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Resumo

O conversor modular multinivel (CMM) é uma topologia inerentemente tolerante a falhas
e uma opcao interessante para acionamentos elétricos de média tensao, especialmente
quando cargas quadraticas sao empregadas. Para selecionar a melhor tensao de bloqueio
de IGBTsS, este trabalho apresenta uma metodologia de projeto e comparacao de CMMs
considerando a redundancia necessaria para atingir o requisito de confiabilidade. Sao
comparados projetos utilizando IGBTs comerciais com tensao de bloqueio na faixa de
1,7 a 6,5 kV. A selecao é baseada em métricas de complexidade, volume, area de silicio e
eficiéncia do conversor. O uso da metodologia é exemplificado por meio de um estudo de
caso de um soprador industrial acionado por um motor de inducao trifasico de 13,8 kV - 16
MW. Medicoes da velocidade de operacao do acionamento e temperatura ambiente desse
processo em uma industria siderturgica localizada no sudeste brasileiro sao utilizadas na
avaliagao das perdas do conversor. Os resultados evidenciam que a classe de tensao 6tima
de IGBTs depende do tipo de redundancia empregado. Além disso, apesar do aumento de
complexidade e do nimero de componentes, os projetos baseados em IGBTs com menor
tensao de bloqueio (1,7 e 3,3 kV) se mostram mais vantajosos devido a menores perdas,

volume ocupado pelo conversor e area de silicio.

Palavras-chaves: Acionamentos Elétricos; Conversor Modular Multinivel; Projeto
Otimizado; Confiabilidade.






Abstract

The modular multilevel converter (MMC) is an inherently fault-tolerant topology and an
interesting option for medium voltage electrical drives, especially when quadratic loads
are taken into account. In order to select the optimal blocking voltage for IGBTs, this
work presents a design methodology and comparison of MMCs considering the necessary
redundancy to achieve the reliability requirement. Designs using commercial IGBTs with
blocking voltage in the range of 1.7 to 6.5 kV are compared. The selection is based on
complexity, volume, silicon area and efficiency. The methodology application is exemplified
through an industrial blower driven by a 13.8 kV - 16 MW three-phase induction motor.
Measurements of the operating drive speed and ambient temperature of this process, which
is part of a steel industry located in southeastern Brazil, is used as mission profile. The
results show that the optimal class of IGBTs depends on the type of redundancy employed.
In addition, despite the increase in complexity and the number of components, designs
based on IGBTs with lower blocking voltage (1.7 and 3.3 kV) are proved to be more

advantageous due to lower losses, converter volume and silicon area.

Key-words: Electric Drive; Modular multilevel converter; Optimal Design; Reliability.
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1 Introduction

1.1 Context and Relevance

The continuous increase in demand and the cost of electric energy proves that the
energy must be used more efficiently and rationally. In this way, efficiency has become
a major figure of merit in today’s industry, due to its economic benefits and also the
importance of sustainability (Abu-Rub et al., 2016). Most of the electricity used in the
industry sector is for electrical drive systems. Motor systems currently account for 30% of
global electricity demand (IEA, 2019).

Driven by the economy of scale and higher production rates, variable speed electric
drives (VSDs) are increasingly present in the industrial field, bringing several advantages
such as energy savings, soft starts, greater reliability and safety (Rodriguez; Jih-Sheng Lai;
Fang Zheng Peng, 2002; Tai et al., 2017). Other factors that contributed to this recent
trend change are technological developments in power electronics field, the increase in
the reliability of converters and the fact that life cycle costs (initial cost 4+ operating
cost) become more important than the initial investment, especially when it comes to

medium-voltage and high-power applications (Kouro et al., 2012).

Medium-voltage drives have found extensive applications in several sectors, such as
in the oil and gas, petrochemical, mining, water/waste, cellulose/paper, cement, chemical,
power generation, metal production and processes, traction and marine drives sectors
(Okayama et al., 1996; Bernet, 2000; Steinke; Steimer, 2000; Schmitt; Sommer, 2001;
Issouribehere et al., 2008; Andonov et al., 2012; Liang; Kar; Liu, 2015). Table 1 shows

various medium-voltage drive applications along with the respective power ranges and

Table 1 — Industry applications of medium-voltage drives (Klug; Klaassen, 2005; Kouro et

al., 2012).

Industry Sector Application Power Range

Chemical, Cement Extruders, pumps, compressors, blowers, 0.5 -4 MW
cement mills, fans, mixers, presses

Mining Ore mills, mine hoists, conveyor belts, pumps, 2 - 15 MW
crushers, blowers, compressors, excavators

Marine Propulsion drives, booster-generators, 2 - 20 MW
thrusters, winders, dredge pumps

Metal Rolling mills, sectional steel mill, 2 - 25 MW
blast furnace converter

Water Pumps, blowers 0.5 - 40 MW

Oil and gas Compressors, centrifugal pumps 1-80 MW
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industry sector. Medium-voltage inverters cover power ratings from 0.5 to 80 MW at
the medium-voltage level of 2.3-13.8 kV (Abu-Rub; Igbal; Guzinski, 2012). However, the
majority of installed medium-voltage inverters are in the 1-4 MW range with voltage
ratings of 3.3 to 6.6 kV, according Fig. 1 (a). Market share research has shown that about
70% of medium-voltage inverter applications are for pumps and fans, as shown in Fig. 1

(b) (Wu; Narimani, 2017).

TI =
b= =
ﬂjj ‘ Egg Non-standard

6.6 drives

l
Majority MV Compressors,
416+ electritcal drives extruders,
installed Pumps 40% conveyors
33 /
Fans

2.3
0.4 1 i 4 1 60
Rated Power (MW)
(a) (b)

13.8f

Rated Voltage (kV)

Figure 1 — Market share of the medium-voltage electrical drives: (a) Voltage and power
ranges; (b) Typical applications. Adapted from: (Wu; Narimani, 2017)

One of the main markets for the medium-voltage inverter is for retrofit
applications. Although with advances in high-power converter technology and variable-speed
medium-voltage drives have been widely accepted in the industry in the past three decades,
many of the medium-voltage motors still operate at a fixed speed (Wu; Narimani, 2017).
When large fans, pumps or compressors are driven by a fixed speed motor, the control of
air or liquid flow is usually achieved by mechanical methods, resulting in a large amount
of energy loss. The use of adjustable speed medium-voltage inverters ensures significant
energy savings, up to 30%, and reduces the return on investment by up to 2.5 years
(Abu-Rub et al., 2016). Furthermore, transformerless solutions lead to an even greater
reduction in payback time (Abu-Rub; Malinowski; Al-Haddad, 2014).

However, the implementation of such medium-voltage electrical drives is associated
with several requirements and challenges. These challenges can be divided into 4 groups
which are summarized in Fig. 2: the power quality requirements on the point of common
coupling (PCC), the challenges associated with the design of the converter on the motor-side,
the restrictions of the semiconductor devices, and finally the requirements of the electric

drive system (Wu; Narimani, 2017).

Regarding to the PCC, there is a concern with power quality. The distortion of
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Figure 2 — Challenges of the medium-voltage electrical drives.

electrical variables due to the input rectifier can cause several problems, such as overheating
of transformers, equipment failure and malfunction of communications equipment (Abu-Rub
et al., 2016). In addiction, the harmonics on the converter output require financial
investment to fix, and may generate penalties from the utility. One possible way to
overcome this problem can be overcome by using multi-pulse rectifiers, improving the

power quality at the PCC.

In motor-side, problems caused by converter can be catastrophic. The switching of
semiconductor devices results in high dv/dt and a common-mode voltage (Zhu et al., 2013).
Depending on the dc-link voltage, the dv/dt and the common-mode voltage can cause
premature failure of the motor insulation and winding, bearing problems, electromagnetic
interference (EMI) and wave reflection. As a consequence, the life expectancy of the
electrical motor is reduced (Tolbert; Fang Zheng Peng; Habetler, 1999).

In semiconductor devices, the conduction and switching losses are responsible for a
significant amount of the total energy loss in the medium-voltage converter (Ben-Brahim
et al., 2019). Minimizing losses can lead to a reduction in the operating cost of the inverter.
Reducing the switching frequency, generally causes an increase in the harmonic distortion
of the waveforms on the PCC and motor-side, but reduces switching losses. In this way, a
good design must be made to choose the best switching frequency to have lower losses
and minimize harmonic distortions (Abu-Rub et al., 2016). Another challenge linked to
semiconductor devices is the voltage rating. For silicon IGBTSs, the blocking voltage is
limited to 6.5 kV. One way to get around this is to use series devices. Since devices
connected in series and their gate drivers may not have identical characteristics, they may
not equally share the voltage in blocking state or during switching transients (Stemmler;
Guggenbach, 1993; Abu-Rub et al., 2010). This fact justifies the use of multilevel topologies.
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Finally, the general requirements for the medium-voltage drive system include
high efficiency, low manufacturing cost, small physical size, high reliability, effective
failure protection, easy installation and minimum downtime for repairs. Some of the
application-specific requirements include high dynamic performance, regenerative braking
capacity and four-quadrant operation (Klug; Klaassen, 2005; Abu-Rub et al., 2016; Wu;
Narimani, 2017).

1.2 Purpose and Contributions

Medium-voltage electric drives play an important role in the industry and have
high availability, leading to energy saving and soft start (Rodriguez; Jih-Sheng Lai; Fang
Zheng Peng, 2002; Tai et al., 2017). Among the emerging topologies for medium voltage
drives, the Modular Multilevel Converter (MMC) has become a interesting solution for
medium-voltage and high power drives based pumps, fans and compressors applications
(Kouro et al., 2012; Abu-Rub et al., 2016). As shown in Fig. 1 (b) these applications account
for up to 70% of the medium-voltage electrical drives. Its main features of the MMC include
low dv/dt, high efficiency, modularity, low harmonic distortion in the output variables and
inherent redundancy (Kouro et al., 2010; Hagiwara; Hasegawa; Akagi, 2013; Antonopoulos
et al., 2014; Pan et al., 2020). Companies like Siemens and Benshaw commercialize the
MMC topology for pumps, fans and compressors applications (Akagi, 2017). This topology
has proven to be a interesting candidate for high-voltage direct current systems (HVDC)
and static synchronous compensators (STATCOM) (Dekka et al., 2017).

The benefits of the MMC-based electric drives have increased the interest for
researchers. In terms of publications, Fig. 3 presents the number of published journal
papers on this topic since 2011. These data are obtained searching the term “Modular
Multilevel Converter Based Drives” in IEEE Xplore and Science Direct databases. As

observed, modular multilevel converters have been widely investigated in last 4 years.
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Figure 3 — Evolution of the number of published journal papers containing the term
"Modular multilevel converters based drives” in IEEE Xplore and Science Direct
databases.
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An important issue in the MMC design is the blocking voltage of commercially
available power IGBTSs in the market, ranging from 0.6 to 6.5 kV (Huber; Kolar, 2017). Some
papers evaluate the optimal converter design for a given application, voltage and power
rating. Reference (Islam; Guo; Zhu, 2014a) proposes the design of a cascade converter for
renewable energy integration, taking into account system performance, control complexity
and semiconductor cost. The results show that the 19 level topology is the optimal choice
for an 11-kV power conversion system. In (Siddique et al., 2016), the MMC and 3L-NPC
converter are compared for battery energy storage system (BESS). The comparison is
based on number of power modules, ratings, the filter elements, system efficiency, harmonic
content and investment cost. Marzoughi et al. (2018) presents the design procedure and
comparison of power converters used in medium-voltage drives for different voltage and
power levels, however, the ripple mitigation strategy at low speeds is not considered.
Finally, Islam, Guo and Zhu (2014a) proposes to determine the optimal blocking voltage
of the IGBTSs used in a cascade converter. The comparison is based on the efficiency
at the nominal point and the power density of the converter. However, according to
Beltrame, Sartori and Pinheiro (2016), considering only the efficiency at the nominal point
of operation can result in a non-optimized design, depending on the converter operating

profile.

The optimal selection of the blocking voltage based on the application mission
profile (motor speed and ambient temperature data) and the number of levels are very
important for the best performance/cost ratio of the medium-voltage electric drive system.
Therefore, this master thesis proposes a methodology to select the optimal blocking voltage
of the IGBTS, used in MMC based electrical drives, considering redundancy strategies to
achieve the same level of reliability for IGBTs with different voltage classes. In addition,
the most suitable design selection is based on the electric drive industrial profile. Thus,
the comparison between different designs adopts the complexity of the system, silicon area,

efficiency and volume as figures of merit.

The case study is based on a 13.8 kV - 16 MW three-phase induction motor which
drives an industrial blower. The mission profile data is obtained from a steel industry in

southeastern Brazil. The following contributions are provided:

e Development of a systematic methodology for optimal design for a MMC-based

electric drive system;

e Selection of the most suitable design based on the mission profile application,

considering the system complexity, performance, cost and energy losses.

The present research has been developed in the Centro Federal de Educacao
Tecnolégica de Minas Gerais (CEFET-MG) in cooperation with the Geréncia de
Especialistas em Sistemas Elétricos de Poténcia (GESEP-UFV).
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1.3 Organization

This master thesis is organized in 6 chapters as follows. Chapter 1 presents the
motivations and objectives of the present master thesis. The electric drives overview is
shown in Chapter 2. The MMC-based electric drive system and the control strategies are
presented in Chapter 3. In addition the parameter design of the system is presented in
this chapter. Chapter 4 presents the case study and the parameters of the MMC-based
electric drive system. Furthermore, the figures of merit used for selection of the optimal
design are presented in this chapter. The obtained results and discussion are presented in

Chapter 5. Finally, Chapter 6 draws the conclusions of this master thesis.
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2 State of Art

2.1 Introduction

Power electronic converters currently play a very important role in numerous
applications and are one of the key solutions increasing the efficiency of modern drive
systems. A structural overview of the main medium-voltage drive topologies is presented in
Fig. 4. The medium-voltage high-power converter can be classified into direct and indirect
converter topologies. In addiction, the indirect topologies can be grouped into two main

categories: current source converters (CSC) and voltage source converters (VSC).

This chapter provides a literature overview on power converter topologies. The main
characteristics, challenges and applications of each family will be presented. In addition,

an analysis of the converters available on the market is also shown.

/ High Power Converters \
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Figure 4 — Structural overview of medium-voltage drives topologies.

2.2 Electric Drives Overview

For the direct converters, the cycloconverter (CCV) is the most used topology in
high-power applications. CCV converts a three-phase ac voltage with a fixed magnitude
and frequency to a three-phase ac voltage with variable magnitude and frequency (Wu et

al., 2008). The technique of cycloconversion was known in the 1930’s, when mercury-arc
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rectifier were used to supply railway transportation systems (Rissik, 1935). After the
development of thyristors in the late of 1950’s, the new cycloconverter were applied to
variable-frequency induction motor drive (Slabiak; Lawson, 1966). The CCV are based
on the anti-parallel connection of thyristor bridges without a dc link, as described on Fig.
5. The main advantages of thyristors based converters are the low switching losses, the
bidirectional power flow, very high-power ratings and simple and robust structure. On the
other hand, the drawbacks are the limited frequency range, low power factor at low motor
speed and low power quality (Wu et al., 2008; Hiller; Sommer; Beuermann, 2010; Kouro et
al., 2012). The main applications of the CCV is in high-power drives for control in low
speeds, such as rolling mills, cement mills, ore grinding mills, ship propulsion and mine
winders (Stemmler, 1994; Kouro et al., 2012).
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Figure 5 — Schematic of the three-phase CCV.

Another direct converter topology is the matrix converter (MC). This topology
was developed in the 1960s (Gyugyi; Pelly, 1969). However, significant improvements in
topology were introduced only in the 1980s (Alesina; Venturini, 1989). The MC connects
the input ac lines to the output ac lines through bidirectional switches without need

of energy storage devices, as shown in Fig. 6. The switches are controlled in such a

S {W Motor

Multi-winding L(
Transformer

Power Grid

Matrix converter

Figure 6 — Schematic of the three-phase MC.
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way that the average output voltage is a sinusoidal waveform of the desired frequency
and amplitude. The main advantages are the lack of energy storage devices and smaller
footprint. Therefore, this topology is useful for high-power drives where limited space
is available, such as pumps in ships and rigs and aerospace applications (Kouro et al.,
2012; Munuswamy; Wheeler, 2019). Among the disadvantages are the great number of
semiconductors needed, special consideration for modulation to avoid forbidden switching
states in the bidirectional switches, output voltage capability and harmonic mitigation
(Chai et al., 2016; Nguyen; Lee, 2016; ABB, 2019).

Finally, modular matrix converter developed by (Erickson; Al-Naseem, 2001) in the
2000s is a direct and also multilevel converter. This converter consists of three subconverters
and nine clusters, as shown in Fig. 7. This topology enables the direct ac-ac bidirectional
power flow and low distortions in the input/output currents (Kawamura et al., 2015). In
addiction, the modular matrix converter has shown some advantages in applications that
requires high-torque at low speeds, such as mills, kilns, conveyors and extruders (Okazaki
et al., 2015; Akagi, 2017; Okazaki et al., 2017; Diaz et al., 2020). Among the disadvantages
are the high capacitors voltage ripples when the motor operates close to the line frequency
(Okazaki et al., 2017). No company has commercialized medium-voltage motor drives using

modular matrix converters due to some reasons, including cost and complexity. However,
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Figure 7 — Schematic of the three-phase modular matrix converter.
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some authors expect that traditional cycloconverters will be replaced with the modular

matrix converters in the near future (Akagi, 2017; Diaz et al., 2020).

On the indirect conversion topologies, the CSCs technologies are suited for
high-power applications. The main features of CSC include a simple structure, low number
of devices, low dv/dt , high reliability, and over current and short-circuit protection, unlike
VSCs. Despite all of these advantages, it has a limited dynamic performance because of
the large dc inductor used in the dc-link (Wu et al., 2008; Kouro et al., 2012). The CSCs
are classified into load-commutated inverter (LCI) and pulse-width modulated current
source inverter (PWM-CSI).

The LCI is one of the earliest topologies used in the high-power variable speed
drives, in the 1980s (Abbondanti, 1989). This converter is based controlled rectifier and
SCR inverter, as shown in Fig. 8. The controlled thyristor rectifier is used to adjust the
magnitude of dc link current smoothed by an inductor (Kouro et al., 2012). The thyristor
devices do not have the self-turn-off capability. The LCI are suitable for very large electric
drives with tens of megawatt power capacity, such as power generation and wind tunnels
(ABB, 2018). This is due to the use of thyristor devices that lead to a low manufacturing
cost and high energy efficiency when compared with IGBT or IGCT devices used in other
types of drives (Wu et al., 2008). The main disadvantages are the grid current harmonics,
the requirement of additional filters, and the low dynamic performance (Emery; Eugene,
2002; Kouro et al., 2012).

Unlike LCI, the PWM-CSI employs force-commuted devices such as GTO, GCT
and IGCT (Hombu; Ueda; Ueda, 1987). This topology found in heavy-duty medium-voltage
drives has been a major player in this area. The typical configuration of the PWM-CSI

is shown in Fig. 9. The current version of this topology also features an integrated
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Figure 8 — Schematic of the three-phase LCI.
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common-mode dc choke that enables transformerless operation (Wu et al., 2001; Wu et
al., 2008). Indeed, the PWM-CSI was the first transformerless medium-voltage drive on
the market (Kouro et al., 2012). The main advantages of this topology are the absence
of dv/dt, no wave reflection, simple converter structure, transformerless topology, and
inherent overcurrent and short-circuit protection. The main disadvantage is the lower
dynamic performance due to the large dc choke. This topology is well suited for high-power

low dynamic requirements applications, such as pumps, fans, and compressors.
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Figure 9 — Schematic of the three-phase PWM-CSI.

About the VSC’s, in low-voltage applications, the 2-level voltage source converter
(2L-VSC), Fig. 10, is the standard converter topology for dc-ac conversion since the
1960s (Mcmurray, 1965), due to its simple topology, low number of installed components,
robustness and straighforward control. Although the application of electric drives is
generally advantageous, it leads to several issues, such as (Kerkman; Leggate; Skibinski,
1996; Busse et al., 1997; Wheeler, 2005):

e high harmonic content cause additional losses in the motor;

e the high dv/dt cause premature failure of the motor insulation, bearing problems,

electromagnetic emission and wave reflection;
e the CM voltage leads to premature failure of the motor winding;

e low number of levels in the output voltage causes torque vibrations in the motor
shaft.
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Figure 10 — Schematic of the three-phase 21.-VSC.

Further challenges arise when 2L-VSC are employed in medium-voltage electric
drives. There are two options that increase the achievable voltages of the converter. The
first option is to use semiconductors with higher blocking voltages, such as high-voltage
IGBTs. However, the maximum blocking voltage of the currently available silicon-based
semiconductor IGBTSs is limited to 6.5 kV. Additionally, these switches are significantly
more costly than the standard low-voltage IGBTS. The second option is to increase the
converter’s voltage, stacking multiple identical semiconductor switches in series as shown
in Fig. 11. Nevertheless, this solution is very complex due to some practical issues, such as
voltage and losses equalization between the series devices (Shammas; Withanage; Chamund,

2006; Fortes; Mendes; Cortizo, 2019). Finally, if the semiconductor switches are stacked in

Multi-winding
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Multipulse 2L-VSC Series
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Figure 11 — Schematic of the three-phase 2L.-VSC with series connection of semiconductor
devices.
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series, their dv/dt is summed, massively increasing the significance of long-cable reflection
and bearing current problems for an application in medium-voltage drives. Thus, this
topology has been discontinued (although some drives commissioned in the last decade

are still operative) (Kouro et al., 2012).

A solution for medium-voltage drives that reduces the height of voltage steps at
the converter output, and thus also the dv/dt and the voltage harmonics, was introduced
with multilevel converters in the 1970s (Mcmurray, 1971). This converter concept allows

the use of lower voltage semiconductors to achieve higher voltages (Franquelo et al., 2008).

The neutral point clamped (NPC) (Nabae; Takahashi; Akagi, 1981) was the first
multilevel converter employed in large scale. The three-level NPC (3L-NPC) is the
NPC topology most used in the medium-voltage drives industry. This topology uses
an arrangement of four power switches per leg, clamped with diodes to a midpoint of the
dc-link, as shown in Fig. 12. In this way, each switch blocks half of the total dc-link voltage,
enabling medium-voltage operation with IGBT devices. In addition, the converter can
clamp the phase output to the neutral point, generating an extra voltage level compared
with 2L-VSC. This results in a reduction of dv/dt and improved power quality, which
made the 3L-NPC an interesting solution for medium-voltage drives (Kouro et al., 2012).
In general, the 3L-NPC is characterized by a relatively small dc-link capacitance, simple

power circuit topology, low component count, straightforward protection and modulation
schemes (Diab, 2019).
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Figure 12 — Schematic of the three-phase 3L-NPC.

One of the disadvantages of 3L-NPC is that the power switches do not have
symmetric losses, forcing a derating of the devices or use of different switches (Bruckner;
Bernet; Guldner, 2005; Ma; Blaabjerg, 2016). Moreover, this topology has a limited number

of voltage levels for practical applications, because it requires a series connection of diodes
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and auxiliary balancing circuits to balance the capacitor voltages (Busquets-Monge et
al., 2008). An alternative NPC topology to solve this inherent issue, which avoids series
association of the clamping diodes was proposed in (Xiaoming Yuan; Barbi, 2000). Due to
the increasing complexity of the control for the balancing of the dc-link capacitors and the
physical construction with an increasing number of levels, the NPC topologies available in
the markets are limited to five-level NPC (5L-NPC) (Abu-Rub et al., 2010; Akagi, 2017).
The typical applications for these topology are pumps, fans and conveyors, rolling mills

and railway traction systems (Kouro et al., 2012).

To solve the problem of thermal unbalance of the devices, the active neutral point
clamped converter (ANPC) was developed (Bruckner; Bernet, 2001) in the 2000s. In this
topology, the clamping diodes are replaced by clamping switches as shown in Fig 13. This
arrangement provides a controllable path for the neutral current and hence control the loss
distribution among the switches of the converter (Bruckner; Bernet; Guldner, 2005). As a
consequence, higher power ratings and switching frequencies are possible. However, as the
NPC, the ANPC converter has a limited number of voltage levels for practical applications.
This has been used to successfully control the rotor currents of a 200-MVA doubly fed

induction machine for a hydro pumped storage system (Kouro et al., 2012).

A further topology is the flying capacitor multilevel converter (FCMC), introduced
by (Dickerson; Ottaway, 1971) in the 1970s. However, was improved for medium-voltage
drives in the 1990s (Meynard; Foch, 1992). The three-level FCMC (3L-FCMC) is shown in
Fig. 14. The converter generates additional voltage levels, while reducing the voltage stress
on the power switches, by clamping capacitors between two devices. Additional switches
and capacitors can be connected, increasing the number of voltage levels of the converter,

and it is considered a modular structure. However, the number of voltage levels of FCMC
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Figure 13 — Schematic of the three-phase 3L.-ANPC.
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is limited in commercial applications, since each flying capacitor within the converter
has to be designed for different requirements, and the balancing of the flying capacitors
becomes more complex with the increasing number of levels (Abu-Rub et al., 2010; Akagi,
2017). Furthermore, the switching frequencies of the converter have to be relatively high
to reduce the capacitances of flying capacitors (Rodriguez et al., 2007; Abu-Rub et al.,
2010). The main applications of the FCMC are train traction drives and pumps in the
water industry (Kouro et al., 2012).

Multi-winding
Transformer

3L-FCMC

Multipulse
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Figure 14 — Schematic of the three-phase 3L-FCMC.

The first multilevel converter linearly scalable in voltage was the cascaded H-bridge
(CHB) converter introduced by the company “Robicon”; part of Siemens, and it is currently
a popular solution for medium-voltage drives since the 1990s (Hammond, 1997). The
converter topology is shown in Fig 15. The converter is based on series-connected modules,
which are individually supplied by a zig-zag transformer. The phase shifts between the
individual transformer windings are chosen to cancel the low-frequency grid harmonics
caused by the diode rectifiers (Hammond, 1997). Since the modules are cascaded, the
number of voltage levels can be increased linearly. The main drawback and limiting factor
of this topology is the bulky and zig-zag transformer, which must be redesigned for each
number of levels (Malinowski et al., 2010). In addiction, this transformer tends to be
expensive and inefficient, rendering the converter bulky and heavy (can produce about 50%
of the total power losses, occupy up to 50% of the system space and represents up 70% of
the system weight) (Fang Zheng Peng et al., 1995; Hagiwara; Akagi, 2009; Abu-Rub et al.,
2016). The main applications of the CHB are pumps in the water industry and fans in the
cement industry (Kouro et al., 2012).

A solution for dc-ac conversion, omitting the requirement of the bulky multi-winding

transformer, consequently isolated dc-sources, was introduced with the Modular Multilevel
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Figure 15 — Schematic of the three-phase CHB.

Converter (MMC) (Marquadt, 2001; Lesnicar; Marquardt, 2003). Basically, the MMC is
composed of single-phase low-voltage converters, called submodules (SM), connected in
series in each of the six converter arms, as shown in Fig. 16. The SM can have a number
of different designs. Originally, MMC was proposed with half-bridge (HB) and full-bridge
(FB) cells. The main advantage of half-bridge SM is the cost. However, this structure
cannot handle dc-link short circuits, which is an important concern in high-voltage direct
current (HVDC) systems. In spite of HVDC systems, in electric drive applications the
probability of short-circuit in de-link can be reduced considerably by an adequate design

of the converter bus bars. In this context, half-bridge SM can be employed.

Because the modular construction, this topology provides superior voltage scalability.
In addition, low switching frequencies can be employed, which leads to high efficiency.
Therefore, MMC has become a preferred solution for HVDC applications and is
commercialized by several companies. For the medium-voltage electric drives field, the
MMC presents several properties that are very advantageous, such as (Kouro et al., 2010;
Hagiwara; Hasegawa; Akagi, 2013; Antonopoulos et al., 2014; Pan et al., 2020):

e high number of voltage levels, leading to small voltage steps;
e inherent redundancy and fault-tolerance structure;

e scalability, modularity and flexibility, the voltage rating can be increased by installing

more SMs;
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e low switching frequency, leading to a high efficiency;

e there is no need for high-voltage dec-link capacitors (or series connected) since the

intrinsic capacitors of the SMs perform these tasks.
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Figure 16 — Schematic of the three-phase MMC.

About MMC topologies, the MMC based on half-bridge SMs is widely used in
electric drives which load torque is a quadratic function of the motor speed (Akagi, 2017).
This type of load is easily found in the industrial field, accounting for approximately 70% of
the market for medium-voltage electrical drives, as shown in Fig. 1 (Wu; Narimani, 2017).
However, this topology has some limitations in electrical drive application, mainly for
low speed high-torque operation (Hagiwara; Hasegawa; Akagi, 2013). In order to improve
the MMC dynamics at low speeds, it is necessary to use some techniques to mitigate the
voltage ripple of the SM capacitors (Hagiwara; Hasegawa; Akagi, 2013; Antonopoulos et
al., 2014; Li et al., 2017; Kumar; Poddar, 2017; Kumar; Poddar, 2018). Companies like
Siemens and Benshaw solved this problem and already have this converter topology in the
market for pumps, blowers and compressors (Hagiwara; Nishimura; Akagi, 2010; Akagi,
2017; Li et al., 2017; Dekka et al., 2017; Benshaw, 2018; Siemens, 2018).

Table 2 provides a summary of the medium-voltage drive products offered by major

drive manufacturers in the world, where the inverter configuration, and power range of the
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drive are listed. Different multilevel topologies, NPC, ANPC, FCMC, CHB and MMC are
examined. It is evident that multilevel converters have been widely used among industrial
companies. Among the conventional topologies, NPC is the most adopted one for the
medium-voltage electrical drives, while the CHB is the second most adopted. For the

relatively new multilevel topologies, the MMC-based medium-voltage electric drive is

commercialized only by Siemens and Benshaw.

Table 2 — Market overview of medium-voltage drives.

Topology Trade Mark Power Range Voltage Range Manufacturer
CcCv CL9000 5-100 MVA 1-5kV Alstom
CCV Sinamics SL150 12 - 40 MVA 1.5-4KkV Siemens
MC FSDrive-MX1S 0.32 - 5 MVA 3-6kV Yaskawa
CSI CDMS&000 8.3-13.5MVA 6-10kV Alstom
CSI PowerFlex 7000 0.15-6.3 MVA  23-6.6kV Rockwell
LCI MEGADRIVE-LCI 2 - 150 MVA 2-25kV ABB
LCI SD7000 3-100 MVA 1.5-15.75kV  GE

LCI Sinamics GL150 6 - 85 MVA 1.4 -10.3 kV Siemens
2L-VSC VDM 5000 0.3-5MVA 2.3-4.2kV Alstom
NPC VDM 7000 7-9.5 MVA 3.3 kV Alstom
NPC ACS 1000/5000,/6000/6080 1.4 - 36 MVA 2.3 -13.8kV ABB
NPC VACON 3000 2.2 - 7T MVA 3.3-4.16 kV Danfoss
NPC SC 9000 0.22 - 9 MVA 2.4 -13.8kV Eaton
NPC MV 7000 3 - 81 MVA 3.3-13.8kV GE

NPC Ingedrive MV100/500/900 0.8 - 44 MVA 3.1-6.6kV Ingeteam
NPC Altivar 1260 0.5-5MVA 4.16 kV Schneider
NPC Sinamics GM150/SM150 2 -31.5 MVA 2.3 -4.16 kV Siemens
NPC Dura-Biltbi MV 0.15-75MVA  23-4.16kV TMEIC
NPC T300MV/T300BMV2/MTX2 0.23-82MVA  2.4-4.16kV Toshiba
NPC MVWO01 0.4 - 36 MVA 2.3-6.9 kV WEG
ANPC ACS 2000 0.3 - 3.6 MVA 4.16 - 6.9 kV ABB
ANPC PCS 8000 6 - 100 MVA 6-13.8 kV ABB
FCMC VDM 6000 2.2 - 8 MVA 2.3-4.2kV Alstom
CHB ACS 580MV 0.2 - 6.3 MVA 6-11kV ABB
CHB AXPERT-HIVERT 0.25-12.5 MVA 3.3-11kV Amtech
CHB MVD 1000,/2000,/3000 0.16 - 128 MVA 3.3-11kV Delta
CHB FRENIC4600 0.3-18.3 MVA 3-11kV Fuji
CHB HIVECTOLHVI-E 0.3-14.7MVA 33-11kV Itachi
CHB Harvertst A/S/VA 0.25-6.25 MVA 3-11kV Harverst
CHB LSMYV - M1000 0.2 -12.5 MVA 3-11kV LS Electronic
CHB PowerFlex 6000 0.15 - 11 MVA 2.3-11kV Rockwell
CHB MVC 0.6 - 10 MVA 3-10kV Rongxin Power
CHB Altivar ATV6000 3.5-5.8 MVA 4.16 - 6.6 kV Schneider
CHB Sinamics GH180 3.5 - 24.4 MVA 2.3-11kV Siemens
CHB MVW3000 0.13-12.1 MVA 1.15-13.8kV  WEG
CHB MV 1000 0.13 - 12 MVA 2.4-11kV Yaskawa
MMC M2L 0.22 - 9 MVA 2.3-72kV Benshaw
MMC Sinamics GH150 4 - 48 MVA 4.16 - 13.8 kV  Siemens
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2.3 Chapter Conclusions

In this chapter, a detailed review of the main power converter topologies widespread
in the literature was presented. Direct conversion converters, current source converters
and voltage source converters were discussed. In addition, market research was carried
out with the main manufacturers of power converters and their respective models and
characteristics. Among the topologies, the MMC presents interesting characteristics for the
applications of pumps, fans and blowers. Such characteristics and application sector make
it a very attractive and promising topology for medium voltage electric drive applications

with high efficiency and reliability.

The next chapter present the topology of MMC-based electric drive. In addition,
the control schemes and the CMI employed were discussed. Furthermore, the design of the
main components and variables were presented. Finally, some redundancy strategies and

the reliability study were also presented in this chapter.
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3 MMC-based Electric Drive System

This chapter aims to present the topology and characteristics of MMC-based electric
drive system. Then, the control scheme and the strategy to reduce the voltage ripple of the
capacitors when the motor operates at low speed are described. Furthermore, the design
of the main components and variables were presented. Five designs of MMC with best
utilization factor for each blocking voltage are selected for furthers comparisons. Finally,

some redundancy strategies and the reliability study are presented in this chapter.

3.1 Topology

The structure of the MMC-based electric drive system is shown in Fig. 17. As
observed, this topology is based on cascade association of half-bridge cells, generally
consisting of two IGBTs, S; and S,, two diodes, D; and Ds, and a SM capacitor, C.
A bypass switch Sp is usually installed in parallel with each SM. This device has the
purpose of bypassing it if any fault is detected (Gemmell et al., 2008; Farias et al., 2018).
Thus, the topology becomes inherently fault tolerant. Unlike the CHB-based drives, this
topology features a single dc power supply, similarly to a 2-level inverter or NPC. Therefore,
the complex zig-zag transformer can be eliminated. The MMC has N effective and M
redundant SMs per arm. R, represents the bleeder resistor. The arm inductors Lg;,, reduce
the harmonic distortion in the circulating currents (Harnefors et al., 2013; Farias et al.,
2018).

3-Winding
/k Transformer Vie “ A

X X X

Lm‘m i i
X X X

\_ | l
12-Pulse Diode MMC
Rectifier

Power Grid

Figure 17 — Three-phase MMC-based electric drive system.
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3.2 (Control Structure

Regarding the control scheme, the strategy is based on (Hagiwara; Hasegawa; Akagi,
2013) and the control structure is presented in Fig. 18. The control structure can be divided

nto:

e MMC averaging control: averaging voltage loop and circulating current loop to
perform the energy balance between the phases and minimize the value of the

circulating current;

e MMC balancing control: individual balancing control for balancing each capacitors

voltage;

e motor control: rotor field oriented control (RFOC) performed by controlling the

output current of the converter.

Speed
Control
Slip
Calculator

p/2

Figure 18 — Control scheme for MMC based electric drive system: (a) Average and
circulating current control; (b) Individual balancing control; (c¢) Rotor field
oriented control. CMI - Common-mode injection. M AF - Moving average
filter.
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The averaging voltage control and circulating current control is shown in Fig. 18
(a). The external loop controls the average voltage v, of all SMs per phase. This average

voltage is computed by:

1 &
avg — A7 sm.is 3.1

where vy, ; is the ith SM voltage per phase. Ny is the total number of operating SMs per
phase, given by:

NT = No,u“‘No,l; (32>

where N,, and N,; are the number of operating SMs of the upper and lower arms,

respectively.

The average voltage calculates the necessary circulating current to the inverter
leg. This control also manages the energy exchange among the converter arms. The inner
loop is responsible for controlling the circulating current to mitigate the harmonics in the
circulating current and introduces damping in the converter dynamics. This control is based
on proportional resonant (PR) controller, to suppress the second harmonic component,
which is a common issue in modular multilevel converters (Xu et al., 2016; Farias et al.,
2018).

As a notable drawback, MMC presents high voltage ripple in the SM capacitor
voltages when the motor is operating at low-frequency range. This fact is observed, since
the capacitors voltage ripple is approximately inversely proportional to the stator motor

frequency (Hagiwara; Nishimura; Akagi, 2010):

(3.3)

where [, is the stator rms current and f, is the frequency of the voltage applied in the
motor. Thus, large oscillations in the capacitor voltages occur during the motor start-up,
which results in control instabilities and large stresses in the SM capacitors (Antonopoulos
et al., 2014).

In order to reduce the capacitor voltage ripple under low speeds, a common-mode
injection (CMI) is employed. This strategy consists of inserting an alternating circulating
current and a common-mode voltage in the reference signals. This concept was firstly
proposed by (Korn; Winkelnkemper; Steimer, 2010). As shown in this reference, the higher
the common-mode voltage injected, the lower the required circulating current amplitude.
This is very important, since the circulating current affect the converter power losses

(Korn; Winkelnkemper; Steimer, 2010). Hagiwara, Hasegawa and Akagi (2013) employs the
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sinusoidal signal added to a third-order harmonic ripple mitigation technique. This strategy

is employed in the present Thesis. This method consists of inserting a common-mode

*
com?’

*
zac)

*

which reduces the capacitors ripple. The v}

voltage, v and circulating current, ¢

and ¢}, are given by:

vl = =2V (Sin(Weomt) + 0.168in(3weomt)), (3.4)
1 202y )
it = 5 — 22 iy (sin(Weomt) + 0.168in(3weomt)) + ==, 3.5
= g (o ) iinCt) + 01050 Bt 0) + 5, (33)

where V* is the rms value of v*

com com*

The common-mode voltage angular frequency is
represented by Weom (=27 feom ). The common-mode frequency, feom, used is 54 Hz and the
amplitude of the third harmonic inserted is 1/6 of the fundamental component (Hagiwara;
Hasegawa; Akagi, 2013). v’ is the stator reference voltage computed by RFOC and i, is the
stator current. Moreover, the CMI is employed at the 0 to 20 Hz range, where it has the
greatest impact on the voltage ripple, as suggested in (Hagiwara; Hasegawa; Akagi, 2013).
It is important to highlight that the amplitude of the common-mode voltage is limited by
the converter modulation index. Therefore, this strategy is suitable for mechanical loads

which does not require high torque at low speed range, e.g. blower-like loads.

Furthermore, the individual balancing control is used to guarantee that the
individual capacitor voltage is balanced according to the reference value (Debnath et
al., 2015). For this strategy, the individual control is composed of a proportional controller,
as shown in Fig. 18 (b). The moving average filter (MAF) attenuates the capacitor voltage
ripple and to improve the individual balancing performance. Then, its output is multiplied

by the arm current. The obtained signal is added to the modulator reference signal.

Finally, the last control structure is shown in Fig. 18 (c). The traditional RFOC is
responsible for controlling the motor speed, and it is based on (Novotny; Lipo, 1996). The
control signals are summed up, normalized and compared by the voltage modulator, in
which the phase-shifted pulse width modulation (PS-PWM) with third harmonic injection
is considered in this paper (Hagiwara; Akagi, 2009).

A Phase-Shifted PWM (PS-PWM) with third harmonic injection is the modulation
strategy employed. The PS-PWM consists of comparing the carriers with the reference

voltage, generating the gate signals. The angular displacements of the lower arm carriers

0., are calculated by the following equation:

- 1—1
0.,=2 .
c,l ﬂ-(N): (36)
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where © = 1, 2, ..., N. On the other hand, the angular displacements of the upper arm

carriers are given by:

ei,u = Z::,l + 57 (37)

where 3 indicates the angular displacement among the carrier waveforms in the upper and
lower arms. The angular displacements of the carrier waveforms can be chosen in terms of
the desired harmonic performance. This work employs the (2N + 1)-level modulation, as

described in (Ilves et al., 2013). The angular displacement is given by:

(3.8)

if N is even, and:

B =0, (3.9)
if N is odd.

The modulator adds, normalizes and compares the reference signal with the carrier
signals (Hagiwara; Akagi, 2009; Hagiwara; Nishimura; Akagi, 2010; Hagiwara; Hasegawa,
Akagi, 2013; Sahoo; Bhattacharya, 2018), as shown in Fig. 19. The normalized reference

signals per phase are given by:

. v, vy vy Vzom, 1 N
vl = + — + += : 3.10
VinNow) — VimNo@w)  VinNow)  VinNow) 2 Nou,) (3.10)
Ul* — Up 4 v, + Vs + Ueom + = (311)

Vi Nowy  VEaNowy  UinmNowy  VinNo@y 2 Nogup)

where v} and v] are the upper and lower voltage reference, respectively. The v} is the
reference of the balancing control, v} is the voltage generated by the control of the

circulating current and No(, 1y = min(Nyw), Noay)-

3.3 Main Circuit Parameters Design

The first step to design a MMC-based electric drive is determining the dc-link

voltage. The minimum dc-link voltage can be computed by:

Vde = \/§V9k7“687 (312)

where V; is the rated rms line-to-line stator voltage and k.., is the percentage of reserve

voltage. For typical industrial medium-voltage electrical drives, the k,.s is usually 1.2
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Figure 19 — Connection between the control and modulation scheme.

(ABB, 2013). The percentage of reserve voltage is used to guarantee proper operation of
the MMC under transient conditions and also to compensate the voltage drop on arm and

stray inductances (Marzoughi et al., 2018).

The best cost/effective design for number of SM is primarily dictated by the
blocking voltage capability of the employed IGBTs. In this paper, IGBTs with blocking
voltage, V4, in the range of 1.7 kV to 6.5 kV are considered. The device utilization factor,
fu can be calculated from:

,U*

= 3.13
d Viw,100fit (3.13)
where Vi, 1007i¢ is the IGBT blocking voltage for a device failure rate of 100 failures in time
(FIT) due to cosmic radiation (Islam; Guo; Zhu, 2014a). This is a typical FIT value for
semiconductors used in the design of converters for HVDC systems and medium-voltage
electrical drives (Islam Y. Guo, 2014; Sharifabadi et al., 2016). The reference SM voltage

* .
v can be computed as:

v = ke (3.14)
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A higher f, is key for an improved cost/effective design, since the semiconductor
cost is a significant parameter in medium-voltage converter applications (Islam Y. Guo,
2014). Table 3 summarizes the reference SM voltage and utilization factor for some SM
numbers. Considering the availability of the power semiconductors devices, the designs
with 7, 11, 14, 20 and 27 have the f, near to the unit for the classes of 6.5, 4.5, 3.3, 2.5 and
1.7 kV, respectively. Thus, such values were considered for further analysis and comparison.
A low f, means the use of unnecessarily high-cost semiconductors. In general, to use the
active switching devices cost-effectively, a design must have a f, of 0.9 or above (Islam
Y. Guo, 2014).

The SM capacitance can be calculated based on the MMC energy storage

requirements. According to (Ilves et al., 2014), the minimum SM capacitance is given by:

. NS’H, WCO'IZ’U

2
3v3,

C , (3.15)
where S,, is the MMC apparent power and W,,,, is the required energy storage per MVA.

Table 3 — Utilization factor for different SM number.®

N U:m (]{TV) V;Jv (k’V) ‘/bv,100fit (l{?V) fu

6 4 6.5 3.6 1.11
7 3.43 6.5 3.6 0.95
8 3 6.5 3.6 0.83
9 2.67 6.5 3.6 0.74
10 2.4 6.5 3.6 0.67
11 2.18 4.5 2.25 0.97
12 2 4.5 2.25 0.89
13 1.85 4.5 2.25 0.82
14 1.71 3.3 1.8 0.95
15 1.6 3.3 1.8 0.89
16 1.5 3.3 1.8 0.83
17 1.41 3.3 1.8 0.78
18 1.33 3.3 1.8 0.74
19 1.26 3.3 1.8 0.70
20 1.2 2.5 1.2 1.00
21 1.14 2.5 1.2 0.95
22 1.09 2.5 1.2 0.91
23 1.04 2.5 1.2 0.87
24 1 2.5 1.2 0.83
25 0.96 2.5 1.2 0.80
26 0.92 2.5 1.2 0.77
27 0.89 1.7 0.9 0.99
28 0.86 1.7 0.9 0.95

¢ Considering the rated stator voltage Vs = 13.8 kV and vg. = 24 kV.
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Figure 20 — Two kind of inductors configuration: (a) individual inductors; (b) coupled
inductors.

A typical values of W,,,, is approximately 60 kJ/MVA for MMC-based drive (Akagi, 2017).

Typically, high-density Electronicon film capacitors are considered in each SM.

As mentioned in the previous section, this paper considers the PS-PWM. In this
modulation technique, N triangular carriers are used per arm, displaced by 360°/N,

featuring an effective output frequency of (Marzoughi; Burgos; Boroyevich, 2019):

fef = 2Nfsw; (316)

where f, is the carrier frequency (Marzoughi; Burgos; Boroyevich, 2019).

The arm inductance L, is used to minimize oscillations in circulating current
(Harnefors et al., 2013; Farias et al., 2018). Typically, values between 0.05 to 0.15 p.u.
are used for the MMC (Sharifabadi et al., 2016). In turn, when (2N + 1)-level PS-PWM
modulation is employed, the ripple of circulating current, Ai., is proportional to (Li; Jones;
Wang, 2017):

1

Al, X ——.
fefLarm

(3.17)
In order to keep similar values of circulating current ripple, f.; and Lg,., are kept
constant. This means that the smaller the number of SMs, the greater the switching

frequency, as discussed in (Huber; Kolar, 2017).

Fig. 20 shows two types of arm inductors physical realization. First, Fig. 20 (a)
shows the use of individual inductors. In this configuration, the arm’s inductances are

given by:
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N2
L, ==L 3.18
1 %17 ( )
N2
Ly=—2 3.19
2 %27 ( )

where N; is the turns number of the winding 1, J; is the reluctance of the core 1, N5 is the
turns number of the winding 2 and %5 is the reluctance of the core 2. In this configuration,

the equivalent inductance seen from the circulating current side is a series association,

given by:
NZ N?
Loym» = L1+ Ly = =L + 2. 3.20
, 1+ Lo §R1+8%2 ( )

In turn, the equivalent inductance seen from the motor side is a parallel association:

N{N3
Ny + NsRy

Larm,s = Ll//L2 = (321)

Assuming that the inductors have the same turn numbers of the winding, NN,,, the
material and size of the core are identical, so the same reluctance, R., the equivalent

inductance seen from the circulating current and the motor current can be calculated by:

2N?2

Larm7z - §Rw’ (322)
N2

Lorm,s = 2§}7§. (3.23)

As observed, individual inductors lead to some inductance for the output current.
Therefore, the arm inductors will affect the output current dynamics. This is usual for
grid-connected applications. However, this will affect the current control dynamics of the

machine, which is not desirable.

On the other hand, Fig. 20 (b) shows the use of coupled inductors. For this scheme,
the equivalent inductance from the circulating current side can be computed by v4pg:
di, di, di, di,

,=L1— + L2— + M{s— + M.
VAB, dt+ dt+ 1’2dt+ 2,1

, 3.24
o (3.24)
where M 5 is the mutual inductance between L; and Ly and M, ; is the mutual inductance
between L, and L;. On the other hand, the equivalent inductance from the motor current
is given by:

di di dig di

vaps = L1— + L2— — M; o——

D 2
dt dt dt 20 (3.25)
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Making the same consideration explained above, that the inductors have the same
turn numbers of the winding, the material and size of the core are identical, and considering
that Mo = M, = M,, the equivalent inductance seen from the circulating current side

and motor side is given by:

di 2N?2 di
.= (2L +2M,) —= = Y 1M, | ==, 3.2
oan. = L+ 201) G = (25 o) G (3.26)
dis 2N? di
= (2L —2M,) — = Y 2M,, | . 2
VAB,s = ( w) dt ( R?, w) dt (3.27)
The mutual inductance M,,, cab be evaluated by:
My, = K\/LiLs. (3.28)

where K is the coupling coefficient. If K = 1 the two coils are perfectly coupled, if K >
0.5 the two coils are said to be tightly coupled and if K < 0.5 the two coils are said to be
loosely coupled. Therefore, considering a good coupling, the equivalent inductance seen

from the circulating current and motor side can be approximated by:

AN?
Loym,. =~ 4L ~ %w, (3.29)

(o

Larm.s /0. (3.30)

As observed, the coupled inductors lead to higher equivalent inductance for
circulating current and minimal inductance for the fundamental output current, being
theoretically null. Thus, the motor speed dynamics is not affected by the arm inductance
(Hagiwara; Hasegawa; Akagi, 2013). Assuming the same converter, the use of coupled

inductor results in lower volume and weight. Thus, coupled inductors are considered in
this Thesis.

3.4 MMC Fault-Tolerant Operation

Due to several electrical, mechanical and environmental factors present in an
industry, MMC is vulnerable to some types of failures or faults (Son et al., 2012).
Nevertheless, the system should continue operating until maintenance can be programmed
(Konstantinou; Ciobotaru; Agelidis, 2012). The MMC topology is often featured with its
robustness for SM failures. Redundant SMs are inserted into each arm for fault-tolerant
operation. When a fault is detected, the damaged SM should be bypassed (Son et al.,
2012).
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According to (Farias et al., 2018), the redundancy strategies can be classified
as: Redundant operation based on Spare SMs (RSS), Redundant operation based on
Additional SMs (RAS), Optimized Redundant operation based on Additional SMs (RASO)
and Standard Redundant operation (SR).

The RSS strategy is a redundancy technique based on the concept of spare SMs
(Son et al., 2012). During normal operations, the backup SM are bypassed. When a fault is
detected, this faulty SM is replaced by the backup SM (Li et al., 2015). This technique has
the advantage of operating with the number of SM constant and no control adaptation is
employed. However, this technique affects the transient of all control variables, because
the SMs inserted in the system are maintained discharged by the bleeder resistors (Farias
et al., 2018). Since the redundant SM are not operating, this scheme is referred as cold

redundancy or standby redundancy scheme.

The RAS strategy consists in operating the MMC with more SMs than the nominal
number. When a fault occurs, the faulty SM is bypassed and the operating voltage of
the SMs is maintained at the rated voltage (Saad et al., 2015; Choi; Han; Kim, 2016).
Therefore, when a SM fails, the SMs voltages do not increase. Thus, small transients are

observed on SM voltages.

On the other hand, RASO strategy operates the SMs with a reduced voltage
under normal conditions, thus reducing the voltage stresses in the SM power devices and
reduce power losses. When a fault is detected, the SMs voltages are increased to avoid
overmodulation (Farias et al., 2018). Since the redundant SM are always operating, RAS

and RASO are usually referred as hot-reserve or active redundancy strategies.

Finally, the SR strategy operating principle is similar to RASO. In this technique,
when a failure occurs, the operating voltage of the SMs is increased (Konstantinou;
Ciobotaru; Agelidis, 2012; Ahmed et al., 2015). This is an interesting solution for
applications with high numbers of SMs, without the need to use additional SMs. The fs,

ratio between the v} and V4, can be computed by:

,U*

us — . 3.31
fur = Ui 331)

However, to maintain a safe operation, f,s can not exceed 0.6 (Farias et al., 2018).
Therefore, this strategy is limited by the maximum voltage stresses at the semiconductor
devices and capacitors. According (Farias et al., 2018), for the SR strategy, the redundancy
factor f,. is computed by:

fus,O
fus,f7

where f,50 is the utilization factor under normal conditions, and f,s ¢ is the utilization

fr=1- (3.32)
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factor when all admissible failures occur. In many works of literature, f, around 10% is
employed (Konstantinou; Ciobotaru; Agelidis, 2012). Manipulation (3.32) and definition

of the constant k, results in:

o fus,f . N

k, = = )
fuso N —ceil(Nf,)

(3.33)

where k, indicates the perceptual variation in the utilization factor. Since f,s, = 0.5 is
widely used, k, = 0.6/0.5 = 1.2 would be the limit. However, once the SMs voltages present
ripple, a safety margin is adopted. Thus, k, = 1.15 is employed. Fig. 21 shows the effect
of the number of SMs in the k, ratio for f, = 0.1. As observed, applications with lower
number of SMs exceed the range of k, = 1.15. Once MMC based drive systems typically
employ few SMs, the SR strategy is not suitable because it results in large voltage stress
in the SMs.

1.25 ' ' k=S
ol Dangerous operation —%—Eq. (2.33)
‘MB
e <«— Limit
&%\‘ Safe operatm ‘
1.1 s 0 15 20 25 30

N

Figure 21 — Redundancy limit for SR for some number of SMs.

Regarding the implementation, the reference values for the average voltage control

*

Ugyg and the balancing control v

*
sm?

depend on the redundancy strategy used. For the RSS

and RAS strategies, the voltage reference for the individual control is calculated by:

* /U;C
= . 3.34
Usm N ( )

Even during faults, the average voltage references do not change in RSS and RAS

strategies. Therefore, the average reference voltage per phase is calculated by:

* U*c
Vg = ﬁ (3.35)

However, in the RASO strategy, when a fault is detected, the reference SMs voltages

is increased. Thus, the reference voltage for all SMs and the average reference voltage for

RASO strategies are computed by:

Vi = e (3.36)
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*
* Udec

v = .
e No,u,l

(3.37)

Table 4 shows the main characteristics of each redundancy strategy described in

this chapter, where F' is the number of failures in a given arm.

Table 4 — Main characteristics of redundancy strategies.

Strategy v N, M Reference

RAS Ye N+ M—F M=ceil(Nf,) (Saad et al., 2015)

RASO % N4+ M—-F M=cel(Nf,) (Ahmed et al., 2015)

No
RSS W N M = ceil(Nf,) (Son et al., 2012; Li et al., 2015)
SR ¥ N-F M=0 (Liu et al., 2015)

3.5 Reliability

The reliability function, R(t), and the failure rate, \(¢) are very important factors
for modeling the reliability of electronic converters. R(t) represents a group of samples that
can function properly for a specific time and A(t) is the failure rate of a system. Device
failures can be caused randomly or by wear-out during operation. Wear-out failures can
be reduced if proper converter design is performed, as described in (Wang; Ma; Blaabjerg,
2012). Thus, this work considered the MMC reliability modeling based on random failures
(Farias et al., 2019). The reliability block diagram is shown in Fig. 22. The SM reliability
function is given by (Tu; Yang; Wang, 2018):

Ry (t) = e em?, (3.38)

where A, is the SM failure rate. In this work, the failure rates of the IGBTSs, the capacitor
and the SM control system are considered. The failure rates of the SM control system
includes the IGBT drive circuits, communication system and SMs controller (Guo et al.,

2018). Assuming the failure rate of each component is independent, thus:

>\sm - 2>\IGBT + )\capacitor + Acontrol- (339)

The MMC consists of six arms, with N SMs in each arm. Considering that the SMs
are identical and independent, the arm’s reliability function can be calculated as follows
(Tu; Yang; Wang, 2018):
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::12

R (3.40)

arm
=1

The reliability of the MMC, of the six arms, are given by:

6
Rumc(t) = [ Ram(t). (3.41)
arm=1

However, Eq. (3.40) is only suitable when redundant SMs are not used. Redundant
cells are operated in active or standby mode. Active mode operates with or without load
sharing (Chen; Yu; Li, 2019). In this work, only the active redundancy that operates
without load sharing will be considered. In this way, when a component fails, the load
on the remaining functional components is not changed. Therefore, the MMC arm level
reliability considering active redundancy can be assessed using the k-out-of-n model,

provided by (Chen; Yu; Li, 2019):

i ON R (8)7(1 = Ra (). (342)
p=K
In turn, considering the redundancy in the standby mode, the redundant SMs are
inserted in the MMC only when there is a failure in any operant SM. The reliability can
be modeled as a homogeneous Poisson process with a constant rate Ay, (Chen; Yu; Li,
2019). The MMC arm level reliability is given by (Tu; Yang; Wang, 2018):

N Qant)®
Rstandby(t) = ([(‘)eASMt- (343)
K=0 .

SM-Level Reliability Block Diagram
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=Ry (O R gy ()= - -

Arm-Level Reliability Block Diagram

=R, (OF>R, )= - -

MMC-Level Reliability Block Diagram

Figure 22 — Reliability block diagram of the MMC-based electric drives.
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Finally, the reliability of the MMC, of the six arms, considering the active and

standby redundancy techniques, are given by:

6
RMMC,active(t): H Ractive<t)- (344)
arm=1
6
RMMC,standby(t>: H Rstandby(t)' (345>
arm=1

The number of redundant SMs, M, is calculated using an iterative method proposed
in (Farias et al., 2019), whose objective is to guarantee the reliability requirement. For
medium-voltage electric drives, an estimated 7-year service life is generally assumed (Wang
et al., 2014; Falck et al., 2018). Therefore, the number of redundant SMs is calculated so
that the converter has 99% reliability in 7 years of operation. It is worth mentioning that
redundancy affects the choice of the design with the best cost-benefit, since redundancy
affects the number of SM in the converter. Thus, the reliability criterion is used so that

the designs with IGBTSs of different blocking voltage present the same level of reliability.

3.6 Chapter Conclusions

In this chapter the topology of MMC-based electric drive were presented. In addition,
the control schemes and the CMI employed were discussed. Furthermore, the design of the
main components and variables were presented. Finally, some redundancy strategies and

the reliability study were also presented in this chapter.

The next chapter presents and details the figures of merit used to compare and
choose the MMC-based electric drive design with the best cost/benefit ratio for an industrial

application.
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4 Case Study and Figures of Merit

The case study employed in this work is presented in this chapter. Next, the motor
parameters, power converter and mission profile are shown. Furthermore, the figures of
merit used to compare and choose the MMC-based electric drive are presented. Finally, the
normalized total index is presented for comparison of the different designs of MMC-based

drives to chosen the best cost/effective ratio for a given industrial application.

4.1 Case Study

The case study used in the tests carried out in this work consists of a MMC-based
drive with 16 MW - 13.8 kV induction motor which drives an industrial blower. The motor
parameters are reported in Table 5. The parameters of the motor equivalent circuit were

estimated from these plate data, according to the algorithm proposed by (Pedra; Corcoles,
2004).

Table 5 — Induction motor parameters.

Parameter Value
Rated active power (F,) 16 MW
Rated rms line-to-line stator voltage (Vs,) 13.8kV
Rated stator current (I,) 801 A
Rated frequency (fs,) 60 Hz
Rated rotational speed (n,,,7) 1795 rpm
Rated power factor 0.9
Rated efficiency (n) 97.4%
Number of poles (P) 4
Tonaz/ Tratea Tatio 2.4

The variations from the values of the plate data when they are calculated from the
parameters of the equivalent circuit found by the algorithm are shows in Table 6. As noted,
the algorithm was able to estimate the parameters of the plate data with a maximum error

smaller than 2.5%. In turn, the estimated equivalent circuit parameters can be analyzed
in Table 7.

For this study, an MMC with a power of 20 MVA, a voltage of 13.8 kV and a
nominal current of approximately 840 A was considered. Table 8 shows the part numbers
employed in the MMC designs. Five different HiPak IGBTs modules with blocking voltage
capability range between 1.7 kV and 6.5 kV are considered. Commercially available modules

with rated current close to 800 A are selected.
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Table 6 — Percentage errors obtained for the values shown on the motor plate data.

Parameter Percentage errors (%)
Rated active power 0.014268
Rated stator current 1.1274x10°°
Rated power factor 2.3989
Rated efficiency 2.3093
Tnaz/ Tratea ratio 8.5763x107°

Table 7 — Parameters obtained by the implemented algorithm.

Parameter Estimated value
Rotor resistance (R,) 0.02923 Q
Stator resistance (Ry) 0.027552 Q
Magnetization inductance (L,,) 87.9 mH
Stator leakage inductance (L) 3.1 mH
Rotor leakage inductance (L;;) 3.1 mH

Table 8 — HiPak IGBT modules specifications for proposed designs.

Voltage (V) Current (A) Part Number Manufactures

1700 800 5SND 0800M170100 ABB
2500 800 CMS800HB-50H Mitsubishi
3300 800 5SNA 0800N330100 ABB
4500 800 5SNA 0800J450300 ABB
6500 750 5SNA 0800J450300 ABB

The industrial mission profile used, characterized by the motor speed and ambient
temperature where the converter is located, are obtained from measurements of a steel
industry in southeastern Brazil, and are shown in Fig. 23. The conjugate profile is

approximate, assuming a quadratic load characteristic.

Finally, the MMC specifications for each project are shown in Table 9. Most of
these parameters were computed based on the equations of Chapter 3. The failure rates
considered for the reliability study are based on statistical data, as described in (Guo et
al., 2018). The simulations are performed in PLECS/MATLAB aiming to validate the

proposed methodology and perform the comparison.
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Figure 23 — Industrial mission profile: (a) Motor speed; (b) Ambient temperature.

Table 9 — MMC ratings for selected designs.

MMC Design

Parameter I 11 111 v A%
N 7 11 14 20 27
Levels 15 23 29 41 55
vae (kV) 24 24 24 24 24
vy (kV) 6.5 4.5 3.3 2.5 1.7
vi (kV) 343 218 171 120 0.89
S, (MVA) 20 20 20 20 20
C (mF) 5 7.86 10 14.28 19.28
Larm (mH) 7.7 7.7 7.7 7.7 7.7
Rarm 0.14 014 014 014 0.14
few (Hz) 945 602 473 348 245
for (kHz) 1323 1323 13.23 13.23 13.23
Rpear (K/KW) 1 7 25 45 70

Argpr (failures/year)  0.0014 0.0012 0.0013 0.0012 0.0013
Acapacitor (failures/year) 0.0018 0.0018 0.0018 0.0018 0.0018
Aeontrot (failures/year) 0.0032 0.0032 0.0032 0.0032 0.0032
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4.2 Figures of Merit

4.2.1 Efficiency

The efficiency is an significant criteria when selecting a best cost-effect converter
for electrical drives. As mentioned before, motor systems currently account for 30% of
global electricity demand (IEA, 2019). In this work, the metric used as a figure of merit for
comparison is derived from the loss of energy over a daily cycle. Conduction and switching
losses were estimated with look-up tables, as described in (Farias, 2019) and illustrated
in Fig. 24. The data needed to estimate conduction losses, switching losses and thermal

impedances of the devices are obtained from the manufacturer datasheets.

Industrial Mission Proﬁle\

@y, (rpm)

Tamb 0

T; Power Losses

Thermal model

k Power Lossy

Figure 24 — Power losses estimation of the MMC.

4.2.2 \olume

For the volume metric, the converter volume is estimated by the sum of the

individual volumes of the following components: IGBTs, capacitors, inductors, heatsinks
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and ventilation system. The volume of the IGBTSs, V;gpr, can be calculated using the

dimensions (width, height and length) informed in the manufacturers data sheets.

In turn, the capacitor volume is estimated following the methodology proposed in
(Huber; Kolar, 2017), in which the energy storage requirement is used as a premise. For
the MMC, the stored energy, Ec, is calculated by (Farias et al., 2018):

B 3Cv3,

Ec N

(4.1)

Thus, assuming a volume constant per stored energy, kg, of 6.3 cm® /J (Huber;

Kolar, 2017) the volume of the capacitors, V.4, can be obtained as:

Viap = EcKp. (4.2)

The volume of the inductors is estimated from values presented in (Marzoughi;
Burgos; Boroyevich, 2019), where a case study of a MMC-based electric drive of 5 MVA,
13.8 kV and 2 mH arm inductance is developed. The total volume of the 6 arm inductors
of this converter was 0.02773 m?. With these values in place, a linear scale was performed
for the case study used in the present work, a MMC-based electric drive of 20 MVA, 13.8
kV and 7.7 mH of arm inductance. In this way, the volume of this component is calculated
assuming that each inductor is made by the association of 4 inductors in parallel (in order
to guarantee the same current circulation capacity) and an association of 15 of these sets

of inductors in series (to obtain the same inductance).

For heatsinks and ventilation systems, the volume is obtained through (Huber;
Kolar, 2017):

1
CSPI x Rheat’

Vheat = (43)

where C'SPI is the cooling system performance index, and Rj.,; is the thermal resistance
of the heatsink to the ambient. For cooling systems using forced ventilation, typical
values of 10 W / (Kdm 3) are used (Huber; Kolar, 2017). The thermal resistance of the
heatsink to the ambient is calculated to maintain the same junction temperature, 7}, of
the most stressed device of all designs, within a safe limit (junction and case temperatures
below 115°C and 100 °C, respectively). Finally, a volume compensation factor C, = 0.7
is considered in order to consider the component spacing in the converter, due to the

different geometric characteristics and insulation of each component (Kolar et al., 2010).
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4.2.3 Silicon Area

The switched power is an indirect estimate of the converter’s silicon area, which in
turn directly affects the converter investment cost. The switched power, Py, is calculated
by (Siddique et al., 2016):

Psw - Nsemi‘/bv]ca (44)

where N.,,; is the number of semiconductor devices used and I, is the rated collector

current of the device.

4.2.4 Complexity

Complexity is also a very important figure of merit for making the most cost-effective
choice of project. Complexity is often assessed in terms of the number of arithmetic and
logical operations (ALO) performed in the converter modulation system (Islam; Guo; Zhu,
2014b). However, in this work, the complexity is assessed indirectly through the number

of sensors (current and voltage) necessary to carry out the control and operation of the
MMC.

Therefore, the complexity can be calculated as:

Complezity = 6N + 6. (4.5)

As observed, the increase in the number of SMs in the converter implies a linear

increase in complexity.

4.3 Total Index

In order to compare the different MMC designs based on different metrics, a

normalized index, k,, is calculated by:

T — Tmin
ky=—"7—/#¥#4#9#¢—, (4.6)
Tmaz — Tmin
where x is the metric evaluated (efficiency, volume, silicon area and complexity), Z;, and
Tmaz are the minimum and maximum values for this indicator, respectively. To compare

the different designs, the total normalized index is calculated by:

ky = keffic. + Eyor. + Ksita. + kcompl.- (47)
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It is important to note that the present work assumes that all normalized indexes
have the same impact factor. However, according to the needs of the design, different
weights can be assigned to the metric in which it is desired to have greater or lower

relevance (Junior et al., 2019).

4.4 Chapter Conclusions

In this chapter the case study employed in this work are presented. The details of
the motor, power converter and mission profile are illustrated. Furthermore, the figures
of merit used to compare and choose the MMC-based electric drive project with the
best cost/benefit ratio for an industrial application are presented. The figures of merit
used in this work are: efficiency, volume, silicon area and complexity. Finally, the way of
comparison the different designs of MMC-based drives to chosen the best cost/benefit

ratio for an industrial application are illustrated.

The next chapter presents the results obtained in this work. Initially, the results of
the dynamics of the MMC-based electric drives are also shown and discussed in the next
chapter. In sequence, a comparison will be made in order to choose the design with the

best cost-benefit based on efficiency, volume, silicon area and complexity.
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5 Results

In this chapter, the results were presented. For didactic reasons, since the dynamic
performance is similar for all designs (I to V), the dynamics simulation results presented
are only for the design ITI. The simulations are performed in PLECS/MATLAB software.
This chapter shows the dynamic performance of the MMC-based drive (mechanical and
electrical). Furthermore, it was observed that the use of redundancy, active or standby,
makes it considerably increase the reliability of the system. Finally, the best cost-benefit

ratio for redundancy in active and standby mode are compared.

5.1 Dynamic Performance

Fig. 25 shows the speed profile and torque applied to the system. The motor speed
profile adopted in this paper can be observed in Fig. 25 (a). The motor is accelerated
from 2 to 22 seconds, and, in steady-state, the motor speed is maintained at 1800 rpm.
In addition, this figure illustrates the speed error during the start-up, which results in a
maximum error of 2.1 rpm in ¢t = 2 s. The small speed variation in ¢t = 8.6 s is caused by
the end of the CMI used. Fig. 25 (b) shows the load torque applied to the motor shaft and

the electromagnetic torque developed. The load torque used is based on SDW software,
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Figure 25 — Start-up of the MMC-based electric drive for design III: (a) torque; (b)
mechanical speed and speed error.
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developed by WEG (WEG, 2021). This torque is a quadratic function of the motor speed,
usually applied to high power industrial blower. The difference in the transient is due to
the acceleration of the motor, and the developed torque must be higher than the load
torque. The oscillations present at ¢ = 8.6 s are due to the end of the CMI. There is a
very low ripple in the torque, which tends to minimize vibrations in the motor, since the

converter has 14 SMs and, consequently, 31 levels of phase voltage.

Fig. 26 shows the converter electrical dynamics. Initially, all capacitors of the SMs
were considered charged. At 0.1 seconds, the direct axis current was inserted in order to
magnetize the motor. This behavior can be analyzed in the stator phase currents, shown
in Fig. 26 (a), when the dc component is applied in the machine. After 2 seconds, a speed

ramp was applied to accelerate the motor. At this time, the CMI strategy was inserted
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Figure 26 — Start-up of the MMC-based electric drive system for design III: (a) Stator
currents; (b) Stator voltages; (¢) Arm currents; (d) SM voltages of the upper
arm; (e) Detail of stator currents; (f) Detail of stator voltages; (g) Detail of
arm currents; (h) Detail of SM voltages of the upper arm.
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to mitigate ripple under lower capacitor voltages frequency. In addition, the same figure
shows a quadratic increase in the amplitude of the currents, which is also presented in Fig.
25 (b). When the motor reaches 1800 rpm, a small drop is observed in the stator currents

and arm currents.

The line-to-line stator voltages are illustrated in Fig 26 (b). The oscillations observed
up to t = 8.3 s are due the CMI, which is used to mitigate the voltage capacitor ripples
at low speed. In steady-state, the stator voltage THD is 4.48%. Moreover, Fig. 26 (c)

illustrates the insertion of the ¢*

zac’

This component is injected into the system until ¢ = 8.6s,
when the frequency applied to the motor is lower than 20 Hz. Finally, the SMs capacitor
voltages of the upper arm for the a-phase are shown in Fig. 26 (d). As observed, the
capacitor voltages in the steady-state have a ripple of 3.5%, that is, within the 10% dashed
band in the figure. During the transient, the instantaneous value reaches a maximum of
12%.

Furthermore, considering the mission profile data, the junction temperature of
the semiconductor devices in a SMs is illustrated in Fig. 27. As observed, the junction
temperature variations follow closely the mission profile, Fig. 23 (a). As shown, the
maximum junction temperature is 110°C. This indicates a proper and consistent heatsink

design, since the maximum temperature is kept below the limit.
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Figure 27 — Junction temperature for design III.

Finally, the semiconductors power losses of the MMC, for each speed of operation
and design are shown in Fig. 28. As observed, the design that contains the IGBT with
the lowest blocking voltage has the lowest power losses. At the rated speed, the design V
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has 22% less power losses compared with the designs III and IV, 32% less power losses
compared with the design IT and 46% less than to the design I. This can be related to
two factors: lower conduction losses of the devices (lower voltage drop in conduction) and

lower switching frequency required.
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Figure 28 — Semiconductors power losses of the MMC (percentage of the nominal motor
speed).

5.2 Benchmarking

The reliability of the MMC without redundancy, is shown in Fig. 29 for all designs.
As expected, design I has the highest reliability, due to the smallest number of components.
The reliability in 7 years of operation without redundancy is only 0.1567 for this project,

and can reach up to 0.0058 for the design V, with the largest number of components.
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Figure 29 — MMC reliability without redundancy.

In turn, when redundancy is employed, reliability can be increased to meet design
requirements. Fig. 30 illustrates the reliability of the MMC considering the active mode
redundancy. In this regard, the design II achieved the highest reliability, 0.9984 in 7 years
of operation. It is important to note that all projects have a reliability above 0.99 in 7

years of operation. This shows that the calculation of M was performed correctly. The
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differences observed between the projects are associated with rounding, since M must be

an integer.
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Figure 30 — MMC reliability with active mode redundancy.

In addition to redundancy in active mode, standby mode redundancy was also
considered. The result for the MMC reliability in this redundancy strategy is shown in Fig.
31. In this case, design IV showed the highest reliability, 0.9984 for 7 years of operation.
Differences are observed between the two types of redundancy as they require different
values of M. Essentially, standby mode redundancy requires fewer redundant SMs than

active mode redundancy.
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Figure 31 — MMC reliability with standby mode redundancy.

It is important to note that the fact that the reliability is very low without the
use of redundancy strategies, it is not interesting to market a MMC-based electrical drive
without considering some type of redundancy. It is possible to notice that as redundant
SMs are inserted in the circuit, the reliability of the converter improves significantly. Thus,
for a fair comparison, this work considers that the goal of reliability is a requirement of

the project.

In order to choose the best design for redundancy in active mode and redundancy

in standby mode, decision making is carried out using the metrics of complexity, silicon
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area, converter volume and efficiency. Table 10 shows the general comparison of each

design taking into account redundancy in active mode.

Table 10 — General comparison of each design considering the active mode redundancy.

MMC design

Parameters I 1I I11 1A% A%

N 7 11 14 20 27

M 3 4 4 5 6
Number of IGBTSs 120 180 216 300 396
fu 0.95 0.97 095 1.00 0.99
Number of sensors 66 96 114 156 204
P, (MVA) 585 648 570.2 600 538.5
Volume m? 22.34 15.61 14.38 14.32 14.15

Daily energy losses (kWh) 4254 3634 2667 3803.8 1920

The design I presents the least complexity, a metric that is assessed indirectly
through the number of sensors (arm currents and SMs voltage). Regarding the silicon area,
measured indirectly through the switched power, the design V presents the best result,
with the lowest switched power. In addition, the design V has the lowest volume, mainly
due to the greater resistance of the heatsink. According to (4.3), high values of the thermal
resistance of the heatsink to the environment favor the reduction of the volume. Finally,

the design V also presents the best efficiency, following the trend shown in Fig. 24.

From the total normalized index and the results presented in Table 10, the
comparison graph for the individual and total index is shown in Fig. 32 (a) and (b),
respectively. To choose the design with the best cost-benefit ratio, one must find the one
with the lowest overall k; index. Therefore, for redundancy in active mode, the design III,
which is based on IGBTs with a blocking voltage of 3.3 kV, is selected. It is observed that

this project presents a moderate performance in all the metrics evaluated.

In turn, Table 11 shows the general comparison of each project taking into account
the redundancy in the standby mode. The result was similar to that of redundancy in
active mode. Project I has the least complexity. In turn, Project V has the smallest area

of silicon, the lowest volume and the highest efficiency.

Applying the data from Table 11 in (4.7), the comparison graph for the individual
and total index for standby mode redundancy is obtained, as illustrated in Fig. 33 (a) and
(b). In this case, the design V, based on IGBTs with a 1.7 kV blocking voltage, has the
lowest k; index. It is interesting to note that the low silicon area, low volume and high

efficiency made up for the complexity of this design.

Furthermore, Fig. 34 shows the comparison between project III (best cost-benefit

ratio for redundancy in active mode) and project V (best cost-benefit ratio for redundancy
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Figure 32 — Active mode redundancy: (a) individual index; (b) total index.

Table 11 — General comparison of each design considering the standby mode redundancy.

MMC design

Parameters 1 11 111 v A%

N 7 11 14 20 27

M 3 3 4 5 5
Number of IGBTs 120 168 216 300 384
fu 0.95 097 095 1.00 0.99
Number of sensors 66 90 114 156 198
P, (MVA) 585  604.8 570.2 600 522.2
Volume m? 22.34 15.47 14.38 14.32 14.13

Daily energy losses (kWh) 2978 2665 2074 3043 1571

in standby mode). Standby mode redundancy has an advantage in the area of silicon,

volume and efficiency, but loses in complexity, due to the greater number of sensors.
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Figure 33 — Standby mode redundancy: (a) individual index; (b) total index.
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Figure 34 — Comparison between the best redundancy design in active mode (design III)
with the best in standby mode (design V).
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5.3 Chapter Conclusions

In this chapter, the results were presented. As observed, this chapter shows the
dynamic performance of the MMC-based drive (mechanical and electrical). Furthermore, it
was observed that the use of redundancy, active or standby, makes it considerably increase
the reliability of the system. In this case, the design III presented the best advantage for

active redundancy and design V presented the best result for standby redundancy.

The next chapter draws the conclusions of this Thesis. In addition, continuity

proposals have also been proposed.
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6 Closure

6.1 Conclusions

This thesis proposed a methodology to select the optimal blocking voltage for a
MMC-based electric drive system, taking into account the same reliability requirements
of the application. IGBTs with blocking voltage in the range of 1.7 to 6.5 kV were used
in the comparison. The comparison is made based on the metrics of converter efficiency;,

volume, silicon area and complexity.

A case study of an industrial blower powered by a 13.8 kV - 16 MW induction motor
was considered. The mission profile data is obtained from a steel industry in southeastern
Brazil. The results show that the optimal class of IGBTs depends on the type of redundancy
analyzed. Regarding redundancy in active mode, the 3.3 kV voltage class was the most
advantageous, considering that the designs have a reliability above 99 % in 7 years of
operation. This project has a moderate complexity, efficiency and silicon area and low
volume. Thus, it presented the lowest total index, k;, qualifying this project as the best in
terms of cost-effective. In turn, considering the redundancy in the standby mode and the
same reliability requirements for the designs, the voltage class of 1.7 kV was superior to
the others. Despite the high complexity, this project has high efficiency, low silicon area

and volume, presenting the lowest k; than the other designs.

It is worth mentioning that, according to the reliability requirement, the project
with the best cost-effective ratio can change, since the number of redundant SMs needed
will be changed. This will affect the metrics used (complexity, volume, silicon area and
efficiency). It is important to note that the methodology used in this work can be extended

to other applications and methodologies for estimating reliability, volume and complexity.

6.2 Future Works

Although many aspects were studied and documented in the present Master Thesis,
there are still a lot of improvements which can be implemented. From the author point of
view, the following topics can be approached in further works:

e analysis of electrical drives for different voltage and power ranges;

e include physical design of inductors to make the volume estimate more trustworthy;

e carry out the designs considering a range of switching frequencies and compare the

best designs of each technology in terms of power density;
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e experimental implementation in a small scale prototype.
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