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Resumo

O cendrio atual dos sistemas elétricos de poténcia é caracterizado por estruturas complexas,
presenca de cargas nao lineares e alta insercao de energias renovaveis, como energia solar
e edlica. Desta forma, o compensador sincrono estatico (do inglés, Static synchronous
Compensator — STATCOM) surge para regulacao de tensao e controle de poténcia reativa
nesses sistemas. Como os STATCOMSs sao dispositivos que operam em hot standby, ou
seja, estao sempre conectados a rede, a eficiéncia do conversor é muito importante. Nesse
cendrio, as topologias de conversores modulares multiniveis em cascata (do inglés, Modular
Multilevel Cascade Converter — MMCC) tém sido usadas para a realizacao do STATCOM
devido a sua alta eficiéncia. Para melhorar a eficiéncia do STATCOM, diferentes estratégias
tém sido propostas na literatura. No entanto, a maioria das estratégias exigem modificagoes
no hardware. Além disso, a maioria das propostas que nao exigem modificacao no hardware
tem o potencial apenas de reduzir as perdas de comutagao. No entanto, como o MMCC
geralmente trabalha com frequéncias de comutacao na faixa de 100 - 200 Hz, as perdas de
conducao predominam. De fato, poucas estratégias para reduzir as perdas de conducao
foram propostas na literatura. Esta dissertacao de mestrado visa preencher esse vazio. Este
trabalho propoe um controle de operacao com nimero minimo de células para reduzir as
perdas de energia no STATCOM com base no MMCC. O principio da técnica é desconectar
células do MMCC, de acordo com a referéncia de poténcia reativa. Para isso, sao derivadas
expressoes analiticas para a tensao minima do barramento cc para manter a operagao
do conversor na regiao linear do modulador. Essas expressoes sao usadas para calcular
o numero de células que podem ser retiradas do conversor para determinadas condicoes
de operacao. Além disso, o potencial da estratégia proposta para reducao de perdas de
energia e as limitacoes da abordagem sao investigadas. O desempenho dinamico do esquema
proposto é avaliado com base em simulacoes no PLECS de um STATCOM de 17 MVA
e 13,8 kV. Por fim, foi realizado um estudo de economia de energia de um ano para um
perfil de poténcia reativa real, que apresentou uma reducao de 7,37 % nas perdas totais
de energia. Os resultados indicaram que essa metodologia é uma solucao inovadora para
reduzir perdas de energia e custos operacionais. A técnica proposta pode ser aplicada em
STATCOMSs baseados em MMCC com mais de 10 células por braco e nao requer hardware

adicional.

Palavras-chaves: Conversor Modular Multinivel em Cascata, Operagao com Numero
Minimo de Células, Perdas de Energia, STATCOM.






Abstract

The current power systems scenario is characterized by complex structures, presence of
nonlinear loads and high penetration of renewable energy such as solar and wind power
plants. Then, the Static synchronous Compensator (STATCOM) emerges to perform
voltage regulation and reactive power control in these power systems. Since STATCOMs
are hot standby devices, the converter efficiency is very important. In this scenario, modular
multilevel cascade converter (MMCC) topologies have been used for STATCOM realization
due to their high efficiency. To further improve the STATCOM efficiency, different strategies
have been proposed in literature. However, most of the strategies require modification in
the hardware. In addition, most proposals that do not require modification to the hardware
have the potential only to reduce switching losses. Nevertheless, since MMCC usually
employs switching frequencies in the range of 100 - 200 Hz, the conduction losses dominate.
Indeed, few strategies to reduce conduction losses have been proposed in the literature.
This Master Thesis aims to fill this void. This work proposes a minimum cell operation
control to reduce power losses in STATCOM based on MMCC. The main principle is
to bypass cells from the MMCC, according to the reactive power reference. For such,
analytical expressions for the minimum dc-link voltage to keep the converter operation in
the modulator linear region are derived. These expressions are used to compute the number
of cells which can be bypassed for given operation conditions. Moreover, the potential
of the proposed strategy for power losses reduction and the limitations of the proposed
approach are investigated. The dynamic performance of the proposed scheme is evaluated
based on simulations in PLECS of a 17 MVA, 13.8 kV STATCOM. Finally, an one-year
energy saving study was conducted for a real reactive power profile, which presented a
7.37 % reduction in the total energy losses. The results indicated that this methodology
is a breakthrough solution to reduce power losses and operational costs. The proposed
technique can be applied in MMCC-based STATCOMs with more than 10 cells per arm

and does not require additional hardware.

Key-words: Modular Multilevel Cascade Converter, Minimum Cell Operation, Power
Losses, STATCOM.
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1 Introduction

1.1 Context and Relevance

The current power systems scenario is characterized by complex and time-variant
structures, presence of nonlinear loads (such as electric drives, electric arc furnaces, etc) and
high penetration of renewable energy such as solar and wind power plants (Dhal; Rajan,
2014; Ma; Huang; Zhou, 2015). These phenomena can lead to grid voltage disturbances,
reactive current and power quality deterioration, which affects the power system overall
efficiency (Dixon et al., 2005).

Reactive power compensation is used to improve the performance of ac power
systems by load compensation and/or voltage support (Dixon et al., 2005). According
to (Hingorani et al., 2000), the reactive power compensators can be divided into two

categories:

o Series compensators: These devices apply voltage in series with the line. Fixed Series
Capacitors — Fig. 1(a) —, Thyristor-Controlled Series Capacitor — Fig. 1(b) —
and Static Synchronous Series Compensator — Fig. 1(c) — are examples of these

compensators;

e Shunt compensators: These devices inject current into the system at the point of
connection. Fixed Shunt Capacitor/Inductor Banks — Fig. 1(d) —, Synchronous
Condensers — Fig. 1(e) —, Static VAR Compensator — Fig. 1(f) — and Static

Synchronous Compensator — Fig. 1(g) — are examples of these compensators.

Fixed Series Capacitors are used to decrease the equivalent reactance of a power
line at rated frequency, as illustrated in Fig. 1(a). This technology has no control over
the amount of reactive power being compensated. For this reason, Thyristor-Controlled
Series Capacitor (TCSC) were developed, as shown in Fig. 1(b). The compensated reactive
power is a function of the current flowing in the circuit (since V' = Z x I) and the firing
angle of the thyristors(Hingorani et al., 2000; Dixon et al., 2005), which is an issue of
these approaches. To solve this issue, the Static Synchronous Series Compensator (SSSC)
appears, showed in Fig. 1(c). The SSSC injects a voltage into the line that is not related
to the line current and can be independently controlled. In addition to handling power
flow control, it is able to improve the transient stability margin and the transient damping
(Gandoman et al., 2018). A inherent problem of series compensators arises during faults.

The structure must be designed to support the fault currents if the compensation is
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required in such events. Otherwise, a bypass structure must be employed (Hingorani et al.,
2000; Silva, 2003; Dixon et al., 2005).

g

|l
»l
L

Figure 1 — Reactive power compensators: (a) Fixed Series Capacitors; (b)
Thyristor-Controlled Series Capacitor (TCSC); (c) Static Synchronous
Series Compensator (SSSC); (d) Fixed Shunt Capacitor/Inductor Bank ; (e)
Synchronous Condensers (SC); (f) Static VAR Compensator (SVC); (g) Static
Synchronous Compensator (STATCOM).

Regarding the shunt compensation, Fixed Shunt Capacitor/Inductor Bank — Fig.

1(b) — was used to correct power factor in 1914. Despite their simplicity and lower cost,
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these solutions cannot change the compensation amount of the reactive power, which is not
efficient when the reactive power varies over a wide range. From the late 1920s until the
late 1970s, several Synchronous Condensers (SC), as shown Fig. 1(e), were used in electrical
power systems. However, synchronous condensers require considerable foundations and a
significant amount of starting and protection devices. In addition, they represent a part
in short-circuit current, and they cannot be adjusted fast enough to balance fast load
changes. Furthermore, their losses and costs are much higher than those observed in static
compensators. Nevertheless, they are still widely used, due to the additional capacity to
provide inertia, which is very important in primary frequency regulation (Hingorani et al.,
2000; Dixon et al., 2005; Singh et al., 2009; Igbinovia et al., 2015).

In the 1970s, the technology of thyristor valves and digital controls were initially
extended to the development of Static VAR Compensator (SVC) for load compensation
and voltage regulation in long transmission lines, as illustrated in Fig. 1(f). It addresses
the problem of keeping steady-state and dynamic voltages within bounds (Hingorani et al.,
2000; Dixon et al., 2005; Singh et al., 2009; Igbinovia et al., 2015). Furthermore, SVCs are
used to improve the dynamic stability, damp power swings and reduce system losses by
using reactive power control. However, the ability to compensate reactive power depends

V2

on the voltage (@ = %), i.e., the compensation margin decreases during voltage sags
(Gandoman et al., 2018).

The Static Synchronous Compensator (STATCOM) has become a prominent device
for reactive power compensation and dynamic performance improvement in the power
systems (Shinde; Pulavarthi, 2017). It was developed as an advance of the SVC and is
based on Voltage Source Converter (VSC) using IGBTs, IGCTs or GTOs, as shown in Fig.
1(g). The major attributes of STATCOM are (Padiyar, 2007; Singh et al., 2009; Gandoman
et al., 2018):

e Fast time response;

e Smaller footprint;

e Lower harmonic distortion;

e Better support during voltage disturbances;

e Independence of the voltage applied;

e Higher operational flexibility;

e Excellent dynamic characteristics under various operating conditions.

Neutz (2013) presents a comparison of some reactive power shunt compensators, as

shown in Table 1. As observed, STATCOM is an interesting candidate for reactive power
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compensation during fast transients. A feature of this device is that it is hot stand-by.

This results in an increase in the operational expenditure.

Table 1 — Comparison among technologies of reactive power compensation. Adapted from:
Neutz (2013).

Spedl ap Lot Inertia Cost CAPEX!
Technology I Operation Steps (activelpower) /OPEX?
Possible
Fixed Shunt Discharge
Capacitor /Inductor Slow time and wear Fixed No Low
Bank of switchgear
Cheaper than
SVC Fast Continuous Continuous No STATCOM for
large systems
High OPEX,
SC Fast Continuous Continuous Yes bad MTTR3,
permanent losses
Possible with High CAPEX
STATCOM Fast Continuous Continuous added energy if no hybrid
storage solution

LCAPEX is the capital expenditure and it is related to converter cost: capacitors, magnetic devices,
semiconductor devices, controllers, PCBs, cooling system, among others.
20PEX is the operational expenditure and it is mainly associated to the maintenance costs and the costs of the
power losses.
3The Mean Time To Repair (MTTR) is the time needed to repair a failed hardware module.

Static Synchronous Compensators have been employed at different power and
voltage levels. At the distribution voltage level, STATCOMs are mainly used to
mitigate power quality problems (Reed; Takeda; Iyoda, 1999). At the transmission and
sub-transmission voltage levels, STATCOMs have been employed for voltage control
and power oscillation damping (Hingorani et al., 2000; Zhang et al., 2006). In large
renewable energy power plants, STATCOMs have been employed for fast reactive power
compensation and grid code fulfillment (Neutz, 2013). In recent years, energy storage
systems have been integrated in STATCOMSs to provide inertia and frequency regulation
capabilities (Chakraborty et al., 2012). Modernization of the power system in terms of
reactive power compensation is expected as it tends to replace traditional thyristor systems
with STATCOM systems, similarly to what happened in High-Voltage Direct Current
(HVDC) systems (Behrouzian, 2016).

1.2 STATCOM Realization

The early STATCOMs were based on two-level converters. Since the number of
voltage levels is quite reduced, high switching frequencies must be employed to comply with
the harmonic standards. Moreover, the converter output voltage is limited in the kilovolts
range because of the limited blocking voltage of the commercial available semiconductor
devices (up to 6.5 kV for silicon-based devices). Therefore, a step-up transformer is required,
as illustrated in Fig. 2. This transformer reduces the converter efficiency and increases the
STATCOM weight and volume (Sharifabadi et al., 2016).
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Figure 2 — Two-level voltage source converter.

On the other hand, it is possible to connect several semiconductor devices in series
to increase the output voltage and remove the step-up transformer. However, it is still
necessary to guarantee the operation and fault tolerance of these semiconductor switches
(Sharifabadi et al., 2016). This topology is illustrated in Fig. 3(a). Another solution is the
use of multi-stage transformer topologies shown in Fig. 3(b). Nevertheless, the use of this
type of transformer makes the project very expensive, very large and inefficient (Fujii;
Schwarzer; De Doncker, 2005).
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Figure 3 — Two-level voltage source converter with: (a) series connection of semiconductor
switches; (b) multi-stage transformer.

In addition, when the power is high, the two-level converters are connected
in parallel and multi-pulse converters appear. The 12-pulse converters require twice
two-level converters (Fig 4(a)) connected in parallel over the single dc-link where they are
series-connected to transformers on the output side as seen in Fig 4(b). This approach
requires a different transformer connection for each two-level VSC. The main improvement
of the multi-pulse converters is the cancellation of the harmonics in sidebands at the entire
multiple frequencies of the number of pulses of the converter (Shahnia; Rajakaruna; Ghosh,
2014).

Furthermore, a quasi 24-pulse converter requires four two-level VSC connected
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in parallel, as shown in Fig 4(c) (Shahnia; Rajakaruna; Ghosh, 2014). A problem with
this approach is the transformer, which increases the volume and the energy losses of the

STATCOM.
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Figure 4 — (a) Two-level voltage source converter; (b) 12-pulse converter; (c¢) quasi 24-pulse
converter.

An alternative to overcome the limitations of two-level VSC is the multilevel
converter concept. The multilevel topologies show improvements in harmonic properties
and do not require direct series connection for increasing the operating voltage. The most
common multilevel converter topologies are the Neutral Point Clamped (NPC), Flying
Capacitor converter (FC), Cascaded H-bridge converter (CHB) and Modular Multilevel
Converter (MMC) (Franquelo et al., 2008).

NPC (Fig. 5) was the first multilevel topology used on a large scale, introduced
in 1979 (Baker, 1979). However, the application of medium voltage is limited by the
number of levels due to the complexity of the system and large number of components
required (Sharifabadi et al., 2016). Another disadvantage is the uneven distribution of
losses between the semiconductors, which limits the switching frequency and the output
power (Behrouzian; Bongiorno; De La Parra, 2013). As in the two-level converter, NPC
converters can be connected in parallel for 12-pulse and 24-pulse converters, as shown in
Figs. 6(b) and 6(c), respectively (Shahnia; Rajakaruna; Ghosh, 2014).

The Flying Capacitor (FC) converter was introduced by Meynard and Foch (1992)
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Figure 6 — (a) NPC converter; (b) 12-pulse converter; (c) 24-pulse converter.

and can be considered as an alternative to overcome some of the NPC drawbacks. This
topology is shown in Fig. 7. Additional output levels are achieved through capacitors.
It provides redundant switching states that can be used to control the capacitor charge.
Moreover, this converter can achieve loss equalization, natural capacitor balancing and
superior harmonic performance. However, when the number of levels increase, the circuit
becomes very complex due to the increase in the number of flying capacitors connected at
different points by semiconductor devices that create many meshes. This complicates the
mechanical design of the converter (Behrouzian; Bongiorno; De La Parra, 2013; Sharifabadi
et al., 2016).

Cascaded connection of bridge cells was introduced in the 1970s for single-phase
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Figure 7 — Flying Capacitor (FC) converter.

system (Mcmurray, 1971; Baker; Bannister, 1975). A three-phase STATCOM based on
star-connected cascaded multilevel converter (Fig. 8(a)) was proposed in 1996 by Fang
Zheng Peng et al. (1996). In addition, a three-phase STATCOM based on delta-connected
cascaded multilevel converter, Fig. 8(b), was proposed in 2004 by Peng and Jin Wang
(2004). In this topology, no clamping components are necessary and low switching frequency
can be used (Fujii; Schwarzer; De Doncker, 2005). CHB consists of many full bridge cells
connected in series. This structure can reach medium output voltage levels using low-voltage
and mature semiconductors technology. In addition, the topology is modular, which leads

to a fault-tolerant structure (Behrouzian; Bongiorno; De La Parra, 2013).

Franquelo et al. (2008), Behrouzian, Bongiorno and De La Parra (2013) present a
comparison of some characteristics of NPC, FC and CHB multilevel converters, as shown
in Table 2. As observed, the CHB presents good characteristics justifying its use in several
applications. This converter was first adopted by Alstom for high-powered STATCOMs
employing GTOs (Ainsworth et al., 1998). Furthermore, manufacturers like ABB, Siemens
and GE already market the STATCOMSs based on this converter topology (GE, 2016;
ABB, 2019; SIEMENS, 2019b).

Table 2 — Summary of multilevel converters characteristics.

Characteristics NPC FC CHB
Modularity Low High High
Fault tolerance Difficult Easy Easy
Reliability Low Low High
Loss distribution Unequal Uniform Uniform
Low switching Capable Capable Wlth large Capable with higher
capacitors voltage levels
Maximum practical 3-5 levels 5-7 levels No theoretical limit
levels
Common dc-link Yes Yes No

Efficiency Medium Medium High
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In recent years, the Modular Multilevel Converter (MMC), presented in Fig. 8(c),
has received a lot of attention. This topology was introduced in 2001 (Marquardt, 2001).
This type of converter has some advantages when compared to more traditional technologies,
such as VSC. It has been employed in several applications such as HVDC, energy storage,
renewable energy, electrical drives and, more recently, STATCOMs (Hagiwara; Akagi, 2009;
Hagiwara; Maeda; Akagi, 2011).

MMC uses the same concept of CHB converters, differing only in the circuit
configuration. For this reason, Akagi (2010) proposed to include both topologies in the
same family, which was named Modular Multilevel Cascade Converter (MMCC). This

family contains the following members:

e Single-Star Bridge Cell (SSBC) MMCC, presented in Fig. 8(a). This terminology

represents the CHB in star configuration;

e Single-Delta Bridge Cell (SDBC) MMCC, presented in Fig. 8(b). This terminology

represents the CHB in delta configuration;

e Double-Star Chopper Cell (DSCC) MMCC, presented in Fig. 8(c). This terminology
represents the MMC;

e Double-Star Bridge Cell (DSBC) MMCC, presented in Fig. 8(d).

The major attributes of the MMCC family are: modularity and scalability, high
efficiency, redundancy possibility, inherent fault tolerance (improve the reliability), lower
%, lower voltage stress in the power semiconductors, absence of dc-link capacitors, among

others (Akagi, 2010; Perez et al., 2015).

1.3 STATCOM Trends

Table 3 presents somes commercial STATCOM systems operating limits. As
observed, most of leading manufactures present high power/high voltage products. (GE,
2014; SIEMENS, 2016; ABB, 2019). However, some others factors are important in the
development of STATCOMSs, such as the modern grid code requirements and efficiency

improvement.

In offshore wind power plants, STATCOMs are use to comply with the grid codes
requirements. The modern grid codes for renewable energy power plants require negative
sequence support during voltage sags (VDE, 2015), which means the STATCOM must
provide negative sequence injection. Both SSBC MMCC and SDBC MMCC topologies
present a singular operation point during unbalanced conditions (Behrouzian; Bongiorno,

2017). The converter can be disconnected from the electrical grid if the system reaches this
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Figure 8 - MMCC family members: (a) Single-Star Bridge Cell (SSBC) MMCC; (b)

Single-Delta Bridge Cell (SDBC) MMCC; (c¢) Double-Star Chopper Cell (DSCC)
MMCC; (d) Double-Star Bridge Cell (DSBC) MMCC.

Table 3 — STATCOMSs system capability.

Reactive Power Voltage Operating
Trade Mark Manufacturer Oypemettiog | Ders e
. up to 360 Mvar
SVC Light ABB (inductive and capacitive) up to 69 kV
GE-STATCOM GE up to 300 Mvar up to 63 kV
(inductive and capacitive) p
SVC Plus Siemens up to 70 Mvar (inductive)

and 100 Mvar (capacitive) up to 132 kV
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singular point. In this scenario, recent publications indicate DSCC MMCC as the most
suitable for STATCOMs which are submitted to unbalanced voltage conditions (Cupertino
et al., 2019a; Tanaka et al., 2019).

On the other hand, STATCOMs are usually hot stand-by devices and its operational
costs are very relevant. The overall cost of the STATCOM is given by CAPEX +
OPEX (Tsolaridis et al., 2016). CAPEX is the capital expenditure and OPEX is the
operational expenditure. CAPEX is related to converter cost: capacitors, magnetic devices,
semiconductor devices, controllers, PCBs, cooling system, among others. OPEX is mainly

associated to the maintenance costs and the costs of the power losses (Cupertino, 2019).

Due to the important role of the power losses in the STATCOM cost, some studies
have proposed techniques to reduce power losses in MMCC. The present Master Thesis
aims to improve the efficiency of a MMCC-based STATCOM. Next section presents an

overview of the strategies proposed in literature for efficiency improvement in MMCC.

1.4 Overview of the Proposed Strategies for Efficiency
Improvement in MMCC

This Master Thesis classifies the strategies for efficiency improvement into four
groups, as shown in Fig. 9: Cell design, circulating current control, modulation schemes

and control strategies.

Regarding cell design, Modeer, Nee and Norrga (2011), Solas et al. (2013), Sousa et
al. (2018) compared different cell topologies in terms of power losses for HVDC application.
The idea is to use cell topologies that have lower power losses in semiconductor devices.
Lin et al. (2016) propose the hybrid MMCC as a fault-tolerant dc solution with minimal
power losses. Each arm of the converter is composed of a series connection of full-bridge
and half-bridge cells. Furthermore, Oliveira and Yazdani (2017) propose a topology (lattice
modular multilevel converter — LMMC —) more efficient than the half-bridge, full-bridge
and clamp-double cells, while it offers the same fault handling capability as that presented
in full-bridge cells. The use of wide band-gap devices is discussed in (Peftitsis et al.,
2012; Wu et al., 2015; Avila et al., 2017). These references indicate a significant efficiency
improvement when high switching frequencies (range of kHz) are employed. Judge et al.
(2019) proposed a bypass branch formed of series thyristors or diodes, aiming to reduce

the power losses resulting from achieving dec-fault tolerance in MMCC-HVDC systems.

Circulating current also plays an important role in MMCC losses. Jacobson et
al. (2010) propose a passive suppression method which attenuates the second harmonic
circulating current. Besides, several references employed active methods for circulating
current suppression (Tu; Xu; Xu, 2011; Li et al., 2015; Li et al., 2018). Li et al. (2018)
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‘ Strategies for efficiency improvement
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Figure 9 — Overview of the proposed strategies for power loss reduction in MMCC.

indicate passive and active methods to reduce current stress and power losses in MMCC.
Recently, Yang et al. (2018) proposed the injection of optimal second-order harmonic into
the arm current to reduce the MMCC losses. This strategy takes advantage of the superior
conduction characteristics of the anti-parallel diodes within each IGBT module to increase

the efficiency.

Different modulation strategies have been proposed to improve MMCC efficiency,
mainly focusing on switching loss reduction. Hassanpoor, Norrga and Nami (2015) studied
nearest level control (NLC) with different sorting and selection methods and compared
it with phase-shifted PWM strategy. Hassanpoor et al. (2016) proposed an optimized
sorting algorithm which concentrates the switching events at low currents and reduces
the converter switching losses. On the other hand, Moranchel et al. (2016), Pérez-Basante
et al. (2018) proposed the selective harmonic elimination pulse width modulation (SHE
PWM). SHE PWM allows controlling the harmonics generated at the converter output
while it provides reduced switching losses. Picas et al. (2015) proposed the discontinuous
modulation (DPWM) to reduce the MMCC switching losses.

Farias et al. (2018) presented a control strategy for an MMCC with redundant cells.
The proposed algorithm shares the dec-link voltage among all converter cells (redundant
and non redundant) reducing the individual cell voltage and the switching losses. A
temperature balancing algorithm for MMCC is proposed by Sangwongwanich et al. (2016).
This approach can reduce the total conduction and switching losses in MMCC-HVDC

systems.

Table 4 presents a summary of the main strategies for power loss reduction in
MMCC. As observed, most of the strategies proposed in the literature require modification
in the hardware to reduce power losses. Strategies that do not require modification are

interesting for systems already installed and have a lower cost. However, most proposals
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that do not require modification to the hardware have the potential only to reduce switching
losses. Nevertheless, since MMCC usually employs switching frequencies in the range of
100 - 200 Hz (Eremia; Liu; Edris, 2016), the conduction losses dominate. Indeed, few
strategies to reduce conduction losses have been proposed in the literature. This Master
Thesis aims to fill this void. The goal is to use the own cell bypass structures to reduce

the power losses based on the minimum cell control operation principle.

Table 4 — Summary of the proposed strategies for efficiency improvement in MMCC.

Ref Potential of Power c lexit Ig{e?(;ure;i
crerence Loss Reduction omplexity araware

Modification
Modeer, Nee and Norrga (2011) Reduces conduction  High, depending
Solas et al. (2013) . E.md on the type of Yes
switching losses cell adopted
Reduces conduction
Sousa et al. (2018) and Low Yes

switching losses

Reduces conduction
Lin et al. (2016) and Medium Yes
switching losses

Reduces conduction

Oliveira and Yazdani (2017) and High Yes
switching losses
Peftitsis et al. (2012) Reduces conduction
Wu et al. (2015) and Low Yes
Avila et al. (2017) switching losses
Reduces conduction
Judge et al. (2019) and High Yes

switching losses

Reduces switching

Jacobson et al. (2010) Medium Yes
losses
Tu, Xu and Xu (2011)
Li et al. (2015) Reduces switching
Li et al. (2018) losses Low No
Yang et al. (2018)
Hassanpoor, Norrga and Nami (2015)
Hassanpoor et al. (2016) o
Moranchel et al. (2016) Reducis:;ltchmg Medium No
Pérez-Basante et al. (2018)
Picas et al. (2015)
Farias et al. (2018) Reduces switching Medium Yes
losses
Reduces conduction
Sangwongwanich et al. (2016) and Medium No

switching losses
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1.5 Purpose and Contributions

In order to understand the proposal of this Master Thesis, let us consider the
MMCC-based STATCOM connected to the grid, as shown in Fig. 10(a). Since the MMCC
is a voltage source converter, its average steady-state behavior can be modeled by the

simplified circuit shown in Fig. 10(b).

Generation System\ Transmission and

Neells

(b) (c)

Figure 10 — (a) MMCC-based STATCOM in the electric power system; (b) STATCOM
average model; (c¢) Phasor diagram of STATCOM.

The phasor representation of Fig. 10(b) is illustrated in Fig. 10(c). As observed,
depending on the operating angle of the output current, the converter must synthesize a
voltage higher or lower than the point of common coupling (PCC) voltage. For example,
point C requires less voltage than points A and B. The voltage variation is directly related

with the magnitude of the arm inductance and the transformer impedance.

The phasor diagram suggests that, for each angle of the output current, a number
of cells is necessary to synthesize the required output voltage. The minimum cell operation
control consists in bypassing unnecessary cells from the MMCC, which reduces the number
of conducting devices. This approach can reduce conduction losses to a certain extent.
As will be shown in the next chapters, the non-negligible ripple in the MMCC capacitor

voltages also contributes to bypass more cells depending on the converter operation point.

Therefore, the main goals of this work are presented:

e Obtain analytical expressions for the minimum dc-link voltage to keep the converter

operation in the linear region;
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e Investigate the potential and limitations of the minimum cell control approach;
e Evaluate the converter dynamic behavior when the proposed strategy is employed;

e Evaluate the power loss reduction, based on a real measured reactive power mission

profile.

1.6 Master Thesis Outline

This Master Thesis is organized in 6 chapters, following the structure presented
in Fig. 11. Chapter 2 presents the DSCC MMCC design and dynamic modelling. The
boundary between linear and overmodulation region, potential for conduction loss reduction
and limitations of the proposed strategy are discussed in Chapter 3. Chapter 4 contains
the control strategy. The case studies and system parameters are presented in Chapter 5.
The dynamic behavior and energy consumption results are discussed in Chapter 6. Finally,

Chapter 7 presents the conclusions and the future developments of this work.

Master Thesis ]
“

Chapter 1: Introduction

Chapter 2: DSCC MMCC-based STATCOM

Chapter 3: Minimum Cell Operation Control

Chapter 4: Control Strategy and Control Tuning

Chapter 5: Case Study and System Parameters

Chapter 6: Results

[T TTTTT

Chapter 7: Closure

Figure 11 — Structure of the Master Thesis.
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2 DSCC MMCC-based STATCOM

2.1 Topology

Figure 12 illustrates the DSCC MMCC-based STATCOM topology. There are N
cells per arm, which are low-voltage converters. Each chopper cell is composed of four
semiconductor switches (S7, Sz, Dy and Ds) and a capacitor (C). Two arm inductances for
each phase (Lg;.,) are used to connect the upper and lower arms at the converter output
terminals and limit the circulating currents (i,) between the arms. Ly is the transformer
inductance used to connect the converter into the grid. When the cells are based on
traditional industrial power modules, a bypass structure based on a thyristor (T) and a
vacuum contactor (St) is employed (Ladoux; Serbia; Carroll, 2015). This structure is used

to remove faulty cells from the converter.

Each cell can be inserted or bypassed into the DSCC MMCC arm circuit. If inserted,
the voltage at the cell terminals is equal to the capacitor voltage. If bypassed, the voltage
at the cell terminals is equal to zero. In addition, by successively controlled switching of
the cells of each arm, a multilevel output voltage waveform can be generated. Thus, the

higher the number of inserted cells, the higher the number of levels of output voltage.

g ] 3
i ] Bypass S, ]
. i Stucture 7 EDZ C
o \.“‘ | —_T
S\ Tx S, D,

..............................

Lower
arm

Figure 12 — Schematic of the DSCC MMCC-based STATCOM.
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2.2 Dynamic Modelling

The arm-average model of a DSCC MMCC-based STATCOM is illustrated in Fig.
13. This model considers perfect balancing capacitor voltages and negligible harmonic

components. Therefore, the capacitor voltages are represented by controlled voltage sources.

W ul)

arm Larm Larm
R R = Rem = Lf Rf
— — T WWw-W—e B
Lal’m Larm Larm
R R R

arm arm

v @

Figure 13 — Arm-average model of a DSCC MMCC-based STATCOM.

The output currents can be calculated by the upper and lower arm currents, 7, and

iy respectively, as follows (Harnefors et al., 2013):

T — (2.1)

Figure 14(a) illustrates the equivalent circuit that describes the behavior of the
output current per phase. Based on Millman’s theorem ' (Millman, 1940), the following

relationship is obtained:

Larm dls Rarm .
Vg = Vs — ( +Lf) dflt_ ( 9 +Rf) ls, (22)

where v, is the grid voltage, v, is the output voltage of the converter, R,,,, is the arm

inductor resistance and Ry is the arm transformer resistance. In addition, the output

1 According to Millman (1940), the association of voltage sources connected in parallel can be reduced

to just one equivalent voltage source. Therefore, the term % that appears in equation (2.2) is due to
this theorem.
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Figure 14 — Equivalent circuit showing the behavior of the: (a) output currents; (b)
circulating currents.

voltage synthesized by the converter (which drives the output current) is given by:

v, = _U“;_Ul’ (2.3)

where v, and v; are the upper and lower arm voltages, respectively.

Figure 14(b) illustrates the equivalent circuit that describes the behavior of the

circulating current per phase. The following relationship is obtained:

Vz

+ di
- —Lagrm— — Rapmi. = 0, 24
2 ( 2 ) dt ! 24)

where v, is the internal voltage and v, is the effective dc-link voltage, which drives the

circulating current. In addition, the circulating current is given by:

1, = 9

. (2.5)

The upper and lower arm voltages can be obtained through the internal (2.4) and

output (2.3) voltages of the converter, as follows:
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Moreover, the upper and lower arm currents can be obtained through the circulating

(2.5) and output (2.1) currents of the converter, as follows:

(2.7)

iu:%+iza

i =—% +i..

In addition, the sum of the arm currents must be zero (Sharifabadi et al., 2016).

Accordinglly:
(2.8)

S dun= Y. un=0.
n=a,b,c n=a,b,c

Replacing (2.7) into (2.8) yields:
(2.9)

iz,a + iz,b + iz,c =0.

isp—isq with

The trivial solution of (2.9) is i, , =i, =i, . = 0. However, i, . =
free i, , and 7, is also a possible solution. In other words, the circulating current of one

phase must be linear combination of the currents of the other two phases.

Instantaneous power flow in DSCC MMCC

2.2.1
The instantaneous active power of each arm can be obtained through the arm

voltages and arm currents. Accordingly:

u — Uuiw
b (2.10)

P = vri.

Replacing (2.6) and (2.7) into (2.10), the following relationship is obtained:

o= =) (544 )
b= (Uz + Us) (_z; + Zz) .
Equation (2.11) can be rewritten as follows:
(2.12)

Pu = Uz; + U1 — Usfg — Uslyz,

b= _Uz%s + v, — vs%s + Vsl
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For sake of simplification, v, ~ 5! is assumed, i.e., Ra., is neglected and steady-state
conditions are assumed (Sharifabadi et al., 2016). Therefore, (2.12) can be approximated
by:

(2.13)

Analyzing (2.13), the following conclusions can be stated:

1. The term %”53 leads to a fundamental oscillating power in the cell capacitor voltages.
In addition, the opposite signal in the instantaneous powers of the upper and
lower arms suggests that there is no fundamental-frequency oscillating power in the

converter output;

2. The term %'i. suggests that a dc component of the circulating current leads to
an average power. Furthermore, as aforementioned in (2.9), the sum of the power
transferred for the three phases must be zero. This condition indicates that a dc

circulating current can exchange energy among the converter phases;

3. The term vs%s leads to a dc component and a second harmonic power oscillation.
The dc component represents the active power transferred from the cells to the grid.
Moreover, a second harmonic power oscillation leads to a second-harmonic ripple in

the cell capacitor voltages;

4. The term v4i, suggests that a fundamental frequency can perform energy exchange
between the upper and lower arms, since these terms present opposite signals in p,

and p;.

The three-phase instantaneous active power of the converter ? is given by:

=0

Vg 7 . . isa isb isc
n — & \(Uza z z,c sai7 s ’ s.c —. 2.14
Pan = iz s 20) FUa gt + Vs 5+ 0 (2.14)

Under balanced conditions, the second-order oscillations cancel each other and the
three-phase power is constant, as expected for three-phase converters. In a MMCC-based
STATCOM, the dc power component in ps, is controlled to provide the converter losses

and keep constant the converter energy storage.

2 The three-phase instantaneous active power of the converter is calculated by the sum of the six

instantaneous active power of each arm. In other words, ps, = Du.a + Pi,a + Pu,b + Dib + Pu,c + Pic-



54 Chapter 2. DSCC MMCC-based STATCOM

2.3 Insertion Indexes

The inserted voltages in upper and lower arms can be approximated by the output

voltage reference v} and the internal voltage v} (Hagiwara; Maeda; Akagi, 2011):

Uy =V, — UL, (2.15)
v = vl + vl (2.16)

The output voltage is synthesized based on the number of cells inserted in each arm.
The normalized number of cells is commonly referred as insertion index. The normalization
performed by the measured sum of the capacitor voltages is proposed in (Hagiwara; Maeda;

Akagi, 2011). The insertion indexes are given by:

v — vk
= 2.17
n oy (2.17)
=1l (2.18)
Vo

where v3, and v3; are the measured sum of the capacitor voltages of upper and lower
arm, respectively. The sum of capacitor voltages is the maximum instantaneous voltage
available in the converter. This approach results in instabilities and requires the use of
additional control loops (Antonopoulos; Angquist; Nee, 2009; Hagiwara; Maeda; Akagi,
2011). Other method is the normalization by the effective de-link voltage, as follows:

L=l 2.19

m= 2.19)

= 2 (2.20)
Vg

This approach is usually referred as direct modulation scheme (Sharifabadi et al.,
2016). Although this strategy leads to stable response. Errors are observed between the
reference and synthesized voltages, which affects the definition of the boundary of linear

and overmodulation regions.

An alternative implementation was proposed by Angquist et al. (2011). This
reference proposes a normalization by the estimation of the sum of capacitor voltages.

Accordingly:

Ny = 2, (2.21)
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* *
v, + v
nl: z il

—~ (2.22)
Oref
where 05, and 77, are the estimation of the sum of capacitor voltages of upper and lower

arm, respectively.

This approach ensures stability in the control of circulating current and the errors
observed between the reference and synthesized voltages can be compensated by the output
current control loops (Sharifabadi et al., 2016). Therefore, the present Master Thesis uses

the approach based on the estimation of the sum of capacitor voltages .

2.4 Dc-link Voltage Design

This section presents the design methodology proposed by Cupertino et al. (2018).
The minimum effective dec-link voltage is given by (Fujii; Schwarzer; De Doncker, 2005;
Cupertino et al., 2018):

22 Vi
\/3(1 - A'Ud) )\mmax’

Vg = (2.23)
where A is the modulation gain, Avy is the de-link voltage ripple and V; is the minimum
line-to-line voltage (rms) synthesized by the converter. The parameter 1m,,,, refers to the
maximum modulation index and can be computed by the carrier frequency f. and the

minimum on-time and dead time T}, as follows (Fujii; Schwarzer; De Doncker, 2005):

——— (; - sz> f. (2.24)

In addition, Vj is given by (Fujii; Schwarzer; De Doncker, 2005):

Ve = (1+ AVy)[L + Zegpu) (1 + Azeg) Vg, (2.25)

where V is the grid voltage, AV} is the grid voltage variation, Zcq(y) is the maximum per

unit value of the output reactance and Az, is the output reactance variation.

The dc-link voltage is an important parameter to avoid overmodulation (Fujii;
Schwarzer; De Doncker, 2005). In order to understand the proposal dc-link voltage design
proposed in (Cupertino et al., 2018), let us consider the ideal waveforms of the Fig. 15.
The reference voltage of the lower arm (v;) is calculated based on (2.16) and (2.25). In

addition, the injection of é of third harmonic is assumed.

3 The sum of the capacitor voltages estimation will be presented in Chapter 3.
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Figure 15(a) illustrates the ideal waveforms for the dc-link voltage with negligible
ripple when the converter absorbs reactive power. When a voltage ripple is considered in
the de-link, as illustrated in Fig. 15(b), the converter operates in the overmodulation region.
One solution is to calculate the dc-link voltage considering the ripple Avy, as in (2.23).
Therefore, the dc-link voltage value is increased and the converter does not overmodulate,

as shown in Fig. 15(c).

In the reactive power supply region, no overmodulation in the converter is observed
due to the ripple waveform, as shown in Fig. 15(e). Therefore, when considering the same

dc-link voltage value as in reactive power absorption, the result of Fig. 15(f) is obtained.

Overmodulation

Figure 15 — Qualitative analysis of the effective de-link voltage design: (a) negligible de-link
voltage ripple assuming that the converter absorbs rated reactive power; (b)
non-negligible dc-link voltage ripple assuming that the converter absorbs
rated reactive power (with overmodulation); (c¢) non-negligible dc-link voltage
ripple assuming that the converter absorbs rated reactive power (without
overmodulation); (d) negligible dc-link voltage ripple assuming that the
converter provides rated reactive power; (e) non-negligible dec-link voltage
ripple assuming that the converter provides rated reactive power (without
overmodulation); (f) non-negligible de-link voltage ripple assuming that the
converter provides rated reactive power (without overmodulation).

As observed, the methodology proposed by Cupertino et al. (2018) is conservative
because it calculates the voltage synthesized by the converter without considering the
operating angle, as in (2.25). Figure 16(a) presents the STATCOM average model and
the phasor diagram is ilustrated in Fig. 16(b). As observed, V; varies according to the
operating angle of the converter (¢). Equation (2.25) leads to a maximum value of V; in

the phasor diagram.
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(a)

: o
Ny

T Eq (2.25)
(b)

Figure 16 — (a) STATCOM average model; (b) Phasor diagram of STATCOM.

Figure 17 illustrates the output voltage synthesized by the converter depending
on the operating angle. As observed, in the reactive power absorption region, the output
voltage required is less than that calculated by equation (2.25). Therefore, the waveform of
the voltage reference in Figs. 15(a)-(c) should be smaller. In addition, the sum of capacitor
voltages ripple waveform plays an important role in the converter operation. Therefore, a
clear definition of the converter operation limits is very important to define the minimum

voltage control strategy. This analysis will be carried out in chapter 3.

A

@ Eq. (2.25)
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Figure 17 — Output voltage (rms) synthesized by the converter.

2.5 Chapter Conclusions

In this chapter, the topology, dynamic modelling, insertion indexes and DSCC
MMCC design were presented. The basic equations of the DSCC MMCC were derived and
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discussions on the instantaneous powers and their effect on the converter were discussed.
In addition, it was discussed about the stability of the converter that will depend on the

type of normalization performed.

Moreover, other important point is about the dc-link voltage calculation of the
traditional approaches, that does not take into account the waveform of the voltage
reference and the capacitor voltage ripples. This conservative approach leads to higher
values than the necessary depending of the operation conditions. Chapter 3 will discuss

this topic and the minimum voltage control strategy will be derived.
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3 Minimum Cell Operation Control

This chapter aims to introduce the minimum dc-link voltage operation control.
The potential of bypassing unnecessary cells from the MMCC is presented. In addition, a
sensitivity analysis for cell capacitance and converter reactance is performed. A simplified
analytical power losses model for MMCC, aiming to show the potential for power losses
reduction, is developed. Finally, the limitations of the proposed strategy and implementation

issues are discussed.

3.1 Limits of Linear Modulation Region: Minimum dc-link
Voltage

This section aims to introduce the strategy of minimum dc-link voltage operating,
vg, keeping the converter in the linear region of the modulator. Unlike traditional two-level
converters, MMCC has a non-negligible ripple that limits the maximum output voltage, V.
(Sharifabadi et al., 2016). The insertion index is limited by the zero voltage, as illustrated
in Fig. 18(a), and the sum of capacitor voltage ripples, as shown in Fig. 18(b), depending
on the operating angle of the output current (Cupertino et al., 2019b).

B -R Zero voltage |
(a) (b)

Figure 18 — (a) Insertion index limited by the zero voltage; (b) Insertion index limited by
the sum of capacitor voltage ripples.

For the sake of symmetry, only the lower arm of one phase is analyzed. The internal

voltage reference is given by (Sharifabadi et al., 2016):

vl — (3.1)

Besides, the third harmonic injection (é pu) is considered to extend the linear
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operation of the converter. Accordingly:

~

v =V, cos(wnt) — ‘gscos(?)wnt), (3.2)

where V; is the output voltage amplitude and w, is the line fundamental frequency in

rad/s.

In addition, the converter output current is given by:

is =1, cos(wpt — @), (3.3)

where I, is the output current amplitude and ¢ is the displacement angle of the output

current.

Moreover, the estimation of the sum of the capacitor voltages ! presented in (2.22)

is given by (Angquist et al., 2011):

Vg = vg + Avg,, (3.4)

where AvZ, is the sum of capacitor voltage ripples, given by:

N

AWy, and AW, are given by:
V.I. V.1, V.I.
A - _ S+s . 2 o S+Ss . 2 S+s . 4 o )
W, T, sin(2w,t — @) + i, sin(2w,t + ¢) + 180, sin(4w,t — @), (3.6)
o vdfs . 2‘//\;Zz . ‘7522 .
AWp = 2o, sin(w,t — ¢) o sin(wy,t) + o sin(3wyt). (3.7)

Finally, i, is given by:
VI, cos(9)
, = 3.8
¢ 2’Ud ( )

The output voltage required for grid-connected applications when the converter

-~

injects current (/) can be computed by inspection of Fig. 10(c), as follows:

V= /[0 (1 + AV) + g Losin0)]” + [zl cos(@)] (39)

The sum of the capacitor voltage is calculated using the energy stored in the capacitors. The energy
stored in an upper arm is given by f Uy X Ty

1
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where AV, refers to the percentage change in the grid voltage. In this analysis, resistance

Teq 15 neglected.

The insertion index is given by:

=1l (3.10)
Ve

By replacing (3.1)-(3.9) into (3.10) and defining that n; = 1, i.e. considering the
maximum insertion index, the reachable output voltage limited by the sum of capacitor
voltages is the maximum, and a third-degree polynomial of v, is obtained (see Appendix

A for more details). Accordingly:

v3 + avi + bug + ¢ = 0, (3.11)

where a, b and ¢ are shown below:

Nfs A ~
a= "0 sin (6—¢>> — V3V, (3.12)
NV.I. T NV.I. T NV.I. 27
b - _ S+S . - S+S . o S+Ss . =" ‘1
s, <3 ¢> T a0 (3 * ¢) T 8w, ( 3 ¢> o B19)
ANV2T,
¢ = ANV L cos(é) (3.14)

9w, C

The roots of the polynomial given by (3.11) are calculated to obtain the point of
the minimum dc-link voltage. Nevertheless, in the region where n; is limited by the zero

voltage (Cupertino et al., 2019b), the minimum dc-link voltage is given by:

vao = V3V, (3.15)

which is the same result expected for two-level converters with non-negligible dc-link ripple.

Accordingly, the minimum dc-link voltage for operation in the linear region is
given by the maximum value between the roots of the polynomial given by (3.11) and wvgg
(Cupertino et al., 2019b):

Vd.min = max(Vao, Vq). (3.16)

Figure 19 shows the minimum dc-link (upper and lower limit) computed by vy

and vy, respectively. The real limit is obtained from (3.16), considering the parameters
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of Table 5. As observed, the required dc-link voltage varies according to the operation
angle of the output current, with critical condition when the converter absorbs reactive
power. In addition, the nominal de-link voltage (vg,) adopted is 24.5 kV, which meets the

requirement for all operating points.

Table 5 — Parameters of the DSCC MMCC-based STATCOM.

Parameter Value
Grid voltage (V) 13.8 kV
Rated power (S,,) 17 MVA
Transformer inductance (L y) 1.4 mH
Transformer X/R ratio 18
Arm inductance (Lgpm) 3 mH
Arm inductor X/R ratio 17
Cell capacitance (C) 7.1 mF
Nominal cell voltage (v},;) 942 V
Line frequency (f,) 60 Hz
Sampling frequency (fsw) 10.92 kHz
Number of cells (N) 26 per arm
— ==V Vgo== = = Real Limit |
25 . . . . . . .
—— T
. -7} = ~. 8.74 %
=L ™ _Provides Reactive Power
S o PR
15 ' ' ' ' A L
-180  -150 -100 -50 0 50 100 150 180
9(°)

Figure 19 — Minimum dc-link voltage for operation in the linear region of the modulator
as function of the operating angle of the output current (parameters in Table
5).

The region where STATCOM absorbs reactive power from the grid is represented
by the phasor diagram of Fig. 20(a). As can be seen, the current is leading with the
voltage and therefore, the reactive power is negative (Q < 0). The region where STATCOM
provides reactive power to the grid is represented by the phasor diagram of Fig. 20(b). In
this condition, the current is lagging with the voltage and therefore the reactive power is

positive (Q > 0).

Moreover, due to output current I, variation, and consequent injection of reactive
power, changes are observed in the curve of the minimum dc-link voltage, as shown in Fig.

21. The effect of the output current is higher in the reactive power absorption region.

In conclusion, a difference superior to 8% is observed between the voltages required

under the conditions in which the converter absorbs and provides reactive power. Such
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Figure 20 — Phasor diagram of STATCOM (a) absorbing reactive power; (b) providing
reactive power. Remark: iy = I cos(w,t — ¢).
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Figure 21 — Minimum dc-link voltage as function of the operating angle of the output
current and the current output I (parameters in Table 5).

difference indicates that, in the reactive power supply region, less cells are required and an

efficiency gain is expected for this region by bypassing such cells.

As a way of comparison, in two-level converters, the biggest dc-link voltage
requirement occurs in the region where the converter provides reactive power to the

grid. This is because the ripple of the capacitor voltage for this topology is negligible.

3.2 Analysis of the Minimum Cell Operation Control

3.2.1 Potential of Bypassing Unnecessary Cells

This section presents the potential of bypassing unnecessary cells from the DSCC
MMCC, according to the reactive power profile to be compensated. In addition, a sensitivity

analysis for cell capacitance and converter reactance is performed.

The analyses are focused on the STATCOM operation. Therefore, ¢ = +90° is
employed. Under such conditions, the required dc-link voltage can be evaluated according
to the injected reactive power. Fig. 22(a) shows the minimum de-link variation as function
of the cell capacitance. As observed, vy is more affected in the region when the converter

absorbs reactive power. Fig. 22(b) presents variation as function of the converter reactance.
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As noted, x., affects both regions. This means that the change in the inverter parameters

affects the potential of bypass cells.
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Figure 22 — Minimum de-link voltage as function of the operating reactive power and (a)
cell capacitance variation, (b) output reactance variation.

Alternatively, the reactance and capacitance variations can be evaluated based on
the analysis of the minimum cell operation according to the operating reactive power. For

such, the number of unnecessary cells is defined as:

N; = floor (W”_“d> , (3.17)

Ucell

where vy, is the nominal dc-link voltage, vy is the dc-link voltage required in each operating

condition and v}, is the nominal cell voltage.

Figure 23 is obtained considering the parameters of Table 5 and equation (3.17). As
observed, the number of unnecessary cells varies according to the reactive power. Moreover,
Fig. 23(a) reveals variation in the reactive power absorption region with cell capacitance
change, where the insertion index is limited by the sum of the capacitor voltage waveforms.
Fig. 23(b) shows variation in both operations with the z.,, since it affects the insertion

index by the limitations of sum of capacitor voltage waveforms and zero voltage.

3.2.2 Potential to Reduce Conduction Losses

This section presents a simplified analytical power losses model for DSCC MMCC,
aiming to show the potential for power losses reduction. Only the semiconductor conduction
losses are evaluated, since these losses are dominant in MMCC (Sharifabadi et al., 2016).

The following assumptions are considered:
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Figure 23 — Number of unnecessary cells as function of the operating reactive power and
(a) cell capacitance variation, (b) reactance variation.

The modulation signals are ideal;

The high frequency content present in the currents is negligible;

Delays and non-idealities present in the modulation process are negligible;

The losses are evenly distributed to the converter cells.

The conduction losses can be estimated by (Anurag; Yang; Blaabjerg, 2015):

Pcondm = ‘/zfl:): avg T erQ y 3.18
y ,avg x,rms

where i, 4py and i, ., indicates the average and rms current values in the switch x (5,
Sa, Dy or Ds). V,, represents the collector-emitter voltage for the IGBT and the forward
voltage for the diode.

Therefore, the average and rms currents in each semiconductor switch are necessary
to estimate the conduction losses. Due to symmetry, only the upper arm is analyzed.
Considering the upper arm current positive, the devices Sy and D; are capable of conducting,

and the average currents are given by (Bakhshizadeh et al., 2015):

) 1 0.1 ] 2m ]
152,avg = % ( 0 mulud9 -+ 6. muzud9> , (319)

. ]. 02,1 . 27 L
LD1,avg = o ( ; Myt dl + » muzud6> ) (3.20)
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Considering the upper arm current negative, the devices S; and Dy are capable of

conducting, and the average currents are given by:

. 1 O:2
ZSLMQZ% /91 —TMyi,dl |, (3.21)

. 1 92,2 X
ZDQ,ang% /01 —Myt,dl | . (3.22)

The current 7, is given by:

~

by =1, + ]28(:08(9 — ), (3.23)

where 0 = w,t.

The angles 0., and 0, 5 define the arm current zero-crossings given by:

Oop=m—¢— cos (W) , (3.24)

0.0 =7—¢+cos™! <7’I”LlC(2)S(¢)> , (3.25)

where m; is the modulation index. For STATCOM operation, ¢ = +90° is considered. In

addition, the circulating current ¢, is negligible.

m,, is the ideal modulation signal of upper arm and m, = 1 — m,, as follows
(Sharifabadi et al., 2016):

1 i i
My = 5 = m7 cos(wpt) + % cos(3wpt). (3.26)

Replacing equations (3.23) and (3.26) in relations (3.19)-(3.22) and performing the

integration leads to:

(3.27)

I
181,avg = 1S2,avg = UDl,avg — tD2,avg = E

By following the same reasoning, the rms currents of the semiconductor devices

are given by:

1 01 2w
iS2.0ms = | = (/ m.i2dl + muiicw), (3.28)
27 \Jo

0z,2
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1 0.1 21
Z-Dl,rms = J a_ ( WUZ%dQ + WZ%d9>, (329)
21 \Jo 0.2
]_ 9z,2
oL = x| — —mgi2dd ), 3.30
N ) (3.0
]_ 02,2
) rms — - — u2d9 . 31
i, . </9 i ) (3.31)

By solving equations (3.28)-(3.31), the rms currents of the semiconductor devices

are obtained as follows:

I,
) rms —— ) rms — ) rms — . rms — . /=- 3.32
151, 152, D1, D2, 4\/5 ( )
Replacing (3.27) and (3.32) in equation (3.18) leads to:
~ ~ 2
I I

Pcon r — V;si T 2 . 3.33
d, i +r (4\/§> ( )

As noted in this simplified model, conduction losses do not depend on the modulation
index in the STATCOM operation. The total conduction losses in the MMCC can be
estimated based on the losses on the devices of a cell and multiplied by the number of

operating cells. Therefore, the conduction losses in the DSCC MMCC are given by:

Pcond,MMC = 6(N - Nf)(Pcond,Sl + Pcond,S2 + Pcond,Dl + Pcond,D2>- (334)

Accordingly, the potential for reducing conduction losses is given by the percentage
of cells that are bypassed. For the parameters of Table 5, when the STATCOM operates at
hot-standby, Ny = 4 and conduction losses are reduced by 2% = 15.38 %. When STATCOM
provides rated reactive power, Ny = 2 and the conduction losses are reduced by % = 7.69
%. When STATCOM absorbs rated reactive power, Ny = 0 and conduction losses are

reduced by 2% = 0 %, i.e. no reduction is observed.

The total MMCC power losses include the inductor losses and also the semiconductor
switching losses. Therefore, the perceptual losses reduction presented in this section is an
upper boundary for the real reduction. The real reduction also depends on the employed

mission profile.
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3.3 Limitations

This section aims to present the limitations of the minimum cell operation control.

Two topics are approached:

1. In MMCCs with few number of cells, the cell voltage represents a significant part of
the dec-link voltage. Under such conditions, the cell bypass may not be possible. This
section aims to compute the minimum number of cells V,,;, which guarantees that

the proposed strategy is suitable for power losses reduction;

2. When the converter is operating at low current (e.g. hot standby) and the current
reference increases, cells must be inserted in the main circuit. However, these cells may
be discharged. Under such conditions, the converter will operate in the overmodulation
region during transients and stability problems might arise. This section also computes
the maximum number of cells N¢ ., which can be bypassed without affecting the

converter stability.

3.3.1  Minimum number of cells N,,;,

For simplification reasons, the regions where STATCOM absorbs and provides
reactive power are evaluated separately. In the reactive power absorption region, the
maximum output voltage is limited by the sum of capacitor voltages, as illustrated in Fig.

18(b). Under such conditions, the following equation can be written for the lower arms:

Ud,abs

2

+ v:,abs S U%’l? (335)

*

where vy s and v} ;.

are the required dc-link voltage and output voltage when the
STATCOM absorbs rated reactive power, respectively. Assuming that the converter is
designed to operate in the boundary of the linear region, the maximum output voltage

can be roughly estimated by:

Vd,abs

1
- +max (v} ps) < Vaabs(1 — AV) = max (v} ,ps) = Vdabs (2 — AV) , (3.36)

s,abs

where AV is the ripple (average to minimum) of the sum of the capacitor voltages at rated

reactive current.

Under hot standby conditions (reference current equals to zero), the equation (3.36)

can be rewritten as:

max(vf) = 22, (3.37)
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where vq9 and v, are the required de-link voltage and output voltage at hot standby,
respectively. As observed, a negligible voltage ripple was assumed, when I, =0. Dividing

(3.37) by (3.36) yields:

Y40 (1 -2 AV)M. (3.38)
Vd,abs max(vs,abs)

In the reactive power supply region, the maximum output voltage is limited by the
dc-link voltage. Under such conditions, the following equation can be written for the lower

arms:

Vd,prov

2 + U:,prov < Ug'lv (339)

*

where vgprop and v .,

are the required dc-link voltage and output voltage when the
STATCOM provides rated reactive power, respectively. By assuming that the converter is
designed to operate in the limit of the linear region, the maximum output voltage can be

roughly estimated by:

Ud,prov

Vg,
+ maX(U:,prov) S Vd,prov — max(vz,prov) . %a (340)

Dividing (3.37) by (3.40) yields:

Vo max(v;‘,o)

(3.41)

Vd,prov ~ maX(”:,prov)

At this point, typical values are adopted. Assuming the converter equivalent output

impedance lower than 10 % leads to:

maX(v:’O)
max(v ) — 1—0.1

s,abs

< 1.12, (3.42)

maX(U;O)
max(v¥,,..,) ~ 1+0.1

s,prov

< 0.91. (3.43)

Finally, by assuming AV < 10%, the following relations can be obtained:

Y0 (1 -2 % 0.1) x 1.12 = 0.896, (3.44)
Vd,abs
Y40 0.91. (3.45)
Ud,prov

Since the number of cells must be integer, cells can be bypassed for reactive power

absorption operation only if the cell voltage reference is lower than 10 % of the total
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de-link voltage. For reactive power supply operation, the cell voltage reference is lower
than 9 % of the total de-link voltage. These conclusions were obtained considering typical
values adopted in MMCC design (Sharifabadi et al., 2016). This means that the proposed
technique is applicable for MMCCs with a number of cells higher than N,,;, = 10.

3.3.2 Maximum number of bypassed cells Ny ., and N 4

When the STATCOM reactive power reference decreases, the capacitor voltage
ripple decreases and the required output voltage changes (it increases for reactive power
supply operation and decreases for reactive power absorption operation). Under such
conditions, some cells can be bypassed, since the STATCOM presents higher voltage
synthesis capability than necessary. Once the number of bypassed cells is computed to
guarantee the operation in the linear region, no stability issues are expected during the
bypass process. On the other hand, during the insertion process, the converter is expected
to operate in the overmodulation region during transients. This fact is observed because
the STATCOM presents lower voltage synthesis capability than necessary (some cells were
previously bypassed). Since the voltage gain provided by the overmodulation region is

limited, some stability issues may arise.

References (Hava; Kerkman; Lipo, 1998; Hava et al., 1999) discussed the operation
of voltage source converters in the overmodulation region during steady-state and transients.
These concepts can be extended to the MMCC operation, leading to acceptable transients,
as discussed in references (Lépez et al., 2015; Briff; Moreno; Chivite-Zabalza, 2017). A
rough estimation of the maximum number of cells which can be bypassed to avoid stability

issues in the insertion process is presented as follows.

Indeed, the converter can synthesize 10 % more output voltage in the overmodulation
region, i.e., the maximum modulation gain is A,,.; = 1.1. The worst operational case is
taken into account: a step in the reference from zero to the rated reactive power. During

the delay and the charging process of the inserted cells, the stability must be guaranteed.

Figure 24 presents a qualitative analysis of the MMCC during the insertion process.
Figure 24 (a) shows the sum of capacitor voltages (vg;) and the reference voltage of the
lower arm (v;) at hot standby operation. When the converter reference is changed from
0 to 1 pu (reactive power supply operation), the reference voltage increases, since the
required output voltage must be higher, as observed in Fig. 24 (b). Under such conditions,
the overmodulation is observed in the highlighted areas and the required increase in
the reference voltage must be available in the overmodulation region. If the converter is
designed to operate in the limit of the linear region in steady-state, as shown in Figs. 24
(a) and (c), this means that:
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Figure 24 — Qualitative analysis of the DSCC MMCC-based STATCOM operation during
the insertion transient: (a) Ideal waveforms for hot standby operation; (b)
Ideal waveforms for operation in overmodulation region for rated reactive
power supply operation (before insertion); (c¢) Ideal waveforms for operation
for rated reactive power supply operation (after insertion); (d) Ideal waveforms
for hot standby operation; (e) Ideal waveforms for operation in overmodulation
region for rated reactive power absorption operation (before insertion); (f)
Ideal waveforms for operation for rated reactive power absorption operation
(after insertion).

Vd,prov <A
Va0

max - (3.46)

Relation (3.46) determines the maximum voltage difference between hot standby
and full reactive power supply operation. Accordingly, the maximum number of cells which

can be bypassed Ny o, 1s estimated by:

Ny prow < (Amaz — 1)N. (3.47)

Figure 24 (d) shows the sum of capacitor voltages and the reference voltage of
the lower arm at hot standby operation, which was repeated for visualization reasons.
When the converter reference is changed from 0 to 1 pu of reactive power absorption
operation, the reference voltage decreases, since the required output voltage must be lower,
as observed in Figure 24 (e). Under such conditions, the overmodulation is observed in the

highlighted areas. If the converter is designed to operate in the limit of the linear region in
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steady-state, as shown in Figs. 24 (d) and (f), this means that:

Ud,abs<1 - AV) <A - Vd,abs < Amax
mazx

: 3.48
V4,0 o Vg0 - 1- AV ( )

Therefore, the maximum number of cells which can be bypassed Ny 4. is given by:

Amaz
< | mer . .
Nt abs (1 1) N (3.49)

At this point, the following conclusions can be stated:

e In the reactive power supply region, the maximum number of cells which can be
bypassed is 10 % of the total;

e In the reactive power absorption region, more cells can be bypassed. Considering
AV =10 %, the maximum number of cells which can be bypassed is 22 % of the
total, according to equation (3.49);

o For example, if N = 26, N pron < 2.6 and Ny gps < 5.7.

As observed in Fig. 23, 2 cells were bypassed in the reactive power supply region,
while 4 were bypassed in the reactive power absorption region, in the case study adopted
(N = 26), which are within the stability limits derived in this section. It is important to
remark that the results presented in this section are rough approximations and must be
interpreted as static stability limits. Therefore, some margin must be adopted due to the

current control dynamics.

3.4 Bypass and Insertion Procedures

When plastic IGBT modules (PIM) are used, the bypass structure is based on a
thyristor connected in parallel with a vacuum contactor, as illustrated in Fig. 12. The
thyristor provides a fast bypass when compared to the vacuum contactor. However, the
conduction losses of the vacuum contactor are negligible, which justifies its application
(Wang et al., 2017).

Figure 25 illustrates the cell bypass and insertion procedures. In the bypass
procedure, contactor St and thyristor T" receive power-up signal at time ¢;. In addition,
the thyristor presents 1 ms delay and the contactor has a maximum closing time of 60
ms (SIEMENS, 2019a). In the conduction period of 7', the arm current is assumed. At
the time to, the bypass mode is initialized, where S7 is conducted and the cell is removed
from the main circuit of MMCC.
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Figure 25 — Conduction states of the bypass switch elements during the bypass and
insertion procedures. The maximum delay of the contactor is assumed to be
equal to 60 ms for both turn-on and turn-off.

On the other hand, in the insertion procedure, contactor St receives power-off
signal and thyristor T receives power-up signal at time t3. At the time ¢4, the normal
operation is initialized, where S and T stop driving and the cell is inserted into the main

circuit of MMCC.

3.5 Chapter Conclusions

In this chapter the minimum cell operation control strategy was proposed. Analytical
expressions of the proposed technique potential were derived and its application limits
were evaluated. These results indicated that the proposed technique can be applied for a
DSCC MMCC-based STATCOMs with more than 10 cells and does not require additional
hardware. Furthermore, during the insertion of cells, the converter can operate in the
overmodulation region. Therefore, there is a maximum number of cells which can be

bypassed, due to stability reasons.

In the next chapter, the control strategy and the tuning of the controllers will be

discussed. In addition, the system parameters will be presented.
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4 Control Strategy and Control Tuning

This chapter introduces the control strategy employed and the control tuning for an
DSCC MMCC-based STATCOM. First of all, some popular control structures are briefly
described. Then, the selected control strategy is discussed in details and the control tuning

procedure is derived.

4.1 Control Strategies

The control objectives of the MMCC are based on the control of the total energy of
the converter, control of the circulating current, balancing of the capacitors and injection

of reactive power in the grid. This section discusses three popular control schemes for
DSCC MMCC.

4.1.1 Direct voltage control

The direct voltage control scheme is presented in Fig. 26. Originally, this scheme
does not present a circulating current suppression control, which leads to high circulating
currents in the converter (Siemaszko et al., 2010). A direct voltage control combined with

circulating current control is presented by (Sharifabadi et al., 2016).

The normalization of the insertion indexes are given by the effective dc-link voltage

vg. Accordingly:

o= 4.1

= (1)

= 2Tl (4.2)
Vg

As advantages, the direct modulation scheme is inherently asymptotically stable
(Siemaszko et al., 2010; Harnefors et al., 2013). This means that the arm voltages reach
the reference value (%) without any additional energy balancing controller. However,
as discussed in Chapter 2, errors are observed between the reference and synthesized
voltages, which affects the definition of the boundary of linear and overmodulation regions.

Therefore, this strategy is not employed in this Master Thesis.
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Figure 26 — Direct voltage control of a DSCC MMCC-based STATCOM.

4.1.2 Closed-loop voltage control

The closed-loop voltage control scheme is presented in Fig. 27. The normalization

of the insertion indexes are given by the measured sum of the capacitor voltages v.

Accordingly:
vl — vk
Ny = ———>, (4.3)
Vcu
n;, = = ) = (44)
vci
Voo Vep
L, :
P _ Isq, = vs"; *
% » »
Wy Global Instantaneous Output abe | Vsn
—»|  energy * h % current * Bdamnd
power theory|| v,
control 0 > s | control by af
* i*
AWy, | Leg energy zde,n
—#® balancing —
control ) .
lzn | Circulating || Vzn
. control
AW, . | Atm energy
—#» balancing Sk
control lzacn

Figure 27 — Closed-loop voltage control of a DSCC MMCC-based STATCOM.

In this strategy, the definition of boundary between the linear and overmodulation

regions is straightforward, since the sum of capacitor voltages is the instantaneous available
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dc voltage for output voltage synthesis. However, two additional arm energy balancing
controllers are included in the control scheme. These structures are needed to guarantee
the asymptotic stability of the arm voltages (Siemaszko et al., 2010; Sharifabadi et al.,
2016). Due to its higher complexity, this scheme is not used in this Master Thesis.

4.1.3 Open-loop voltage control

Finally, the open-loop voltage control scheme is presented in Fig. 28. Instead of
using the measurement of the sum of capacitor voltages, the normalization of the insertion

indexes are based on the estimation of the sum of the capacitor voltages 0. Accordingly:

Ve
v
Vea Vep
R T
P » lsu » vsa; *
k » » »
Wr Global Instantaneous Output abe| Vs
——»|  energy * % current * >
O" | power theory|| ; v
control > |  control h | af
P ——
lzn | Circulating ||| Vzn
P current ’
control

Figure 28 — Open-loop voltage control of a DSCC MMCC-based STATCOM.

Assuming that the sum of capacitor voltages are correctly estimated, this control
strategy allows a clear definition of the boundary between linear and overmodulation
regions. In addition, this strategy is asymptotically stable without any additional energy
balancing controller (Antonopoulos et al., 2014; Harnefors et al., 2015). Therefore, this
control strategy is employed in this Master Thesis and it is described in the following

paragraphs.

The control strategy adopted in this work is illustrated in Fig. 29, with Ny =
6(IN — N¢). The output and circulating currents are controlled through resonant controllers
in stationary reference frame (Farias et al., 2018). The circulating current control supress
the harmonics in the circulating current and inserts damping in the converter dynamic

response (Yue et al., 2016).



78 Chapter 4. Control Strategy and Control Tuning

Global Energy Circulating Current Control
Control

LPF

Vga vgﬁ
*
P* . ,u lsa +
Instantaneous o %
Power Theory l sp

DSOGI -V
2 PNSE =V

Vi

Output Current Control

Figure 29 — Complete control strategy of a DSCC MMCC-based STATCOM.

The global energy control indirectly reduces the dc-link voltage during the bypass
of unnecessary cells from the converter. This controller computes the active power reference
P*, as follows (Cupertino et al., 2019b):

k; w 1 V4 2 1 6(N—Ny)
P =k L —C-6(N=Np)- () —=C- 3 iy, 47
( p,W + s ) 2 ( f) (N) 9 P Ueell,i | ( )
W2 W

where W7 is the desired energy storage, Wy is the total energy storage, vy, is the i-th
cell voltage of the converter and &,y and k; y refer to the proportional and integral gains

of the energy controller.

The output current references is computed by Instantaneous Power Theory (Akagi;
Watanabe; Aredes, 2007), given by (4.8). The output current is controlled through resonant

controllers in stationary reference frame (Farias et al., 2018).

P*
Q*

, (4.8)

lsa _ 1 Uga  Vgp
i:g (U!]a)2 + (/Ugﬁ)z Vg —VUga
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where ¢4, and i53 are the output current currents in stationary reference frame, vy, and

vgp are the grid voltages in stationary reference frame.

Figure 30 presents the modulation method. Signals resulting from the output and
circulating current controls are normalized by the estimation of the sum of capacitor

voltages (Angquist et al., 2011), as presented in equations (4.5) and (4.6).

iu,n il,n
* vy
Vsnl Third harmonic .
) injection Sorting
J and —

Selection

Capacitor {4 Gate Signals
voltages
Figure 30 — Block diagram of the modulation method.
The estimation of the sum of capacitor voltages are given by:
N — Np\? N —N; / —
Y A B R ST A
Vo = \/( 7 ) vi+ o (AWE + AWA), (4.9)
- N — Np\? N—N; —
where AW v and AW A are computed by:
AWs, =2 / BPF[uli — v'it; 2w,]dt, (4.11)
AW = / BPF['* — 205 wyldt, (4.12)

where BPF! refers a band-pass filtering tuned in the frequency w, or 2w,.

Then, 1/6 pu of third harmonic is added to the signal to extend the linear region.
The insertion index considers the minimum dc-link voltage required and the reactive power
to be compensated. This index is important because it returns the number of cells that

must be inserted. Furthermore, this information is used for the modulation strategy.

Indeed, the minimum cell operation control bypass the cells to reduce conduction
losses and affect the insertion index of the converter. The number of cells which can be

bypassed is a function of the converter parameters (inductance, capacitance, grid voltage,

L' BPF[I; F]: 1is the input signal of the filter and F is the frequency where the filter is tuned.
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current, etc.). In this sense, it is important to remark that the proposed approach can be

applied for different modulation strategies.

In this work, the Nearest Level Control (NLC) is used, with the adoption of the
cell tolerance band algorithm (Hassanpoor; Norrga; Nami, 2015). This approach has
some advantages such as not requiring offline computing (as in SHE PWM techniques)
and possibility of implementation in Field Programmable Gate Array (FPGA) (reducing
implementation efforts) (Sharifabadi et al., 2016). Due to the sorting and selection algorithm,
the capacitor voltage balance is inherently achieved. The switching losses are reduced in
comparison with carrier-based strategies because the switching events happen only when

the capacitor voltages reach the tolerance band (Hassanpoor; Norrga; Nami, 2015).

4.2 Control Tuning

This section describes the control tuning of the control strategy presented in section
4.1. Three controls are addressed: output current control, circulating current control and

global energy control.

4.2.1 Output current control

Figure 31 presents the block diagram of the output current control. D;(s) is the

compensator transfer function, given by:

D[(S) = ka + : (413)

where k,; and k,; refer to the proportional and resonant gains of the output current
controller. The resonant controller tuned in the fundamental harmonic is employed. Gp(s)
represents the model of the Pulse Width Modulation (PWM) modulator and the delay
caused by the digital implementation. The PWM processing delay can be approximated
by a zero-order hold (zoh) function and the implementation delay by one sample delay.
Hence, the total delay in the control loop will be 1.5T,, (Yao et al., 2017). Accordingly:

Cp(s) = 1 ey L (4.14)
s) = e & :
P Touws 1.5T4s + 17
where T}, is the sampling time.
The plant function of the output current controller G(s) is given by:
1
Gi(s) (4.15)

" SLeg+ Rey
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Figure 31 — Block diagram of the output current control.

In addition, the open-loop transfer function for the control scheme is given by:

GZ(S) == D[(S) . GD(S) . G[(S). (416)

Replacing (4.13)-(4.15) in (4.16), the transfer function of (4.16) can be expressed

as:

k?T]S 1 1
(s TRY . . 41
Gile) (’”’I+s2+w%> (1) <8Leq+Req> o

Considering the methodology proposed by Holmes et al. (2009) for maximize the
control bandwidth, the following gains for the proportional resonant (PR) controller is

obtained:

5= (bm
kPJ - 215T Leqa (418)
b= 20, (4.19)

15T 5y

where ¢, is the desired phase margin (e.g. 85°) (Holmes et al., 2009).

4.2.2 Circulating current control

Figure 32 presents the block diagram of the circulating current control. Dy(s) is

the compensator transfer function, given by:

k?nzs
$? + dw?’

Dz (s) = kpz + (4.20)
where k, z and k, 7 refer to the proportional and resonant gains of the circulating current
controller. The resonant controller tuned in the second harmonic is employed to eliminate
the second harmonic component present in the circulating current. Gp(s) represents the

implementation delay given by equation (4.14).
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The plant function of the circulating current controller G(s) is given by:

1

N .
i (S) + + + ZZQB (S)
2p Dy (S} Gp, (5) G, (s>
Vd Va
2 2

Figure 32 — Block diagram of the circulating current control.

Furthermore, the open-loop transfer function for the control scheme is given by:

Gi.(s) = Dz(s) - Gp(s) - Gz(s). (4.22)

Replacing (4.20), (4.15) and (4.21) in (4.22), the transfer function of (4.22) can be

expressed as:

kr z8 ]{JT 78 1 ) ( 1 )
G, = [k : : . . ) 4.23
() < »z s? + w? + s2 + 4@),%) (1.5Tsw5 +1 $Lgrm + Rarm ( )

Considering the methodology proposed by Holmes et al. (2009), the following gains
for the PR controller is obtained:

T _ ¢m

kpz - 215T Larm> (424)
5= ¢m

kT,Z - 215Tkp’z' (425)

4.2.3 Global energy control

The block diagram of the global energy control is illustrated in Fig. 33. W7 is
calculated by:

6N
) 1 1 /6C
Wr = ; 501)3@11,1' =5 (N) 07, (4.26)
Dy (s) is the compensator transfer function, given by:

ki
Dw(s) = kpw + ?W (4.27)
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where k,w and k; - refer to the proportional and integral gains of the global energy
controller. G,,(s) represents the dynamics of a moving average filter (MAF) used to
attenuate the low frequency of the capacitor voltage, which can insert oscillations in the

control. G,,,(s) can be approximated by:

1
Gu(s) = 4.28
) = 25T + 1 (4.28)
where T, = f%n fm is the frequency of the capacitor voltage ripple (i.e. 60 Hz in this
work).

The plant function of the global energy controller Gy (s) is given by:

Gw(s) = i (4.29)

Wiis) + p* P W (s

N output current control
Dy (s) loop (gain = 1) » Gy (s) >

G, ()|«

Figure 33 — Block diagram of the global energy control.

Moreover, the open-loop transfer function for the control scheme is given by:

Gw(s) = Dw(s) - Gm(s) - Gw(s). (4.30)

Replacing (4.27)-(4.29) in (4.30), the transfer function of (4.30) can be expressed

as:

Guls) = (k”’w * kif) ' (O.%Tis + 1) ' (i) ' (4.31)

Considering symmetrical optimum method proposed by Teodorescu, Liserre and

Rodriguez (2011), the following gains for the PI controller is obtained:

kpw = f—m, (4.32)
1.14

which leads to a phase margin of 45°.
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4.3 Chapter Conclusions

In this chapter three control strategies used in DSCC MMCC is presented and their
stability is discussed. The control strategy employed and tuning of the controllers were

presented. In the next chapter the case studies and system parameters will be presented.



85

5 Case Study and System Parameters

This chapter aims to introduce the case studies and system parameters used in this

work. The case studies are based on dynamic behavior and energy consumption.

5.1 Case Study

5.1.1  Dynamic Behavior

Simulations were performed in PLECS environment to demonstrate the dynamic
behavior of the DSCC MMCC-based STATCOM. The case study considers the reactive
power profile shown in Fig. 34. According to Neutz (2013), the typical response time of
commercial STATCOMs after some disturbance is lower than 10 ms. Thus, the ramp of
reactive power was selected to be 10 ms. A variation from 0 to 1 pu was considered to
evaluate the proposed technique. The base values of 17 MVA and 13.8 kV are employed.
Thus, the capacitor voltages, circulating current, output power, Total Demand Distortion

(TDD) of the output current and power losses in the semiconductor devices are analyzed.

0
1 - ”’, -
Provides
" Reactive Power

1 1.01

Absorbs
Reactive Power

Reactive power [pu]
o

Time (s)

Figure 34 — Reactive power reference profile employed in the simulation.

5.1.2 Energy Consumption

The energy losses are computed to show the potential of the minimum cell operation
control for a real case study, as illustrated in Fig. 35. Two measured mission profiles
(ambient temperature and reactive power) are considered, as shown in Fig. 36(a) and (b),
respectively. The amount of energy loss in an year for the conditions with/without proposed
minimum cell operation are calculated based on semiconductor losses and arm inductor
ohmic losses. An Infineon module (IGBT + Diode) part number FF800R17KP4-B2 of
1.7kV - 800A was chosen for this application (see Appendix B for more details).
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Figure 35 — Methodology for energy loss (MWh) calculation for an one-year mission profile.
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Figure 36 — Mission profile of (a) ambient temperature, (b) reactive power.

The power losses estimation is based on look-up tables, which are obtained from
datasheets, as illustrated in Fig. 37. Conduction losses, turn-on and turn-off energy for
the IGBT’s and the conduction and the reverse recovery energy for the diodes of each cell
are considered (Pereira et al., 2016). Assuming that all the cell and arm parameters are
identical, the losses and thermal behavior of all cells in the arms are similar. Hence, the

loss evaluation can be simplified considering only one arm of the converter.

Additionally, an important feature is the power losses dependence of the temperature.
This information is obtained from the datasheet contents for the temperatures of 25 °C,

125 °C and 150 °C. Linear interpolation and extrapolation are used. In addition, the
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Figure 37 — Data extracted from a power module datasheet (part number
FF800R17KP4-B2): (a) Turn-on switching energy (IGBT); (b) Turn-off
switching energy (IGBT); (c) Reverse recovery energy (diode); (d) Typical
IGBT on-state characteristics; (e) Typical diode forward characteristics.
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switching energies are assumed to be proportional to the blocking voltage. The hybrid
model with the combination of Cauer and Foster model, proposed by Tu and Xu (2011),
Ma et al. (2016), is employed in order to estimate the junction temperature (7;) and case

temperature (7). This model is illustrated in Fig. 38.

In this context, the junction-to-case thermal impedance Z;_. is modeled by a
multilayer Cauer model while the case-to-heatsink thermal impedance Z._; is modeled by
a thermal resistance. Both Z;_. and Z._;, are obtained from the datasheets. The thermal
parameters for the Foster model and case to heatsink impedances of the Infineon module
(IGBT + Diode) part number FF800R17KP4-B2 of 1.7kV - 800A are shown in the Tab. 6.
Moreover, Tab. 7 presents the Cauer parameters based in the Foster parameters, which

were converted by the software PLECs.

| D
1,2
S Heatsink
1,2 ST .
Equivalent Cauer Model ’ Reg.th-0) 721
P losses Device module (-..Gj’;(.)'f’.‘\.cf..‘ .
0 Regjo T i Regiew i T, L :
l T Cogo S " w Gt
Lookup
Losses Multi-layer Foster Model

S Device module,
% r Rig-o (Rn, (-c)

P losses Clg-0 Cn, G-c)

Te

Figure 38 — Thermal model of the power devices in a chopper cell with common heatsink.

Table 6 — Foster and case to heatsink parameters of the thermal model.

Device \ Parameter \ VA s ot \ Zen

IGBT R; [K/kW] | 4.219 | 15.08 | 4.624 | 1.783 | 22.8
7; 18] 0.002 | 0.045 | 0.539 | 6.941 | —

Diode R; [K/kW] | 6.699 | 22.012 | 6.296 | 1.796 | 30
7; 18] 0.002 | 0.05 | 0427 |7.014| -

Table 7 — Cauer parameters of the thermal model.

Device \ Parameter \ V48 5, v

IGBT R; [K/kW] 5.65 | 14.45 | 4.095 | 1.506
C; [J/K] 0.4091 | 2.765 | 132.5 | 4460

Diode R; [K/kW] | 8.893 | 21.59 | 5.055 | 1.562
C; [J/K] 0.2528 | 2.126 | 83.53 | 4399
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In general, the heatsink and the cooling systems (which define the thermal
impedance Z;,_,) are designed to ensure that the steady-state junction temperature 7; of
the semiconductor device is within a safety limit (e.g., below 150°C'). A simplified heatsink
model for power converter is proposed by Asimakopoulos et al. (2015). This methodology
considers an uniform temperature profile throughout the power devices baseplate solder
and cooling plate. The heatsink geometry has a simple rectangular cross-section and is
approximated by a simple orthogonal brick. The heatsink parameters can be computed by
(Asimakopoulos et al., 2015; Incropera; DeWitt, 1996):

dp, . 1
knAn — feAn’

Ry_, = Rh_f + Rf_a = (5.1)

Oh_f ~ Oh—a = ChphdhAh, (52)

where dj, is the heatsink thickness, kj is the thermal conductivity of the heatsink material,
Ay, is the heatsink surface area, f. is the fluid flow convection coefficient, ¢; is the specific
heat capacity and p; is the material density. The subscripts h — f and f — a mean

heatsink-to-fluid and fluid-to-ambient, respectively.

Regarding heatsink parameters, the values of R),_ and C},_f vary according to the
heatsink area and thickness. In this work, the area is considered to be equal to the total
area of the power module obtained from the device datasheet. Furthermore, aluminum

heatsinks with 3 cm of thickness are employed (Asimakopoulos et al., 2015).

The cooling system are evaluated to ensure similar temperature stresses in each
IGBTs module solution (Incropera; DeWitt, 1996; Farias et al., 2018). The fluid flow
convection coefficient f, can range from 50 to 2500 W/(m?K), depending on the speed and
type of fluid flow, temperature dependent properties, and pressure (Junior et al., 2019). In
this work, the necessary value was determined through thermal simulations, which were
carried out in order to maintain the junction and case temperatures within the limits for
the worst conditions. The manufacturer indicates maximum values of 7} .4, = 150 °C and
Tt maz = 125 °C.

The parameters employed to calculate the heatsink and fluid cooling impedances
are shown in Tab. 8. The respective impedances calculated with these parameters are

presented in Tab. 9.
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Table 8 — Parameters of the heatsink and fluid cooling impedances.

Parameter Value

dp, 3 cm

kp, 238 W/(mK)
Ay, 0.0182 m?
ch 900 J/(kgK)
Ph 2700 kg/m?
fe 575 W/(m?K)

Table 9 — Heatsink and fluid cooling impedances.

Parameter Value

Ry, 7 K/kW
Ch—y 1327 J/K
Ry, 95 K/kW

Finally, the losses in the inductors were calculated only considering the ohmic
losses. Assuming that all the cell and arm parameters are identical, the losses and thermal
behavior of all cells in the arms are similar. Hence, the loss evaluation can be simplified

considering only one arm of the converter. Accordingly:

Pind =6 Rarm : ZQ (53)

u,rms*

5.2 System Parameters

The parameters of the DSCC MMCC-based STATCOM topology are shown in
Tab. 10 1. The energy storage of the DSCC MMCC is 45 kJ/MVA and the inductance
corresponds to 0.1 pu, which are typical values for the studied topology (Amorim et al.,
2020). The design of the de-link came from the analysis of chapter 3. Moreover, the nominal
cell voltage of 942 V is is acceptable for 1700 V devices (see Appendix B for more details).

1 The parameters of the DSCC MMCC-based STATCOM follows the design proposed in (Cupertino et
al., 2018)
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Table 10 — Parameters of the DSCC MMCC-based STATCOM.

Parameter

Value

Nominal dc-link voltage vg,

24.5 kV

Grid voltage (V)

13.8 kV

Rated power (S),)

17 MVA

Transformer inductance (L)

1.4 mH

Transformer X/R ratio

18

Arm inductance (Lgym)

3 mH

Arm inductor X/R ratio

17

Cell capacitance (C)

7.1 mF

Nominal cell voltage (v¥,;)

942 'V

Line frequency (fy)

60 Hz

Sampling frequency (fsw)

10.92 kHz

Number of cells (V)

26 per arm

In addition, the controllers gains presented in section 4.2 are shown in Tab. 11.

Phase margins of 75° and 80° are considered for the control of the output and circulating

currents, respectively. Furthermore, the sampling time (7%,) is

1 o 1
Tooz0 S and Ty, 1s o5 s.

Table 11 — Controller parameters of the DSCC MMCC-based STATCOM.

Parameter Value
kp, 1 5.53 Q
kr 1 1053.40 ©/s
kp 7 3.81 Q)
k.7 484.33 Q/s
kpw 99.41 Hz
ki w 4093.50

5.3 Chapter Conclusions

In this chapter the case studies and system parameters were presented. In the next

chapter the results of the dynamic behavior and energy consumption will be presented.
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6 Results

This chapter aims to discusses the dynamic behavior and the energy consumption
results of the the minimum cell operation. Moreover, the methodology is validated for a

real reactive power profile and ambient temperature.

6.1 Dynamic Behavior

Figure 39 illustrates the dynamic behavior of the active and reactive power injected
by the converter during the reactive profile from Fig. 34. A transient of 0.64 pu is observed,
since the converter temporarily overmodulates. This fact is observed because of the time

required to charge the cells which were bypassed.

2 T T T T T T
Active power
1F Reactive power . -
=}
[=F
=0 ) 4 Y )
o J0.64pu
=% 1L T |
_2 1 1 1 1 1 1
0 1 2 3 4 5 6 7

Time (s)

Figure 39 — Dynamic behavior of the instantaneous active and reactive power when the
converter is subjected to the reference profile of Fig. 34.

Figure 40 illustrates the MMCC storage energy. As observed, when the stored
energy increases, active power is also required. In addition, the stored energy increases
proportionally to the reactive power injection, as noted in the range of 1 to 2.5 s and 4 to
5.5 s. It is worth highlighting that the value is normalized to the case where all the cells
are inserted into the converter. As expected, the storage energy is higher when a higher

number of cells is operating.

The capacitor voltages of phase A (upper arm) are shown in Fig. 41(a). The
voltage of the capacitors stabilize at 30 ms after converter cells are inserted or bypassed.
Figure 41(b) and Fig. 41(c) show the capacitor voltages for reactive power absorption and
supply operations, respectively. In addition, the behavior of the capacitor voltage ripples in
steady-state is affected by the cell bypassing, as shown in Fig. 41(b) and (c). As observed,
during reactive power absorption operation, the capacitor voltage ripples are higher (= 25
V) because the converter operates with a higher number of cells. The capacitor voltages

that are in the colors red, blue, yellow and green represent the 4 cells that are bypassed
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Figure 40 — Dynamic behavior of the total MMCC storage energy when the converter is
subjected to the reference profile of Fig. 34.

during the applied dynamics profile. As can be seen, in the 0 pu reactive injection region,
these 4 cells are bypassed. In the reactive power absorption region, these cells are inserted

and then only two are inserted in the reactive power supply region.
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(b) ©

Figure 41 — (a) Dynamic behavior of the cell capacitor voltages of phase A (upper arm)
when the converter is subjected to the reference profile of Fig. 34, (b) detail
in reactive power absorption operation, (c¢) detail in reactive power supply
operation.

Figure 42 shows details of the simulation results during the bypass process. At
t = 2.5 s the reference of reactive is changed from 1 pu (reactive power absorption) to
zero (hot standby operation). Fig. 42(a) presents the transients in the capacitor voltages.
Due to the delay in the bypass structure, the ripples reduce and after 60 ms the cells are
bypassed. The bypassed cells are discharged by the bleeder resistors' and the converter

1 In the simulation results, small bleeder resistors are used to show the discharge process of bypassed
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remains connected to the grid operating with 22 cells. The number of inserted cells and
the grid currents are presented in Fig. 42(b) and Fig. 42(c), respectively. As observed,
when the converter absorbs rated reactive power from the grid, 26 cells are operating.
When the converter is in hot standby, 22 cells are operating. The transients observed in
the grid current are related with the storage energy controller which exchanges active
power with the grid to control the converter to the new value of dc-link voltage. As noted,

overmodulation is not observed during the bypass and stability issues are not observed.
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Figure 42 — (a) Dynamic behavior of the DSCC MMCC-based STATCOM when 4 cells

are bypassed: (a) cell capacitor voltages of upper arm (phase A), (b) number
of inserted cells, (c) output current.

Figure 43 presents details of the simulation results presented in the work during the
insertion process. At t = 1 s the reference of reactive is changed from zero (hot standby
operation) to 1 pu (reactive power absorption). Fig. 43(a) presents the transients in the
capacitor voltages. Due to the delay in the bypass structure, the ripples increase and after

60 ms the cells are inserted. As observed in Fig. 43(b), the number of inserted cells saturate

cells in a short time period. Small bleeder resistors lead to high steady-state losses. It is important to
remark that in practical applications, bleeder resistors are computed to discharge completely the cells
after some minutes, which leads to higher resistance values than those used in the simulations.
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in 22 cells during the delay, which characterize the operation in overmodulation region.
The grid currents are presented in Fig. 43(c). As observed, the converter can inject the
reactive current even during the overmodulation. When the discharged cells are inserted,
a transient is observed in the grid current. The transients observed are related with the

storage energy controller and with the charging process of the inserted cells.
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Figure 43 — (a) Dynamic behavior of the DSCC MMCC-based STATCOM when 4 cells
are inserted: (a) cell capacitor voltages of upper arm (phase A), (b) number
of inserted cells, (¢) output current.

Figure 44 illustrates the circulating current for the phases A, B and C. Current
peaks below 30 A (= 0.03 pu) are observed only in the in transition from 0 to -1 pu. In

this case, four cells are inserted in the converter in each arm.

The output current is represented in Fig. 45(a). A transient of 30 % in the current
during the power ramp transition and insertion of the four cells in the converter can
be observed at t = 1 s. Figure 45(b) and (c¢) show the output current of reactive power
absorption and supply operations, respectively. As observed, the output current waveform
did not change significantly in the reactive power supply operation, despite having two

cells less than in the reactive power absorption operation.
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Figure 44 — Dynamic behavior of the circulating current when the converter is subjected
to the reference profile of Fig. 34.
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Figure 45 — (a) Dynamic behavior of the output current when the converter is subjected
to the reference profile of Fig. 34, (b) detail in reactive power absorption
operation, (c) detail in reactive power supply operation.

In order to evaluate the converter performance, the TDD data of the output current
and switching frequency were collected for the conditions of -1, 0 and 1 pu of the reactive
power, as shown in Tab. 12. In addition, even by decreasing the number of output levels of
the converter for 0 and 1 pu conditions, the TDD did not increase significantly, due to the
increased switching frequency, from 86.12 Hz to 102.05 Hz in the 0 pu condition and from
146.96 Hz to 151.80 Hz in the 1 pu condition. The switching frequency increases because
the number of operating cells is lower. Therefore, to reach capacitor voltage balancing,

more switching are expected.

Figure 46(a) illustrates the inserted voltage and sum of capacitor voltages estimation

of the phase A (upper arm). Figure 46(b) and (c) show the voltages for reactive power
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Table 12 — Benchmarking of the proposed and conventional control strategy of a DSCC
MMCC-based STATCOM.

Reactive Power Operation -1pu Opu 1pu
Conventional 1.46 0.72 1.41

TDD (%) Proposed 1.46 0.73 1.16
Conventional 149.30 86.12 146.96

Switching Frequency (Hz) p 04 149.30 102.05 151.80

absorption and supply operations, respectively. As observed, in the reactive power
absorption region, the inserted voltage is limited for the sum of capacitor voltages. In the

reactive power supply region, the inserted voltage is limited for the zero voltage.

2
0]
on
8
=
-10 1 1 1 1 1 1
0 1 2 3 4 5 6 7
~3 :
— Time (s)
vy (a)
30 30
Z 20 2 2 /NU/ANEY/A\
(5] o]
1y &0
8 8
; 10 ‘; 10
0 0
2 201 2.02 203 2.04 2.05 5 5.01 5.02 5.03 5.04 5.05
Time (s) Time (s)
(b) (c)

Figure 46 — (a) Inserted voltage and sum of capacitor voltages estimation of the phase A
(upper arm), (b) detail in reactive power absorption operation, (c) detail in
reactive power supply operation.

The insertion number of upper arm is presented in Fig. 47(a). The insertion number
in steady-state for reactive power absorption operation is illustrated in Fig. 47(b). As the
inserted voltage is limited for the sum of capacitor voltages in this region, the insertion
number is maximum (26 cells). The insertion number in steady-state for reactive power
supply operation is illustrated in Fig. 47(c). As the inserted voltage is limited for the zero

voltage in this region, the insertion number is limited in zero.

Finally, the sum of capacitor voltages estimated and measured are compared in

Fig. 48(a). Details in reactive power absorption and supply regions are illustrated in Fig.
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Figure 47 — (a) Insertion number for the upper arm, (b) detail in reactive power absorption
operation, (c) detail in reactive power supply operation.

48(b) and 48(c), respectively. As observed, the estimation carried out value approaches

the actual (measured).

6.2 Energy Consumption

Conduction losses, switching losses and arm inductor ohmic losses are determined
for different conditions of reactive power operation, as shown in Fig. 49. In the condition
of -1 pu in the reactive power absorption operation, power losses are the same since no
cell can be bypassed (see in Fig. 23). For the other conditions, the total power losses
can be reduced by applying the minimum cell operation strategy. As observed, for the
proposed technique, the switching losses increases slightly in some operating conditions
while conduction losses decreases. The ohmic losses in the inductors does not depend on

the technique.

The methodology is validated for a real reactive power profile and ambient
temperature, shown in Fig. 36. A saving of 7.37 % in energy consumption is observed,
which reduces the operating costs of the converter, as shown in Tab. 13. It is worth to
remark that the energy losses in the thyristors during the bypass procedure are negligible

in relation to the other devices.
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Figure 48 — (a) Sum of capacitor voltages (estimated and measured), (b) detail in reactive
power absorption operation, (c) detail in reactive power supply operation.

Table 13 — DSCC MMCC-based STATCOM energy consumption (EC) for an one-year
mission profile.

. Conventional 52.179

Semiconductors EC (MWh) Proposed 45,672

Conventional 34.013

Arm Inductor EC (MWh) Proposed 34167

Conventional 86.192

Total EC (MWh) Proposed 79.839
Saving (MWh) 6.353 (7.37 %)

Finally, 6,522 switchings (insertion + bypass) were performed with the cells during
one operating year. Since typical contactors can operate 0.5 million cycles (SIEMENS,
2019a), the lifetime of the contactors would be 76 years with the proposed technique. In

addition, these switchings do not have to be performed in the same cell.

6.3 Chapter Conclusions

In this chapter the dynamic performance and energy consumption for an one-year
mission profile were analyzed. The dynamic performance of the converter in terms of
current control and capacitor balancing was suitable for STATCOM application. The
output current has improved its TDD despite the reduced number of output levels of the

converter. In relation to the performance, reduced total power losses were observed for
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Figure 49 — DSCC MMCC-based STATCOM losses with reactive power compensation
variation. w refers to with the methodology proposed, i.e., the minimum cell
operation control. w/o refers to not using the methodology proposed, i.e, the
conventional control.

different reactive power references. Moreover, a saving of 7.37 % in energy consumption is

observed, which reduces the operating costs of the converter.

The next chapter draws the conclusions and future developments of this Master
Thesis.
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7 Closure

This chapter recall the conclusions and contributions of this Master thesis and it is

finalized with directions for future work.

7.1 Conclusions

In this work, the minimum cell operation control strategy was proposed and
evaluated in terms of dynamics and energy saving for a STATCOM system, considering a
17 MVA DSCC MMCC connected to 13.8 kV grid. In addition, three main objectives were

defined. The conclusions of these objectives are presented separately:

Objective 1: Analytical expressions for the minimum dc-link voltage
to keep the converter operation in the linear region and investigation of the

potential and limitations of the minimum cell control approach

Analytical expressions of the proposed technique potential were derived and its
application limits were evaluated in the chapter 3. These results indicated that the proposed
technique can be applied for DSCC MMCC-based STATCOMs with more than 10 cells
and it does not require additional hardware. Furthermore, during the insertion of cells, the
converter can operate in overmodulation region. Therefore, there is a maximum number of
cells which can be bypassed due to stability reasons. The results of Chapter 6 showed that

the converter can operate satisfactorily if the stability limits are respected.

Objective 2: Evaluation of the converter dynamic behavior when the

proposed strategy is employed

Reactive power reference changes from 0 to -1 pu and from -1 to 0 pu were considered
in the simulations of the Chapter 6. The dynamic performance of the converter in terms
of current control and capacitor balancing was suitable for STATCOM application. The
output current has improved its TDD despite the reduced number of output levels of the
converter. In relation to the performance, reduced total power losses were observed for

different reactive power references.

Objective 3: Evaluation of power loss reduction, based on a real

measured reactive power mission profile

It is worth to remark that the energy losses considerably affect the STATCOM
operational costs. Therefore, an one-year reactive power mission was used to evaluate the

energy savings in the Chapter 6. The reduction obtained in energy consumption was 7.37

%.
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7.2 Future Works

Some future interesting topics from the point of view of the author derived from

this Master thesis study are noted as follows:

e Experimental validation of the proposed analytical model for the boundaries of linear
region;
e Experimental validation of the proposed minimum cell operation;

e Extension of the proposed strategy for other MMCC family members;

e Lifetime evaluation of the conventional and proposed strategy.
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APPENDIX A — Mathematical
Developments - Chapter 3

A.1 Derivation of (3.11)

115

In the limit of the linear region, the insertion index must be equal to 1. The

maximum insertion index is expected when the reference voltage is maximum, which
means wy,t = & (Sharifabadi et al., 2016). By replacing equations (3.1)-(3.9) into (3.10)

and defining that n; = 1 yields:

~

41 cosent) — & cos(Bnl)
Vg + %(AWE - AWA)

n, =

Substituting (3.6) and (3.7) in (A.1) and replacing w,t = § yields:

~ 3 Nfs
YT =t e 0) ~ o0
where
fs(9) = — o (7;—925) —|—2—sm (7?:4—925) —|—@sm (2; ¢)7

Relation (3.11) is obtained solving (A.2) to vg.

(A.2)

(A.3)

(A4)
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APPENDIX B — IGBT Module

B.1 Arm currents

According to (Cupertino et al., 2018), an upper limit for arm currents is given by:

3
max(i,) ~ 1l (B.1)

where I is given by:

;o V25,
s_\/g‘/g

Additionally, the rms value of arm current is given by (Cupertino et al., 2018):

(B.2)

Z'u,rms = \fl_j; (B3)

B.2 Current efforts in semiconductor devices

As presented in subsection 3.2.2, the rms currents of the semiconductor devices are
given by:

4 . . . I
181,rms = 182 rms = UDl,rms = 1D2,rms — 4\/5 (B4)

Its notable that the rms upper arm current in equation (B.3) is greater than rms
currents in the semiconductor devices (B.4). For this reason, the nominal current of the

devices will be chosen through (B.3), in this work.

In addition, Chaudhary et al. (2020) discusses the rated current of the semiconductor
devices. This value depends on the device temperatures and modulation strategies. For
the DSCC MMCC, the rated current is given by:

[ps = KI ' [ma:ra (B5)

where [,,ax is the peak current in the converter arm (fs /2) and K7 is the current sizing
factor. The IGBT rated current is usually higher than the maximum current of the arm, i.
e., K[ 2 1.
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B.3 Voltage rating

As presented in chapter 3, the nominal cell voltage is 942 V. Usually, voltage
utilization factors from 50 - 60 % are employed for commercial IGBTS, to avoid high failure

rates by cosmic rays. For more details, see in (Prado; Gajo, 2017).

Considering the current and voltage ratings, an Infineon module (IGBT + Diode)
part number FF800R17KP4-B2 of 1.7kV - 800A was chosen for this application.
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