microprocessors capable of implementing advanced nonlinear
digital controllers. Moreover, the field of power electronic semiconductors has made significant strides in creating new
high-speed switching devices with remarkably low on-state losses.

From the point of view of the conventional AC-DC-AC, the two-level voltage source converters (2L-VSCs) are still some of
the most used converters for many applications, and, nowadays, the 2L-VSCs are considered the fundamental
components in both industrial applications and renewable energies. However, the limited number of output voltage levels
creates challenges related to losses and power quality, attributed to their unfavorable harmonic profiles 145 |n this
sense, the modular multilevel converter (MMC) has garnered attention from the industry and energy sectors, due to its
ability to solve the problems associated with harmonic distortion. This converter demonstrates the ability to generate
sinusoidal voltages and currents with minimal harmonic distortions. Among the MMC topologies, the cascade H-Bridge
(CHB) configuration stands out as a popular choice due to its inherent modularity, facilitating scalability to generate higher
MMC voltage levels. Additionally, the CHB-based MMC design avoids the need to incorporate an extensive array of flying
capacitors or clamping diodes in the power converter topology 8. Consequently, one of the most widely discussed
topologies in the literature is the seven-level voltage source converter (7L-VSC) based on three CHB cells in series per
phase 4. However, both 2L-VSC and 7L-VSC topologies are based on AC-DC-AC configurations, which require the
inclusion of an intermediate stage of energy storage elements such as capacitor banks. These additional components
contribute to increased weight and volume, and, above all, these capacitors add the possibility of failure in the VSCs.

Among these VSC topologies, the most commonly employed power semiconductor devices are IGBTs. However, SiC-
MOSFETs have gained attention as an alternative due to their ability to operate at higher switching frequencies compared
to IGBTs 1811911201 Nevertheless, simply incorporating faster switching devices is insufficient to improve power quality. It is
crucial to prioritize the design of the entire converter to ensure enhanced performance at high switching frequencies with
power semiconductor devices (211122,

| 2. H-Bridge Cell-Based Converters

In recent years, the trend in power electronics design has shifted towards modular solutions. Modularity enables the
scalability of the converter, allowing for an increase in power capacity by arranging several H-Bridge cells in parallel.
Alternatively, assembling cells in series can result in a multilevel converter. A modular design for an H-Bridge cell must



consider various aspects, such as the switching signals of the power semiconductors, the generation of dead times, and
the implementation of protection circuits. These considerations are essential to provide robustness to the H-Bridge cell
and ensure its reliable operation. Furthermore, the use of a modular approach can also simplify maintenance and repair
processes, as individual cells can be replaced if necessary, without affecting the entire system. Overall, the modular
design approach offers several advantages, including scalability, robustness, and ease of maintenance, making it a
popular choice for power converter design 28, The subsequent sections cover the electronic circuits of each module
comprising an H-Bridge cell.

2.1. Switching Signal Drivers

The switching signal drivers are essential components in the control circuits of SIC-MOSFET semiconductor devices; they
ensure the proper operation of the power conversion system. However, these drivers are susceptible to the electrical
noise generated by the high-frequency switching of the power semiconductor device. To overcome this issue, it is
necessary to incorporate a galvanic isolation stage in the driver circuit. This galvanic isolation stage helps in achieving
immunity to electrical noise and ensures the stable operation of the power conversion system. The driver circuit, as shown
in Figure 1, exhibits an under-damped characteristic of the input signal from the control module to the galvanic isolator. To
compensate for this under-damping, a passive low-pass filter is used. The design of this filter takes into consideration the
maximum switching frequency of the power semiconductor device, and it helps in reducing the noise and improving the
performance of the driver circuit.
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Figure 1. Switching signal conditioning circuit.
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2.2. Dead Time Generation Circuit

In addition to galvanic isolation, it is also crucial to implement dead time in the complementary signals applied to the half-
H-Bridge. Dead time is a brief interval where both switches in the half-H-Bridge are turned off to avoid short circuits
between edge changes in the switching signals 4. This ensures that the output voltage is always proportional to the
control signal and reduces the likelihood of power device failure due to short circuits. Figure 2 displays the driver circuitry,
where the application of dead time is evident in the complementary signals [22]. The input signal from the control module to
the galvanic isolator exhibits an under-damped characteristic, which is compensated for by the use of a passive low-pass
filter. The filter is designed to suppress high-frequency noise generated by the switching of the power semiconductor
device, while considering the maximum switching frequency.
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Figure 2. Dead time generation circuit.



2.3. Gate Complementary Sighal Generation

The IR2110S device, as a high-voltage, high-speed power MOSFET and IGBT driver with independent high- and low-side
referenced output channels, is crucial in properly driving the high-side devices of a bridge circuit, as well as the low-side
devices. As shown in Figure 3, the gate driver circuit employs a bootstrap circuit, which provides the required voltage to
the high-side devices. Specifically, the bootstrap capacitor C1 is charged by the voltage across the low-side device and
then used to switch the high-side device 28], The advantage of this configuration is that it allows for the use of a single
isolated power supply for the driver circuit, thereby reducing the overall system complexity and cost. Moreover, the
IR2110S device incorporates an under-voltage lockout function, which ensures that the power MOSFETs and IGBTs are
not damaged due to insufficient voltage levels, thus improving the reliability of the circuit.
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Figure 3. Gate SiIC-MOSFET complementary signal generation.

2.4. Power Board for the H-Bridge

The multilevel converter design approach seeks to combine cells in an H-Bridge arrangement, connecting them in series
to achieve higher output voltage levels. This configuration allows us to achieve a scalable and modular design. The device
selected to mount the power board for the H-Bridge cell design is CREE Semiconductor’'s CAS120M12BM2, which is a
power component that features two SiC-MOSFET transistors connected in a half-H-Bridge configuration. This device is
characterized by low conduction resistance and a significantly higher switching speed than conventional switching devices
such as IGBTs. Figure 4 shows the scheme proposed for the design of the power board for the complete H-Bridge
scheme.
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Figure 4. Electrical schematic of the H-Bridge based on SiC-MOSFET semiconductor device.

| 3. Two-Level Multimodular VSC Topology

The scalable 2L-VSC topology consists of parallel-connected H-Bridge cells, as shown in the schematic of Figure 5a. The
modular characteristic makes it particularly useful for applications where a compact converter, high energy density, and
good reliability are required. This is possible by incorporating a redundant scheme, constituting an advantage compared
to conventional converters. The characteristics of a simple and compact power circuit, scalability in terms of nominal
power, and the possibility of operation in the event of faults due to the redundancy of modules connected in parallel result
in a more robust, economical, and flexible VSC compared to traditional configurations.
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Figure 5. Two-level multimodular VSC. (a) Modular two-level CHB-based VSC. (b) Two-level CHB-based VSC
experimental test bench.

From the point of view of the power semiconductor devices, SiC-MOSFETs have a comparative advantage in terms of
switching losses and switching frequencies, compared to IGBT-type semiconductor devices. The implemented scalable
multimodular 2L-VSC, which is shown in Figure 5b, integrates SiC-MOSFET-type semiconductors, and its switching
hardware has been designed to achieve switching frequencies close to 100 kHz.

| 4. Seven-Level Multimodular VSC Topology

The scalable 7L-VSC topology, which is based on CHB cells, consists of three independent cells per phase connected in
series with an independent DC-link ( v4. ), as depicted in Figure 6a. This operational scheme incorporates SiC-MOSFET
switching semiconductor devices and an output inductance Lf, which operates as a filter at the output of the converter.
The DC-link voltage ( vq4. ) serves as the energy source, while the switching semiconductors synthesize the signals that
are injected into the load at the connection point. The output inductance attenuates the harmonic effects resulting from the
switching of the power devices in the converter. Figure 6b illustrates the integration of the different elements that
comprise the experimental test bench of the 7L-VSC. One notable advantage of this design is its versatility and
modularity, allowing for multiple configurations with minimal changes to the converter’s structure. Additionally, it is possible
to expand the number of levels by adding more cascaded cells.
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Figure 6. Seven-level multimodular VSC. (a) Modular 7-level CHB-based VSC. (b) The 7-level CHB-based VSC
experimental test bench.
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| 5. Voltage Source Matrix Converter Topology

The matrix converter (MC) is a single-stage AC-AC converter capable of directly supplying an “n” phase load from an “m”
phase source (mxn MC), without the need for intermediate AC-DC conversion stages 4. The main advantages of MCs
compared to widely used back-to-back conversion systems, which consist of rectifier stages connected to an inverter with
an intermediate energy storage stage (capacitor bank), are as follows: reduced size, light weight and long lifespan due to
the absence of large electrolytic capacitors in the main circuit, and high efficiency due to the single power conversion
stage, resulting in fewer switch losses compared to two-stage converters. Given these advantages, MCs are currently
used in a wide range of AC-AC conversion applications, such as industrial applications requiring variable-speed electric



motor drives, electric mobility, and, more recently, wind energy conversion systems [2829]. The general topology for the
MC is shown in Figure 7a. In this case, a voltage source matrix converter (VSMC) is obtained. To achieve good
performance, the VSMC should be equipped with a source filter. The source filter is generally required to minimize high-
frequency components in the input currents and reduce the impact of disturbances on the input grid. However, the size of
the filter elements is inversely proportional to the VSMC’s switching frequency. Figure 7b shows the implemented
experimental setup of the VSMC based on bidirectional switches designed using SiC-MOSFET semiconductor devices.
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Figure 7. Matrix converter. (a) Voltage source matrix converter topology. (b) Voltage source matrix converter experimental
test bench.

5.1. Bidirectional Switch Design

The bidirectional switch (Bi-Sw) design is divided into two main parts, the dominated control block and power block,
respectively. Figure 10a shows the block diagram of the basic Bi-Sw operation. The control module performs signal
conditioning for the voltage and current levels (3.3 V to 15 V) required by the power module for the proper operation of its
components and electrical noise isolation. The power module is based on the SIC-MOSFET semiconductor device, which
essentially works in cut-off and saturation zones at all times, controlling the current flow in both directions. The driver
module has been implemented using the ISO5500 device. The ISO5500 is a gate driver device for IGBT and power
MOSFET semiconductors; it has TTL input and a power output separated by a capacitive isolation barrier. This isolation
barrier means that there is separation between the input signal grounds and the power stage, preventing voltage and
current noise produced by high switching and power, which can disturb digital control devices.

5.2. Voltage Source Matrix Converter Experimental Results

VSMC testing is performed using the experimental test bench described in Figure 7b, where an AC voltage variator is
used as an input source and the output balances a three-phase load type RL connected in star with values equal to R =
16Q and L = 10 mH. For this test, the space vector modulation (SVM) strategy is used, in which the 27 valid vectors of the
MC are used to obtain a desired output voltage. For the implementation of the SVM, it is necessary to measure the input
voltages (veu,vev,vew) to the VSMC. The results in Figure 8 are obtained at a sampling frequency fs=50 kHz. In Figure 8a,
the waveforms of the output voltage van and output current ia are observed for a reference vox = 20 V/60 Hz, and, in
Figure 8b, the same test is performed but for a frequency of vox = 20 V/20 Hz. The waveforms of the three-phase output
currents are shown in Figure 8c. The results obtained show correct tracking in the desired reference, and the output
currents on the RL load present the expected sinusoidal shape.
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Figure 8. Experimental results of output voltage and current using an SVM to MC with RL load (R = 16Q and L = 10 mH).
(a) Tracking for a v+o = 20 V/60 Hz. (b) Tracking for a v+o = 20 V/20 Hz. (¢) MC output current for a v=o = 20 V/20 Hz.
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