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CONVERSOR MULTINIVEL MODULAR

Cleiton Magalhaes Freitas
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O Conversor Multinivel Modular (MMC) vem desempenhando um papel impor-
tante na modernizacao dos sistemas de poténcia como um componente de HVDCs,
FACTs e em muitas outras aplicagoes. Devido a sua topologia, o MMC apresenta
um comportamento singular, mesmo em relacdo a outros conversores multiniveis
cc/ca, exigindo o desenvolvimento de modelos mateméticos para representé-lo em
diferentes anélises. Grande destaque tem sido dado ao desenvolvimento de modelos
analiticos que além de reduzirem o custo computacional em simulacoes, também
permitem analisar a estabilidade do conversor e auxiliam no desenvolvimento de
técnicas de controle. Tendo em vista este contexto, esta tese tem como objetivo
propor modelos linearizados no dominio da frequéncia para o MMC, considerando
diferentes modos de controle e implementagoes. Particularmente, os modelos para
o MMC controlado por lago duplo de corrente / tensao em referenciais estaticos e
sincronos constituem as principais contribuicoes deste trabalho devido ao grau de
novidade deste modo de controle para conversores de alta poténcia e alta tensdo. E
mostrado que os modelos desenvolvidos descrevem com precisao o comportamento
dinadmico do conversor, sendo adequados para analises transitorias e de estabilidade.
Também sao apresentados na tese agoes de controle para melhorar o desempenho do
MMC operando em condigoes distorcidas, entre as quais esta o uso de controladores
feed-forward para produzir admitancias e impedancias virtuais. Nesse sentido, os
controladores feed-forward sao derivados e os modelos analiticos atualizados para

incluir esses elementos virtuais.
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The Modular Multilevel Converter (MMC) has been playing an important role
in power system modernization as a component of voltage-source HVDCs, FACTs
and in plenty of other applications. Due to its topology, the MMC presents dis-
tinguishable behavior, even from the other multilevel ac/dc converters, requiring
the development of mathematical models for representing it in different analysis do-
main. The state-of-art front, indeed, concerns the development of analytical models
which could not only speed up simulations but also allow accessing the stability of
the converter and aid the development of control techniques. In view of that, this
thesis is focused on proposing linearized frequency-domain models for the MMC
considering different control modes and implementations. Particularly, the models
for the double-loop current/voltage controlled MMC in natural and in synchronous
reference frames constitute the major contributions of this work due to the novelty
of this control mode for high-voltage high-power converters. It is shown that the
derived models accurately describe the dynamic behavior of the converter, being
then suitable for transient and stability analysis. It is also presented in the thesis
control actions for improving the performance of the MMC operating in distorted
conditions, among which, the use of feed-forward controllers to produce virtual ad-
mittances and impedances. In this regard, the feed-forward controllers are derived

and the analytical models updated to account these virtual elements.
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Chapter 1
Introduction

In views of the increasing number of power-electronics-based systems widespread th-
roughout the generation, transmission, and distribution, it stands to reason that the
next-generation power grid is inherently linked to power electronic devices [1]. Some
application in which this devices play an important role include photovoltaic-|2—6]
and wind-based generation systems [7-9]; High Voltage Direct Current (HVDC)
transmission [10, 11] and Flexible AC Transmission System (FACTS) [12, 13]; mo-
tor drive [14], transportation electrification [15, 16]; energy storage systems [17, 18|;
microgrids [19, 20] and etc. Different types of power-electronic converters are present
in this scenario, among them, the Modular Multilevel Converter (MMC) stands out.
This converter was firstly considered for applications in HVDC and FACTS [21];
however, its low-distorted ac voltages and reduced switching losses compared to
others topologies pave the way for using MMC in a variety of applications ran-
ging from motor drive [22, 23] to the integration of renewable sources to the power
system [24, 25].

One segment which is gathering a great deal of attention concerning the MMC is
the development of mathematical models for representing the converter in different
analysis. One of the possible focuses in this regard are the models for speeding
up simulations and even representing the MMC in real-time digital simulators. One
example in this context is the work of LIN and DINAVAHI [26] in which the authors
provided a transistor-level model for an MMC. The great challenge of the authors
was to represent the MMC, together with the model of an induction machine, which
would be driven by the converter, to guarantee the implementation in an FPGA-
based!real-time simulator. The same idea of representing the MMC in real-time
simulators are also found in the works of OULD-BACHIR et al. [27], SHEN and
DINAVAHI [28], LI and BELANGER [29], and ASHOURLOO et al. [30].

'FPGA - Field Programmable Gate Array - is a device in which its hardware is configurable by
software.



1.1 State of the art

This section aims at presenting a brief, yet representative, literature review on analy-
tical models for the MMC. When it comes to analytical models, it is commonly found
in the literature both time- and frequency-domain approaches. Considering steady-
state time-domain models, for instance, ILVES et al. [31] developed a steady-state
analytical model for representing the interaction between the harmonic components
produced by the MMC in the time domain. Meanwhile, SHI et al. [32] modeled
the influence of unbalanced grid voltages into the ac-side second-order harmonic
voltages of the converter, still considering the steady-state condition. Also, ZHAO
et al. |33] proposed a mathematical model to describe the relationship between the
harmonic components on the ac side - coming by either non-linear loads distorted
voltages depending on whether the MMC is under voltage or current control - and
the harmonic components generated by the MMC.

Some examples considering the dynamics of the MMC in time-domain include
the work of PERALTA et al. [34]. They presented the model for an MMC-based
+320kV HVDC linking France and Spain but did not consider the dynamics of the
dc voltages of the submodules and did not included in the model the control loops of
the converters. WANG et al. [35], on the other hand, proposed a state-space model
based on switching functions which included the dynamics of the dc voltages of the
MMC. Also, their proposed model allowed the development of a new technique for
balancing the dc voltages of the submodules. HARNEFORS et al. [36] presented
a mathematical model that contemplates the internal dynamics of the converter,
that is, the dynamics of the sub-module capacitors and the effects caused by the
circulating currents. The only simplification used was to consider an equivalent
capacitor for each arm of the converter, instead of considering each capacitor of
each submodule. JAMSHIDIFAR and JOVCIC [37] presented a group of state-space
models for representing the MMC dynamics in the synchronous reference frame.
In a nutshell, each model is distinguished by its order, making each one suitable
for a specific type of simulation. ZHOU et al. [38] modeled a current-controlled
MMC and analyzed how the PLL and the short-circuit ratio of the power grid
affect the performance of a voltage-source-converter-based HVDC (VSC-HVDC).
MEHRASA et al. [39] considered different VSC-HVDC, in this case with current-
controlled MMCs on both sides. The steady-state analytic model was incorporated
in a novel current controller and the dynamic model was used for stability analysis.
In common to all these papers is the fact that the MMC was always considered
under output current control.

Still considering time-domain dynamic models, some researchers focused their

work on developing reduced-order models which could curb the computation bur-



den of representing the MMC in large system simulations. Some examples include
the papers of LEON and AMODEO [40], HAO et al. [41], ZHU et al. [42]. Last, yet
not least, papers such as those from WANG et al. [43], XIAO et al. [44], TRINH
et al. [45], aim at representing the dynamics of the MMC in time-domain Electro-
mechanical Transient analysis.

As for frequency-domain models, some examples include the references [46-51].
YANG et al. [46], for instance, presented an SRF average model of the MMC from
which it was possible to obtain both the equivalent ac- and dc-side impedances of
the converter. SUN and LIU [47], on the other hand, proposed a linear model for the
MMC based on positive- and negative-sequence impedances for a series of different
harmonic components. In the first step, the authors derived the average value model
of the converter considering the circulating currents but disregarding the dynamics
of the dc voltages. It is important to comment that, although the dynamics of the
capacitors were ignored, their oscillating voltage components were not. In a second
step, the authors decomposed the model obtained into components related to diffe-
rent frequencies using the complex notation of the Fourier series. KHAZAEI et al.
[48] also worked on determining the equivalent impedances of the MMC. Nonethe-
less, their primary aim was to verify the interaction of the converter with a weak
power grid. LIU et al. [49], presented a frequency-domain model (in addition to
a time-domain model, to be more precise) considering asymmetric arm parameters
and used it to design a controller that tackles the influence of asymmetry on the
performance of the converter. WANG et al. [50] also considered a current-controlled,
grid-connected MMC, but instead of basing their work in the typical average mode-
ling approach onto which the set of submodules of an arm is represented as a single
equivalent source, they represented the dynamics of each of the dc capacitors in the
model. MA et al. [51], on the other hand, proposed an equivalent model in which
the ac-side of the MMC is modeled as a two-level voltage source converter, whereas
the dc-side dynamics is mimicked by an equivalent dc/dc converter. This appro-
ach allowed their model to verify the influence of the dc-side voltage oscillations in
both the dc- and ac-side of the MMC. Once more, all the papers mentioned in this
paragraph considered the MMC strictly under current control.

As far as it was possible to verify, only the references [52-55| deal with the mo-
deling of an MMC under voltage control. BESSEGATO et al. [52| provided models
for the voltage- and current-controlled MMC, though, the voltage control was imple-
mented in an open-loop approach. Their objective was to analyze the ac equivalent
admittance of the MMC for different control modes and different implementations,
i.e., Natural Reference Frame (NRF) or Synchronous Reference Frame (SRF). Fin-
ding the AC-side admittance of the MMC was also the work addressed by BEZA
et al. [54], considering both the MMC under current and open-loop voltage control.



LYU et al. |53], on the other hand, focused they work into analyzing the stability of
the interaction between the grid-forming MMC of a VSC-HVDC and the wind farm.
For this matter, they presented the Thévenin-equivalent model of the MMC control-
led in the natural reference frame with proportional-resonant controllers. Among
the papers addressing the MMC under voltage control, [55] is the only one that
consider a double loop, i.e., an outer voltage-control loop in cascade with an inner
current-control loop. Although their primary focus was not to provide an analyti-
cal model, they derived a frequency-domain model relating the ac and dc powers
and the energy stored internally. Their frequency-domain model, nonetheless, is not

suitable for analyzing the relationship between ac voltages and currents.

1.2 Alignment of the thesis with the current state-

of-art research

Given the contextualization in the previous section, this work aims at contributing
with the development of analytical models for the MMC controlled in both Natural
and Synchronous Reference Frame (NRF and SRF), as the two control/modeling ap-
proaches are equally common in the literature. In other words, this thesis provides a
set of frequency-domain linearized models for representing the MMC in electromag-
netic transient analyses, especially when the MMC is controlled as a grid-forming
converter with a double control loop. The author did not find this kind of model
in the literature. Primarily, the models are focused on representing the MMC for
high-voltage, high-power applications, such as VSC-HVDC and FACTS, where the
number of submodules is high enough that the effects of switching frequency (e.g.
harmonics) are negligible. As for the operation mode, three different cases encom-
passing both current and voltage control were considered throughout this work. In
the first mode, which is presented in Figure 1.1a, the MMC is under current control
either driving a load or connected to the power grid. Notice that e, is the MMC
output ac-side voltage, i. is the output current, and i is its reference. Besides that,
Zg, Zy, and Z, are, respectively, the grid-equivalent, MMC grid-coupling, and load
impedances, and G is the current controller. Although the proposed models are
suitable for both situations, the results presented were obtained for the MMC as
a grid-tied converter. In the control modes highlighted in Figures 1.1b and 1.1c,
the MMC acts as a grid-forming converter [56] which, in turn, is a typical configu-
ration used in VSC-HVDC linking offshore wind power plants to the onshore grid
[57-61]. In these cases, v, and v} are the ac bus voltage and its reference signal, and
G, the voltage controller. The control mode in Figure 1.1b may be referred to as

single-loop voltage control as it presents only the voltage control loop. The control



(c¢) Double-loop current/voltage controlled

Figure 1.1: Generic control strategies for voltage source converters

mode in Figure 1.1c, on the other hand, is referred to as double-loop voltage control,
once the system presents an inner current loop in addition to the voltage loop. In
both cases, a capacitor bank is included as part of the scenario, provided that some
MMC-based grid-forming inverters presented in the literature follow this structure.
Nevertheless, the models obtained in this work can be easily reduced for the cases
where no capacitor bank is used by making C; = 0.

Among the outcomes of this thesis, the Thévenin-equivalent model for the
double-loop NRF voltage-controlled MMC in Section 4.1 constitutes a contribu-
tion to the body of knowledge. In a nutshell, it goes along the lines of the rese-
arches in LYU et al. [53] and [54], nonetheless, it was considered here the MMC
under double-loop current/voltage control. In this regard, the results of Sections
4.1.3, 4.1.5 and 5.1.1 compiled together with some contents of Chapter 5 (Sec-
tion 5.3) into the paper A linearized small-signal Thévenin-equivalent model of a
voltage-controlled modular multilevel converter [62], written within the context of
this doctoral research, which was published by FElectric Power Systems Research in
early 2020. Also, it was not found in literature papers providing models for the
double-loop voltage-controlled MMC in SRF. To be fair, reference [55] follows these
lines, yet, as previously explained, their frequency-domain model is not suitable for
analyzing the relationship between ac voltages and currents. To fill this gap, the
thesis also provides a Thévenin-equivalent model for the MMC under double-loop
current/voltage control in SRF. Section 1.5 presents a list of contributions of this
Thesis.

One last point must be clarified before continuing the discussions on motivations
and contributions of the thesis. This thesis was focused on the models which repre-
sent the fastest dynamics of MMC-based power-electronics systems. That is, this

model cover phenomena in which time constants are in the order of milliseconds,



such as it is discussed in [63]|. Because of that, outer control loops like the ones used
for controlling de-voltage and power, very common in HVDC and FACTS devices,
are not addressed in this thesis. These later control loops present slower dynamics

and do necessitate different modeling approaches considering different time scales.

1.3 Motivation

As previously explained, there is a growing number of power electronic-based sys-
tems, and the MMC plays an important role in this scenario. Take for instance the
case of HVDC links, where the MMC is becoming widely used in new projects [11].
Two-level converters were considered in this segment at its very beginning, with the
example of the £80kV, 3 x 65MVA DIRECTLINK project [64], and later on, three-
level Neutral-Point Clamped (NPC) converters, which is the case of the 138kV,
150 MW Eagle Pass link [65]. However, to operate at high-voltage levels, these to-
pologies rely on IGBT stacks [66], which require more complex driving systems [67]
and present higher switching losses than MMC [68|. Besides that, MMC presents
easier voltage scalability and lower total harmonic distortion (THD)[69]. Concerning
MMC-based projects, we have the examples of the 1IGW £320kV HVDC between
France and Spain [70], the 1.4GW, £525kV link between Germany and Norway, and
several cases of interconnection between offshore wind power plants and the conti-
nent grid [71]. This last example is understood as one of the most promising fields in
a short-term point of view, once wind power plants are popping out everywhere. Just
to have a glimpse of the scenario, consider the case of the Brazil where wind genera-
tion skyrocketed in the last decade, reaching the level of almost 15GW of installed
capacity, nearly 10% of the total capacity of the Brazilian power system [72, 73|.
Also, despite the fact there is no offshore wind power plant in Brazil yet, three pro-
jects are undergoing environmental-licensing procedures [74] and it is estimated a
potential of T00GW for offshore wind generation in Brazil |[75]. Of course, it is not
possible to predict how many MMC-HVDC are going to be commissioned in this sce-
nario, but stands to reason that they should be considered or all the potential would
not be unlocked?. Static synchronous compensator (STATCOM) |76-79] is another
application in which MMC is making its way through, especially with companies
such as ABB, GE, and Siemens employing this technology in their newer products,
say it, SVC LIGHT |80, 81|, GE’s STATCOM |82, 83| and SVC PLUS (84, 85].
Considering the scenario described in the previous paragraph and all the biblio-
graphy review presented at the beginning of the chapter, it is possible to point out

that grid-forming MMC-based converters may play an important role in the inte-

2HVDC becomes more economically suitable than HVAC for offshore energy transmission for
distances over 50km off the coast [11].



gration of wind power plants to the power system. Thus, the necessity of developing
mathematical, especially analytical, models for representing the MMC increases as
well, given the novelty of these new systems in comparison to other high-power high-
voltage power-electronic solutions, e.g. line-commuted converter (LCC) HVDC.
Among the objectives of these models, providing faster time-domain simulations
and using for stability analysis stood out.

Still in this subject, it is important to reassure that it lacks in the literature the
addressing of analytical models considering the grid-forming MMC under double-
loop current/voltage control. This control approach, presented in [55] and [62], is
very useful because it allows limiting the current in case an ac fault occurs in the
system. It is also not found in literature analysis showing how the control settings
interfere with the frequency-domain behaviour of the MMC when controlled as a
grid-forming converter with double control loop. Notice that, this kind of study
is important because it could highlight important aspects to be considered when

planing the use of MMC in different scenarios.

1.4 Objectives

The main objective of thesis is to develop analytical models for representing the grid-
forming (voltage controlled) MMC in different referential frames when it is under
double-loop voltage control, i.e, its control system comprises an outer voltage control
loop and an inner current control loop. Along with the development of these models,
it is also at the aim of the thesis to derive the equivalent models for the MMC under
current control and single-loop voltage control. Last, yet not least, it was also an
objective of the thesis to present techniques such as the of multiple-resonant loops
and virtual elements to shaping the equivalent impedance of the MMC and provide

it with immunity to distorted currents.

1.5 Contributions of the thesis

The major contributions of the thesis were the development of analytical models
for the MMC under double-loop current/voltage control either in NRF [62] or SRF.

Following it is presented a list with other contributions of the thesis:

e Deriving and use of an analytical steady-state model to evaluate the influence
of active and reactive power into the harmonic components of the dc voltages

and the circulating currents;

e Analysis of the influence of the control settings in the equivalent impedances

and admittances of the converter;



e Analysis of the effect of multiple resonant control loops in the characteristic

of the equivalent admittance and impedance when the MMC is controlled in

NRF;

e Analysis of the effect of proportional-integral-resonant controllers in the cha-
racteristic of the equivalent admittance and impedance when the MMC is
controlled in SRF;

e Development of feed-forward control loops to provide the MMC with immunity
to distorted voltages, when it is in grid-connected mode, or distorted currents,

when it is acting as a grid-forming converter;

e Derivation of the models for the virtual elements (admittance and impedance)

created by the feed-forward control loops;

e Stability analysis of a power-electronic-based system comprised of two MMCs,

one as a grid-forming converter and other as a current-controlled converter.

1.6 Publication

FREITAS, C. M., WATANABE, E. H., MONTEIRO, L. F. C. "A li-
nearized small-signal Thévenin-equivalent model of a voltage-controlled
modular multilevel converter", Electric Power Systems Research, v. 182,
pp. 106231, 2020. ISSN: 0378-7796. do0i:10.106/j.epsr.2020.106231.

1.7 Some preliminary definitions

Before starting the thesis, it is necessary to define some expressions that are massi-

vely used throughout the manuscript:

e Switching-level model: This is the full simulation model of the MMC. In
this case, each one of the half-bridge submodules (SM) is implemented in
the simulation and the circuit also includes a PWM-based modulator and
control algorithms for balancing the dc voltages of each SM (and, of course,
all the other control loops). This model was implemented in PSCAD due to its
capability of simulating large systems in a feasible time. Chapter 2 presents
the details of this model.

e Averaged model: In this model, the set of SMs of the MMC are substitu-
ted by equivalent sources that represent the low-frequency behavior of them.

Notice that in this context, low-frequency means all the spectrum bellow the



switching frequency. In other words, this model encompasses the fundamental
and harmonic components, yet not the switching effects of the circuit. It is
important to have in mind that non-linear effects inherent to the MMC are
still present in this model and because of that, interchangeably, this model is
called "non-linear model" or "non-linear, time-domain model" in several parts
of the text. This model was implemented in PSIM due to its simplicity when
dealing with small systems. Chapter 3 presents an in-deep analysis of this

model.

e Non-linear model: Also called "Non-linear, time-domain model", is the

Averaged model described in the previous bullet.

1.8 Summary of the thesis

The thesis is organized into six chapters, including the introduction. Chapter 2 pre-
sents a brief discussion on the modular multilevel converter regarding its structure,
operating principles, modulation, and inherent characteristics. It is also presented
in this chapter some preliminary simulation results using a detailed PSCAD mo-
del for the MMC considered throughout this work. Chapter 3, on the other hand,
showcases the standard average model for the MMC and the analytical steady-state
solution for the MMC. Still in the chapter, some simulation results are presented
for comparing the averaged (also named the non-linear model in this thesis) with
the detailed PSCAD models. The steady-state solution, on the other hand, is used
to analyze the influence of active and reactive powers into the harmonic compo-
nents of the dc voltages and the circulating currents of the MMC. In Chapter 4 are
presented the linearized frequency-domain models for the different control modes of
the MMC. The first part of the chapter is focused on natural reference frame mo-
dels, where the control loops comprise resonant controllers, and the second part is
focused on synchronous reference frame models, where the control loops present PI
controllers in dq frame. In the sequence, Chapter 5 is focused on showing how the
control settings affect the performance of the MMC when it comes to the presence
of harmonic content in the power system and on presenting strategies for providing
the MMC with immunity to the harmonic content of the system. The major point
of this chapter was to propose feed-forward actions to cope with the issues caused
by the harmonic components and to derive the analytical models to represent these

actions. Finally, the conclusions are drawn in Chapter 6.



Chapter 2

Modular Multilevel Converter

This chapter presents a brief summary on the modular multilevel converter (MMC),
considering its general topology and working principle. It is included in this sum-
mary a brief discussion on modulation techniques and explanations on the main
issues of this topology, i.e. dc-voltage balancing and circulating currents, and the
way it is possible to cope with them. It is also in the scope of this chapter to in-
troduce the concepts of insertion indices, which are used in the following chapters
as the modulation signals of the converter. Finally, some preliminary simulation

results considering a 20-submodules-per-arm three-phase MMC are presented.

2.1 Topology of the MMC

Figure 2.1a presents the basic topology of the MMC in which each of the submodules
(SM) is formed by an IGBT half-bridge and an electrolytic capacitor, as shown in
Figure 2.1b%. Each leg of the converter has 2N submodules, where N is the number

of submodules per arm. For reference purposes, each of the submodules was named

SMFE

150
j is the position of the module within the arm and k the phase in which the module

where 7 indicates whether the modules belong to an upper arm, p, or lower n;

belongs. Still in the figure, C' is the electrolytic capacitor of each SM, L indicates
the coupling reactors used in each arm of a leg. These reactors are used for the
purpose of limiting current surges, short circuit current and high frequency current
components in the converter 34|, [86]. The resistance R represents the equivalent
resistance of each of the converter arms and L; and Ry are the external inductance
and resistance of the converter used, depending on the application, for coupling with
the grid or the load.

Still in Figure 2.1a, the voltages e

a
c)

e? and e¢ are the produced ac voltages by

the MMC, whereas v%, v? and v¢ are the main-bus voltages. The same way, the ac

0

1it is also possible to have other configurations of SM based on full bridges. More information
on this matter can be find in [87].
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Figure 2.1: Modular Multilevel Converter

currents i, % and ¢ are the MMC output currents. The subscript p in 4., and n
in i, indicates that these are currents flowing through the upper and lower arms of
a certain phase of the MMC. In all these cases, the superscript indicates the phase
which each one of the variables belongs. Finally, v4. is the dc-bus voltage of the
MMC. It is important to notice that the ac voltages are measured considering the
main ground bus as reference. In ideal condition, where the dc voltages and ac
currents of the SM are balanced, there is no potential difference between the main
bus ground and the middle point of the dc bus, labeled as 0 in Figure 2.1a.

The operation of the converter is simple, each of the SM has two possible states,
ON and OFF. Depending on the signal level that each SM receives for the (), and
()_ transistors, high or low, the dc voltage of that SM is or is not inserted in the
ac-side circuit. Thus, the ac side of a certain SM, v¥7* 2 can assume either vfff or 0

depending on the firing signals. Consequently, the voltage produced on the AC side
of the MMC depends on how many SM of each phase are inserted.

2Throughout this chapter, the superscript ijk indicates that the variable corresponds to the
arm ¢ (it can be either p for the upper or n for the lower arm of a certain phase), SM number j

11



The current flowing in each phase can be divided into two components as follows:

i (1) = igy(t) — iy (1), (2.1)

where i’jp(t) e i® (t) are, respectively, the currents flowing through upper and lower
arms of the phase k (k = a, b, ¢) of the MMC.

In addition, it is possible to write the following net-equation following the loop

through the upper arm to the middle point, 0, of the dc bus®:

N -k
[ Bie®
= % PRAA — L - Rik (1). (2.2)

J=1

Similarly, considering the net-equation through the lower arm, we can write:

vdc n Z ngk (¢ ]th(t) + Ri* (1). (2.3)

Combining (2.2) and (2.3), it is possible to obtain the equation which describes
the produced voltages e¥(t) which are independent of dec-link voltage:

N}

N N .
1 1 L dik(t)
== - Pik (¢ Rk - Ldeld) 2.4
es(t) =5 D _vilt() ;Zliva Sit) 5=, (24)

Jj=1

The charts in Figure 2.2 illustrate the effect of the number of SMs per arm
on the produced voltage e%(t). They were obtained from (2.5) considering both
N + 1 and 2N + 1 Nearest Level Control (NLC) [88] modulation approach. It is
possible to observe that the increase in the number of submodules provides an
output voltage with lower harmonic distortion, intuitively reducing the amplitude
of the switching-frequency harmonic components. This feature, especially when the
number of SM exceeds 20, exempts MMC from the use of high-frequency filters.
This feature also allows the SMs to be switched with frequencies considerable lower
than the frequency which a similar two-level converter would be driven, reducing
the switching losses without increasing the total harmonic distortion (THD) of the

produced voltages and currents.

and phase k (k= a, b, ¢).
3 As previously explained, it was considered the voltage between the ground of the ac main bus
and the middle point of the dc bus is null.
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Figure 2.2: Voltage produced by the MMC considering N + 1 and 2N + 1 NLC
modulation approaches. In this case is only presented the voltage at phase a.

2.2 Modulation Techniques

In this section a few MMC modulation techniques are presented in order to inform
the reader how this PSCAD/EMTDC simulations used in the work were implemen-
ted. It was not taken into consideration how the modulation signals are obtained
because it will be focused in Section 2.5%.

In general, the modulation techniques for the MMC can be sorted in two main
groups: carrier disposition and phase-shifted carrier. More details on these and
other modulation approaches can be found in [89]. From hereafter, this section is
focused in the carrier disposition approach once the modulation scheme used in the
PSCAD/EMTDC belongs to this group.

The graphs in Figure 2.2, for example, were draw considering NLC modulation
which is closer to the carrier disposition techniques. To better understand this
technique which is the basis for other more advanced, we can refer to Figure 2.3.
It is possible see a reference sinusoidal signal and a set of dashed horizontal lines
indicated by Levels 1-4 in the upper part of the figure. In this case, the sinusoid is
the modulating signal, while the dashed lines play the role of the modulation carriers
of each one of the SMs (it is considered N = 4 for this example). The firing pulses
of a given SM, shown at the bottom of the figure, are high when the reference signal

is greater than its respective carrier and vice versa. It is important to notice that in

4To be in accordance of the literature, the modulation signals of the MMC is going to be called
insertion indices in this work.

13



Reference signal

Level 4

Level 3

Level 2

Level 1

| component produced in a
| MMC arm

-

I
I
I
SWltChlng | SWltChmg Firing pulse for the level 4
ON - ~~XY_OFF
-7 \ RN Firing pulse for the level 3
I, i I I S I.
e 1 | =
‘ ! I S Firing pulse for the level 2 -
; Fundamental-frequency : ‘l\ . . f
I
1

~ . Firing pulse for the level 1 .

’[
~ -
~ -

r il -

Figure 2.3: Firing signals of the MMC considering the NLC modulation technique.
In this case, it was considered a four-SM-per-arm MMC. The upper chart shows the
modulation signal and the levels. The lower chart shows the the firing pulses and
the equivalent fundamental component of their sum.

this modulation approach each SM and consequently each IGBT is only switched on
and off one time during the fundamental cycle of the output voltage. This feature
is highlighted in the firing pulse of the level-4 SM in Figure 2.3. Another interesting
feature to notice is that by adding the pulses of the SMs it is possible to obtain a
signal with a shape similar to the equivalent voltage produced in the arm. Thus,
the dashed sinusoidal signal in the lower portion of the figure is equivalent to a
fundamental component produced in the analyzed arm.

A variation of the NLC approach is called Phase Disposition pulse width mo-
dulation (PD-PWM) and it belongs to the group of carrier disposition techniques.
The difference between these techniques is that PD-PWM uses triangular carriers
instead of level signals, as shown in the diagrams in Figure 2.4. As with NLC
modulation, PD-PWM modulation can produce either N 4+ 1 or 2N + 1 levels, de-
pending on the driving scheme used. For instance, to produce N + 1 levels it is
used N triangular carriers arranged as in Figure 2.4a. In this case, the results of
the comparison between the modulating signal with the carriers are used to drive
the upper-arm SMs, whereas the lower-arm SMs are driven by the complementary
signals. PD-PWM modulation with 2/NV + 1 levels is performed according to the di-
agram in Figure 2.4b. In this case, two modulation signals and N carriers are used
to generate 2N firing signals. The firing pulses generated by one modulation signal
are directed to the upper arm SMs and the others to the lower SMs. It is important

to mention that in both cases the pulses produced by the modulator are intended to
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drive the upper transistors, Q. , from each of the modules®. Because it is a voltage
source converter, the lower switches of the SMs are driven by complementary firing

signals so as to prevent a short circuit in the dc voltage.

Upper Arm

|
|

S Mpg S Mp2 S Mp1 : Single-Phase Produced Voltage
|

(All with same phase):

|
Triangular Carriers : SMual |SMys| [SMps| 1S M,y :
|
|

leee—d 1 [ 1 [T [T
Lower Arm
(a) N + 1 Levels
Upper Arm
Modulation Signal :577—]7]77]7]77]7]77]7]7:
for the Lower Arm | |
my, : SMpa| |SMys| [SMpa| [SMp : Single-Phase Produced Voltage
| |

|
T wa”

mp
Modulation Signal
for the Upper Arm

Lower Arm

(b) 2N + 1 Levels

Figure 2.4: Examples of N + 1 and 2N + 1 PD-PWM schemes. In this case it was
considered a four-SM-per-arm MMC to simplify the diagrams.

It is important to mention that the produced voltage is not affected by the order
in which the firing pulses are linked to the SMs. In other words, the MMC produces
the same voltage independently of which SM in a arm a certain firing signal drives.

This fact is used to provide the balancing of the dc voltages of the SMs.

2.3 Balancing of the dc voltages of the SMs

As the MMC is driven, the capacitor voltages of the SMs start to change. Depending
on the operating condition, certain modules may be driven by high pulses longer

than others and this generates unbalance between the dc voltages of the modules.

5Tt is also possible to implement the 2N + 1 PD-PWM considering a single modulation signals
and 2N triangular carriers.
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This condition is better illustrated by Figure 2.5, which corresponds to a generic five-
SM-per-arm MMC driven to deliver 60Hz voltage to a resistive load. In this case, the
converter does not have a SM dc-voltage balancing system and therefore its voltages
are not kept with the same average value. In fact, it is easily observed that the
dc voltages of some SMs increase uncontrollably, while in others SMs the opposite
process occurs. This unbalance between the dc voltages affects the quality of the
voltages produced on the ac side and may cause harmonic distortion or imbalance
or even undesired dc components in the ac side. Besides that, in the worst scenario,
the IGBTs of the SMs with the highest voltages would be submitted to prohibitive
voltages, canceling the ability of the MMC of handling high voltages. For this
reason the MMC driver must comprise dc-voltage balancing system along with the

modulator.
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Figure 2.5: Typical dc voltage imbalance observed when the MMC does not have a
voltage balancing system.

To understand the dc voltage balancing technique it is firstly necessary to un-
derstand the states each SM undergoes during the operation. Basically, the SM have
four possible states as illustrated in Figure 2.6. In the first state, Figure 2.6a, the
current ¢ in the arm in which the SM is located flows upwards and )4 is ON. In
this case, it is possible to observe that the current flows through the SM capacitor
discharging it. In the second state, Figure 2.6a, the arm current is in the same
direction, however (), is OFF. According to the figure, the current flows through
the (Q_ diode, not interfering with the state of charge of the capacitor. In the other
two conditions, Figures 2.6¢ and 2.6d, the current flows in the opposite direction,
i.e. in the downward direction of the arm. Therefore, when )_ is OFF the current
flows through @), diode into the capacitor, charging it, otherwise, the current flows
through @) _, thus bypassing the capacitor. Table 2.1 summarizes the explanation of
this paragraph.

In views of the conditions explained in the previous paragraph, the voltage balan-
cing module must simply direct the PWM pulses to the SMs so that the less charged
capacitors are subjected to the recharge condition for a longer period of time, while

those with the highest voltages are subjected to longer discharge conditions [69, 90].
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Figure 2.6: Possible states of a SM during the operation.

This directioning is performed separately for each of the six arms of the converter
so as to keep all the dc voltages balanced. Considering (), enabled, according to
Table 2.1, there will be capacitor recharge when 4;; > 0 and discharge when ¢;; < 0,
where 4;; is the current flowing through a given arm of the MMC. It is important to
notice that the (), switches are directly triggered by the PWM pulses and these tend
to have a longer duty cycle when generated by comparing the reference signal with
lower-level carriers, as seen in Figure 2.3. Consequently, the greater the PWM duty
cycle is, the longer a given SM will be subject to the @), enabled condition. It is also
known that the produced ac voltage depends only on how many SM are inserted at
a given time, yet not depending on which SM is inserted. Thus, as highlighted in
the end of the previous section, it is possible to direct the PWM pulses as desired
and the dc-voltage balancing system can be implemented as shown in Figure 2.7.
Notice that, once the dc voltages are measured, the sorting algorithm provides a list
(sorted voltages) indicating the capacitor in a crescent order of voltage. This result
is used to determine at each balancing period which capacitor must preferentially
be under recharge or discharge condition. Summarizing, the PWM signal which
provide longer recharging states are directed to the SMs in which the capacitors
have lowest voltages and the opposite with the PWM signal which provide longer

discharge periods.

Table 2.1: States in which the SM capacitor undergoes during operation.

State of (). State of )_ Upward Current  Downward Current
ON OFF Capacitor Discharging Capacitor Recharging

OFF ON Capacitor Bypassed Capacitor Bypassed

It is important to mention that the presented voltage balancing strategy is res-
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Figure 2.7: SM dc voltage balancing scheme used in this work.

ponsible to keep the average values of the dc voltages of each SM approximately
at the same level. In fact, neglecting the resistive losses in the arms, the average
values of the dc voltages under the balance approach may converge to Vy./N. No-
netheless, their instantaneous values might not be equal due to inherent oscillating
components. The effect of these components is better explained in the next section.
To evaluate the effectiveness of the balancing strategy, the algorithm was used to
balance the voltages of a 150kV-dc voltage with 20 SM per arm, and the dc voltages
of some of the SMs of the MMC are shown in Figure 2.8. It was chosen not to show
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Figure 2.8: Time simulation showing how balanced are the SM dc voltages.
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all the voltages in favor of a better distinction between the signal in the graph, but
all the voltages presented a similar pattern. At ¢ = 0.5 the MMC starts to be driven
and differently from the case presented in Figure 2.5, the voltages are kept balanced
around the average point. Notice in the zoomed graph in Figure 2.8b that balancing
strategy makes each SM alternates between the bypassed condition, where the SM
dc voltage remains constant, and the condition when the capacitor as either charged

or discharged.

2.4 Circulating currents

To help understand the mechanism behind circulating currents, the phase a of the
MMC is zoomed in Figure 2.9. In this case, just for the sake of the didactic, it is
considered a time instant in which the second SM of the upper arm is in capacitor
discharge condition. This was randomly chosen, and the explanation which is about
to be developed is valid for any condition of the MMC.

Differently from a two-level converter, the legs of the MMC are not connected
through a single dc bus. In fact, each of the phases of the MMC has two dc buses
which are not coupled with the other phases. These buses, indeed, are formed by
the electrolytic capacitors of the upper- and -lower arm SMs and play an important
role in the inherent characteristic of the MMC. This decoupling between the buses
makes the MMC behaves as three independent single-phase converters rather than a
three-phase converter. In a single-phase converter [91], the instantaneous real power
presents an oscillation component at the frequency of the second harmonic and so
does the voltages of the dc buses. It is important to mention here that, because of
the insertion of SM capacitors on the ac side of the MMC (this process is better
explained in Section 2.5), these dc buses also comprise a fundamental-frequency
oscillating component with amplitude greater than the second-order harmonic, as
will be noticed in the simulation results later on. Once this fundamental-order
component does not contribute to the circulating current, it is not considered in the
analysis presented in this section. Thus, in steady-state condition of the dc voltages

of the SMs can be represented by:

() = 32 + 3 25
where 175‘6'6 is the oscillating component present in the dc voltages and V. is the
average dc voltage.

Having concluded that the SM dc voltages comprise both dc and oscillating
components, it is possible to explain its implications. As seen in Figure 2.9, the dc

capacitors are inserted in the ac side of the converter so as to produce the desired
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ac voltage. Thus, it is possible to write the following net-equation:

Vie— Y oi(t) = 20p(t) — Y wl(t) =0, (2.6)

inserted inserted

where vgy is the voltage drop across the two arms RL circuits and Z counts

inserted
only the dc voltages inserted in a certain time instant.

/1

Ve —

Figure 2.9: Circulating current: phase a of the MMC in a certain time instant. This
figure is presented only to support the explanation of the circulating current.

Considering first that V. is constant, it is possible to realize that the oscillation
components v/7* and v?* are inserted in the ac side of the converter. Consequently,
(2.6) indicates that vg, comprises harmonic components corresponding to 17(?6]{, such
as the second harmonic component. The only way vgy could present a harmonic
component in the frequency of the oscillating component of 17?!“ is having a current

with this component flowing through the leg of the converter. This current is called
k

circulating current and it is represented by i, in Figure 2.9 and throughout this
work. This current circulates between the three legs and does not appear in the ac
or dc sides of the MMC.

It is important to notice that the displacements of the oscillating components of
the instantaneous real power of different phases are different, and so are the oscilla-

ting components of the dc voltages of the SM of different phases. As a consequence,
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even if v,. were constant the circulating current probably would exist because the
equivalent dc voltages of different phases are instantaneously different [90] among
them. The previous paragraphs lead to the conclusion that the magnitude of the
circulating current depends firstly on the power produced by the converter and se-
condly on the passive components, R, L and C, to be more specific. Indeed, the
greater the produced power, the greater the oscillating component of the instanta-
neous power which is the primary cause of the circulating current. Also, the greater
the SM capacitance C, the smaller the oscillating components of the dc voltages
and, consequently, the smaller the circulating current. The same is valid for the

coupling reactor L and the equivalent arm resistance R.
k

The presented discussion points out that ¢y, presents mainly a second-harmonic

component. To be more precise, it comprises a dc and other harmonic components
as well. It is easy to notice, following the same approach of this discussion, that if

the dc voltages contain other oscillating components, so do the circulating currents.
k
cir

balance of the converter so that:

Apart from that, i”.  also presents a dc component which is responsible for the energy

1 2 2 27

% Vge dwt + — ilc’l-rvdc dwt + — 15 Vge dwt = P, (2.7)

%0 2 Jo 2 Jo

where P is the active power produced by the MMC.

Here it is important to understand that, differently of the dc component, the
k

second-harmonic component of i, is an undesired component. It, in a first analy-
sis, causes losses and because of that it is common to apply specific techniques to
mitigate it. Passive and active strategies are used in this regard [92-94|, yet they
are not analyzed in this chapter. Later on this work, the active strategies considered
to mitigate the second harmonic are better explained.

kok

k
ep» Top and 7g as

Finally, it is possible to correlate this circulating current with ¢
follows [47, 53|:
igp(t) = ig(t) + 5ic(t)
(2.8)
ign(t) = i (t) — 5ic(t)

cir 2%

2.5 Insertion Indices

Before presenting the definition of the insertion indices it is necessary to better
explain the insertion principle itself. As mentioned in the last section, depending
on the firing pulses some SMs can have their dc capacitors inserted in the ac side
of the converter or bypassed. Figure 2.10 presents a diagram with three SMs which
exemplifies this idea. In this diagram, the current is flowing from the right to the left

and the capacitors of the first and the third SMs are being inserted in the ac side.
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Notice that in this time instant the total ac voltage is v/°* 4+ v/'* and, assuming

that the voltage balancing system is working, this values is equal to 2Vj./3. Of
course this condition changes over time so that the produced ac voltages assume a

sinusoidal shape.

In this Time Instant:

p3a pla
Yde T Yde
P _— B - T
1 1 1 1
-— Up?)a -— Up2a -— ,Upla -—
<« ac <« <«ac —TAA~o o o
[0 o4 L[] o4 3] @_.
\ / \ f \ f
-1 1 1 1 1 1
ON OFF OFF ON ON OFF
([ [ ([
\ \ \
-  ———
p3a p2a pla
Ude Ude Udc

Inserted Capacitors in a Given Time Instant
Figure 2.10: Diagram exemplifying the capacitor insertion.
The idea presented in the last paragraph can be extended to a generic MMC

with N SMs per arm. In this case, the produced voltage in phase k by the set of
SMs is given by:

N
ST = 3T o) ~ M) e (2.9
j=1 inserted
where MF is an integer number within the interval [1, N]representing the number of
inserted submodules in the arm j of the phase k in a given time instant. The plot of
this integer variable, that is going to be called the discrete insertion index, assumes
a shape similar to the voltage waveform observed in Figure 2.2 when considering a
time window sprawling a fundamental-frequency cycle, yet assuming only positive
integer values.

Still using Figure 2.6 for means of comparison of M}, it is possible to state
that for MMCs with N > 20 the difference between a discrete signal as Ml-k to a
continuous one, over a fundamental cycle, is barely noticeably®. Thus, it is possible

to substitute this integer variable, M}, by its continuous-time, percent-based version:

mr(t) = %Mf(t). (2.10)

6Tt is analyzed in |95, Chapter 4] that with twenty levels, the produced voltage of the MMC
stays under a 5% THD threshold, which is a level of distortion barely distinguished visually. With
N = 20, it is possible to produce either 21 or 41 levels, depending on the modulation technique
used.
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These last variables, m’; and mF, are called the insertion indices of the upper
and lower arms of the phase k of the MMC.

As defined in [36] and [96], the insertion indices are computed so as to allow
controlling the produced ac voltage, e¥, as well as mitigating undesired components
of the circulating current. Note that, based on Figure 2.1b, the following net-

equations can be written:

e ka ) — b = ek (2.11)

N
Vdec n 10
-5+ mk ;vdf(t) + ol = ek, (2.12)

It is important to notice in (2.11) and (2.12) that:

kzuggk ~ Y o), (2.13)

inserted
N
mEy "oty Y vk, (2.14)
7=1 inserted

and that this result is valid when the dc voltages of the SMs are properly balanced.
One more approximation, explained in [36], can be embraced so that the deter-

mining of m} and m}; could be simplified:

N N

D vty =D vl (1) = Vae (2.15)
=1 j=1
Here it is important to mention that, although the second-harmonic component
is excluded from the dc voltages the voltage drop v%; will be kept so as to allow
including a second-harmonic mitigation signal later on. Continuing, it is possible to
obtain the following results from (2.13) and (2.14):

Ve — 2eX(t) — 21}%’2@)

k) = 2.1
my (1) o , (2.16)
k o nk
mk (1) Vie + 2el(1) 2URL(t)_ (2.17)
2Vie

Making e** = 2e* /v, and e¥* = 2e* /v, it is possible to reach the final version
g C C cir cir p

of the insertion indices:

mk(t) — 1 - ec*(t; — ecz?';"(t)7 (2.18)
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kx

J* is a normalized signal which is responsible for controlling the produced

where e
voltage of the MMC and e* is also a normalized signal, yet with the objective of
mitigating the second-harmonic component of the circulating current. Details on
how these signals are computed are better explained in Sections 4.1 and 4.2.

It is worthwhile noticing that these indices are for the MMC what the modulation
signals are for a regular two-level converter and, in fact, they represent how many

SM are due to be inserted or bypassed during a specific time instant.

2.6 Preliminary simulations of the MMC

This sections aims at presenting some time-domain simulation results of the MMC
considered throughout this work. In this case, it is considered a switching-level
model, i.e., a model encompassing PWM-driven half-bridge SMs and the modulating
and voltage balancing systems explained in Sections 2.2 and 2.3. This model was
implemented in PSCAD/EMTDC considering the parameters presented in Table 2.2.
Despite the fact that MMCs with the rated power and number of levels of this
work are generally driven by under-1kH z PWM signals, it was chosen the switching
frequency of 4.8kHz so as to reduce the harmonic components of the circulating

current and allow a better visualization of the major components.

Table 2.2: Parameters considered throughout this work.

Symbol Parameter Value Symbol Parameter Value

Voo Rated line voltage 69KV So Rated power 100MV A
Vieo Rated dc voltage 150KV Lieo Rated dc Current 666A

fi Rated frequency 60H z w1 Rated Angular Frequency 1207rad/s
I Rated ac current 838A R Arm resistance 1Q

Ry Coupling resistance 1 L Arm inductance 19mH

Ly Coupling inductance 20mH N Number of sub-modules per arm 20

Cy Capacitor bank 20pF C Capacitance per sub-module 9000 F

As for the controlling system, it was decided to present here only open-loop
results where the MMC is fed by a rated dc voltage source V. and supply ac voltage
for a resistive load as in Figure 2.11. The amplitude of e* was set to 0.75 and it
was also decided not to include any circulating current mitigation approach so as
to allow the visualization of the basic MMC characteristic. Last, but not least, all
the results are presented in p.u., considering the rated values presented in Table 2.2,
in order to facilitate the understanding of them. In this regard, it is important to
mention that the rated dc current was used as basis for the circulating currents once

they also present dc components.

"The dc voltage was chosen so that it overpass with a certain margin the minimum voltage
(twice the peak of the single-phase ac voltage) for the converter to be fully controllable.
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Figure 2.11: Schematic of the system used in the open-loop simulation.

The signals e were kept null until 0.1s in order to let the SM capacitors be
pre-charged by the dc source. The main results are presented in Figure 2.12.

As mentioned, produced voltages e and output currents i¥ converge to near
their rated values in about a fundamental cycle, as it is visualized in Figures 2.12a
and 2.12b. The circulating current, on the other hand, undergoes a severe transient
condition before reaching its steady-state condition. It is also possible to notice in
Figure 2.12¢ the dc level predicted in Section 2.4. In Figures 2.12d and 2.12e it
is possible to observe the dynamics of the SM capacitors dc voltages. Each one of
the graphs presents the dc voltages of all forty SMs of the phase a. Notice that,
differently from the results in Figure 2.5, the average values of all SM capacitor dc
voltages converge to approximately the same value, 0.05p.u.. This achievement is
obtained by the voltage balancing system presented in Section 2.3.

The graphs in Figures 2.13, 2.14 and 2.15 zoom in some steady-state details
overshadowed in Figure 2.12. For instance, the voltage levels of ¢¥ are highlighted
in Figures 2.13. As highlighted in Table 2.3 these voltages presented THD of 2.63%
and their fundamental component present value of 0.97p.u. It was also noticed a
small dc component in these voltages, 0.0001p.u. to be more precise, that is caused
by a small difference in the balancing of upper and lower SM voltages. It was not
presented any zoomed graph of i* because it does not present any relevant point to
be highlighted other than the ones visualized in 2.12b. Due to the reactors present in
the circuit, these currents presented in steady state a THD of 0.23%, also presented
in the Table 2.3.

A zoom in the steady-state condition of the circulating current is presented

in Figure 2.14. Is is observed that neglecting the 0.3066p.u. dc component, the
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Figure 2.12: Simulation results of an open loop MMC obtained from a switch-level

model in PSCAD/EMTDC.
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Figure 2.14: Simulation results of an open loop MMC obtained from a switch-level
model in PSCAD/EMTDC: Zoom in ¥,

major component is the second harmonic, in this case with 0.0449p.u.. It is also
present in these currents a fundamental-frequency component of 0.0032p.u. caused
by imbalance mentioned in the last paragraph. It was not noted in the presented
case any other significant harmonic component in these currents. In fact, to be more
precise, these signals present other even-order harmonic components, yet they did
not reach to four-digit precision adopted for the results in Table 2.3.

Figure 2.15 presents a zoom in all the dc voltages of the phase a of the MMC.
It is possible to observe with more details their oscillating components and the
effect of the voltage balancing system. To keep up with the four-digit approach,
Table 2.3 presents the main components of the equivalent dc voltages, i.e., the
sum of the upper and the sum of lower dc voltages. Then, it is noted that these
equivalent voltages present dc, fundamental and second-harmonic components. The
fundamental components of the upper and lower arms are complementary, which

means that their sum ideally would be zero. In this case, a small difference of about

Table 2.3: Harmonic components of the variables obtained from a switch-level model
in PSCAD/EMTDC.

Variable Symbol dc 1st 2nd 3rd 4th THD
Produced Voltage ek 0.0001 0.9729 0.0000 0.0012 0.0004 2.63%
Output Current ik 0.0001 0.9418 0.0000 0.0011 0.0001 0.23%
Circulating Current ik, 0.3066 0.0032 0.0449 0.0000 0.0000 —
Sum of upper-arm SM voltage > v“k 0.9959 0.0083 0.0023 0.0000 0.0000 —
Sum of lower-arm SM voltage > v'” k 0.9957 0.0082 0.0023 0.0000 0.0000 -—
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0.0001p.u. is notices and this difference caused the fundamental component in the

circulating current.
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Figure 2.15: Simulation results of an open loop MMC obtained from a switch-level
model in PSCAD/EMTDC: Zoom in v/3*

2.7 Partial conclusions

This chapter presented an overview of the MMC with focus on its working prin-
ciple, the modulating and voltage balancing techniques used in the switching-level
simulations presented in this work. It was shown that the dc voltage is not uni-
formly divided among the dc-side capacitors unless a voltage-balancing algorithm
is combined with the modulation scheme. This algorithm is based on the inherent
redundancy of the MMC, which makes it possible to produce a certain ac voltage
by different combinations of inserted SMs. This algorithm chooses the combination
which best fits on the purpose of keeping the dc voltages balanced, i.e., the combina-
tion that submits, whenever possible, the lowest-voltage capacitors to a rechanging
condition and the opposite for the ones with highest voltages. It was also shown
that the MMC presents an inherent undesired component circulating through the
arms without contributing to the output current of the converter. These compo-
nents are majored in the second-harmonic component, although it is also possible
to find other even-order harmonic components. The PSCAD/EMTDC simulation
results showed that the harmonic distortions of the voltage and current produced
are as small as 2.6% and 0.2%, respectively, although some differences between the

dc voltages could cause small dc components in these variables.
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Chapter 3

State-space average and steady-state
models of the MMC

The objective of this chapter is to present a time-domain analytical model for the
MMC considering the dynamics of the circulating currents and the equivalent dc
voltages, yet letting apart the control loops. The quintessence of the model presented
in this section is the average modeling technique, in which the dynamics of switching-
frequency components are neglected in face of the main components of the variables
of the converter. Despite the fact the averaging approach clear out the switching-
frequency components, the model developed remains non-linear due to the inherent
characteristics of the MMC, hence, the definition non-linear, time-domain model
might be used throughout this work to refer to this model. Still in this chapter, some
simulations were carried out, and their results compared to the results obtained
with the switching-level model, to show that the non-linear, time-domain model
accurately describes the behavior of the MMC. After that, the non-linear state-
space model was used to derive an analytical steady-state solution for the variables
of the MMC. This result allowed analyzing the influence of active and reactive power
in the harmonic components of the variables of the MMC. Towards the end of the
chapter, the state-space model is presented and then linearized, and this new version

becomes the starting point for the development of the models in Sections 4.1 and 4.2.

3.1 Average-value modeling of the MMC

Before presenting how the average-value modeling approach is applied to the MMC,
it is quite important show its working principle. For this matter, Figure 3.1 was
prepared showing an simple one-SM-per-arm MMC and its time-domain variables,
current and voltage. Notice that, the choice of this configuration rather than the 20-

SM-per-arm used in the work intends only to simplify and generalize the explanation.
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The average-value modeling approach consists on considering only the average values
of the variables over a switching period. This is represented in the graph at the left
side of the figure. It is possible to observe that the ac variables assume a staircase-
like pattern with a clear dominant sinusoidal component. The number of steps in
these variables depends on the ratio between the frequencies of the analyzed signals
and the frequency of the modulation carrier. This ratio was made small (10 times)
in the figure so as to improve the visualization, yet in real converters it can reach
values as huge as hundreds or thousands. Thus, the staircase-like signals can be
approximated to continuous signals such as presented in the rightest part of the
graphs in the figure. In general, the continuous approximation is used to represent
the average behavior of power electronic converters. It is important to mention that

the average-value modeling can be applied to ac and dc variables alike[97-100].

— Switched Averaged
Approxilﬂ;n

"~ Switched  Averaged Approximation

Figure 3.1: Average modeling principle. One SM per arm is used to facilitate the
explanation.

Some of the results presented in Section 2.5 are quite useful for this chapter
and they might be reproduced here. Firstly, the diagram of the Figure 2.10 was
adapted and presented in the Figure 3.2 so as to help understanding the average-
value modeling of the MMC. Notice in the figure that at given time instant a certain
amount of capacitors are inserted in the ac side of the arm. The equivalent voltage

ik

ac?

produced by the set of SMs of a certain arm, v"%, then, can be described by:

vhe(t) =my(0) Y vt = Y i), (3.1)

7j=1 inserted

var (0) = my() Y w6y = Y o), (3:2)

7=1 inserted

as previously presented in (2.13) and (2.14).

The state-space modeling is only presented in the next section, but right here it is
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Figure 3.2: Diagram exemplifying the capacitor insertion in the average-value mode-
ling context. It was considered the upper arm of phase a of a generic N-SM-per-arm
MMC.

possible to conclude that the greater the number of capacitors the large the number
of state equations to represent the MMC. For this reason, instead of considering all
the dc voltages of an arm, they might be combined into one equivalent dc voltage.
Thus, from this point on, the sums vszk and > v " are defined as state variables

of the MMC and represented by v/ and v”" as follows:

THOESWAC) (33

() = D). (3.4

Combining the results presented in (3.3) and (3.4) with the results in (3.1) and
(3.2) it is possible to find the following relationship between the equivalent dc and

ac voltages of the SMs of an arm:

vhe (1) = my(£)vge (1), (3:5)
Ve () = mi (H)vge (1). (3.6)

Notice that, as the time-continuous variables m’;
of the staircase-like M;f and M* these equations represent the average-value repre-
sentation of the set of SMs of the arms of the MMC.

Other aspect that must be highlighted is that once USf and v} are state variables,

(t) and mF(t) are used instead

they have to represent the voltage across an energy-storage element, in this case,
an equivalent capacitor C.,. To determine this equivalent capacitor and how it
interacts with the circuit it is necessary to analyze Figure 3.2 once more. Observe

that in a given time instant a certain number of capacitors C' are connected in
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series’. In fact, this number is equal to M, where the index i can assume either p
or n depending on the arm this insertion index control. A possible approach here
would be replacing the SMs of the arms by capacitance-variable capacitors, i.e.,
making C,, = C/M}F ~ C/(Nmk). This approach would require some adaptations
in the capacitor voltage-current relationship and because of that it is not being
used. Instead, the common approach used to solve this problem is using voltage
and current sources to represent the set of SMs of arm [47, 101], as is presented
in Figure 3.3. In this diagram the ac side of a group of SMs is represented by a
controlled voltage source which implements either (3.5) or (3.6) depending if the
SMs are located in the upper o lower arm of the phase k. Notice that, when it
comes to the voltage produced in the ac side, this approach leads to the same result
of using capacitance-variable capacitors. It is also important to notice that, were
the capacitance-variable-capacitor approach used, the current flowing through this

capacitor would be either i¥, or 4},. Then:

i o1 oo NmF@t) o1 ,
R R U N

From (3.7) it is possible to conclude that the effect of the capacitance-variable

capacitor can be mimicked by a constant-capacitance capacitor so that:
Ceg = = (3.8)

The current which flow through this capacitor, now, depends on the arm current

and the insertion index associated to that arm. For this reason, the capacitor in

In the time instant in which Figure 3.2 was captured, the capacitors of the SMp1 and SMpn
are connected in series. The capacitor of SMy,, though, is bypassed.

& :
1r. 'Zk
- l L N ke 0 e,
C () Cl i
A3 T Vde l |
. : X Equivalent . E C .
1k 1k . al
Vg E SM }C> ?)gl%k # Vac T ?)&%
BV ED) v&lck |
|_ ac Side E dc Side

Figure 3.3: Average-value equivalent model of a group of SM in an arm of the MMC.
The superscript ¢ can either be p or n depending whether the SM are located in the
upper or lower arm. The superscript k indicates the phase (a, b or c).
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Figure 3.3 is connected to a current source which precisely produces this dc current

as follows:

i (t) = mb )ik (1), (3.9)

igh(t) = ml(t)il, (t). (3.10)

o+

1

0

vge

= e |

/

o—

Figure 3.4: Circuit representation of the average-value model of the MMC.

Replacing all the SMs of each arm by the equivalent representation shown in Fi-
gure 3.3 it is finally possible to reach average-value model of the MMC presented
in Figure 3.4. Throughout this text, this model may either be called average-value

model or non-linear, time-domain model.

3.2 Comparison between the analytical non-linear
model and the PSCAD model

In order to validate the non-linear, time-domain model presented in the last sec-
tion, some simulations were carried out and the results compared with the results
obtained with the switching-level model of the Chapter 2. Some points must be
explained beforehand. First of all, in the switching-level model the SM capacitors
are initially charged even before the MMC is enabled because of the diodes of the
switches. As this effect is not encompassed by the average-value model, it was de-
cided setting initial dc voltages in the capacitors corresponding to this pre-charge.
As already mentioned in Chapter 2, the switching-level model was simulated in PS-

CAD/EMTDC and due to numeric convergence aspects the resistance of the switches
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Figure 3.5: Schematic of the system used in the open-loop simulation.

could not be made null. In the PSCAD/EMTDC model, the total resistance of the
SMs of an arm is 0.2€2 and to match the effects, the resistance R was changed from
192 to 1.2Q in the averaged model. Finally, the averaged model was simulated in
PSIM for any other reason than the simplicity in implementation in this software.

In summary, the MMC was driven in open loop, as shown in Figure 3.5 presents the

kx
c

system considered. In this case, the reference signals e’ were set with 0.75-peak

60Hz sinusoidal signals, so that the produced voltages e* reached the rated value
kx

given in Table 2.2. As for e, they were kept null to allow verifying whether the

non-linear model matches the detailed PSCAD model when it comes to the circu-
k

lating current 7. Last, yet not least, the dc voltage v4. was set to its rated value

150KV and the load was considered to be purely resistive, also assuming its rated
values of 47.6¢).
Figures 3.6 and 3.7 present the results corresponding to the phase a for the

a
ar

produced voltage e, output current i, circulating current ¢%, and the equivalent dc

voltages v and v} for the transient and steady-state condition. In all cases, it was
used solid blue lines for the results of the switching-level PSCAD/EMTDC model
and dash-dotted red lines for the results of the proposed average-value PSIM model.
It is possible to observe that the model presented in the last section accurately
predicts the behavior of the MMC both in steady-state and transient regime. The
small differences between the results for %,

some switching effects that are not included in the average-value model.

in Figure 3.6c, though, are caused by
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Figure 3.6: Comparison between the results obtained with the switching-level
model and the averaged model. The switching model was implemented in PS-
CAD/EMTDC, whereas the averaged model (non-linear, time-domain model) was
implemented in PSIM. Only the results for the phase a are presented for the sake

of space.
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Figure 3.7: Comparison between the results obtained with the switching-level mo-
del and the averaged model: Steady-state results. The switching model was imple-
mented in PSCAD/EMTDC, whereas the averaged model (non-linear, time-domain
model) was implemented in PSIM. Only the results for the phase a are presented
for the sake of space.
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3.3 Natural-reference frame state equations of the
MMC

Before starting developing the state equations of the MMC, it is useful to explain
which variables are chosen to be state variables of the model and which are the
as inputs and disturbances of the system. In this point, it is already known that
the equivalents dc voltages are state variables, but is necessary to obtain one extra
variable for each energy-storage element in the circuit. Looking back to Figure 3.4,

the three inductors per phase indicate the necessity of three state variables, i,

it and 4} . However, it is commonly found in the literature [36, 37, 54, 102] the
k

replacement of i¥, and i¥, by the circulating current if;.. In this case, the use of one
state variable to represent the dynamic of two energy-storage elements is possible
due to the fact that this inductors both interfere directly in the dynamics of ¥, and
that the upper and lower arms operate symmetrically. As for the input variables,
logically, the insertion indices m’; and m* are assigned. Here it is important to
include two disturbance variables that are present in the Figure 3.4, the main-bus
ac voltage v and the de-bus voltage v4.. Thus, four state equation per phase are
needed to represent the MMC.

Since the group of SMs of an arm is replaced, considering the dc side, by a

current source feeding an equivalent capacitor Cg, it is possible to write the following

equations:
dUSf k(g k
Ceqw(t) = mp(t)ch(t), (3.11)
d nk
Cog=E(t) = mil (£, (1) (3.12)

By substituting the results presented in (2.8) in (3.11) and (3.12) it is finally
possible to reach the state equations which represent the dynamics of the equivalent

K
dc voltages vf] and vk

pk
dvy,

Cragle0) = mir) 16,0+ 5i4(0)|. (313
Co ) =m0 18,0 - Sk (5.14)

Before continuing, it is necessary to emphasize that the voltage between the dc-
bus middle point 0 and the ac-side ground is considered null in this work. Because

of this, it is possible to write the following net equations:

di¥ 1
eh(t) + Riky(6) + L—2 () + o5 () = Svaelt) = O, (3.15)

37



dif;, 1
—2(t) = vk () + Svaclt) = 0. (3.16)

Here the voltage v4. is presented as a time variable instead of a constant to

e (t) — Ri* (t) — L

cn

follow the definitions in the first paragraph of this section. In fact, depending on
the application, this might be either a constant or a variable. Once more using the

results presented in (2.8), the last equations can be rewritten as follows:

o+ R[5+ 2] + 1 [P+ 22 0] o) — Loww =0, 3.17)
c I cir 2 c ] I dt 2 dt | ac 2 dc ’ :

(1) — R |t ) — L] - 1 [Peie gy _ L (t)- — 0™ (8) 4 Svget) = 0. (3.18)
c _cir 2 c | I dt 2 dt ac 2 dc - .

At this point, to obtain the state equation associated to i¥; it is simply necessary
to subtract (3.17) from (3.18) and substitute v?* and v"* by the results presented
n (3.5) and (3.6), respectively. Thus:

dig k k k k
2L dCt”'( ) - _2chzr( ) m (t)USC (t) - mn(t)vgc (t) + Ud6<t)‘ (319)

The state equations associated to i* is obtained in three steps. Firstly, (3.17)

and (3.18) are added together and v?* and v™*, once more, substituted by (3.5) and

(3.6), leading to the following result:

k
c

2k (t) 4+ Ri%(t) + Ld (t) + mk(t)vgf(t) —mE ()i (t) = 0. (3.20)

dt

Secondly, the output net equation is obtained as follows:

e5(t) = Ryit(t) — LSz 1) = oh(). (321)

Finally, substituting (3.21) in (3.20) it is possible to reach the last state equation
of the system:

(L +915) 02(t) = m (403 (1) — mb(0)etf(5) — 208(0) — (R + 2Rp)ib(0). - (3:22)

It is important to notice that in all four state equations,(3.13), (3.14), (3.19),
(3.22), there are input variables, m and m;;, multiplying state variables, i}, i¥., vgf
and v7*. Consequently, this set of equations forms a non-linear state-space model,

which can be rewritten in matrix form as follows:
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[ k] _R _ M Y k 1
Leir L 0 2L 2L Leir 0 2L
ik 0 B2 my mp ik 2 oF
c L+2L L+2L L+42L c L+42L o
d . f f f + f
dt pk N mk mk pk
P j2
Yac a 2C 0 0 Vge 0 0 Vde
q eq
nk mk mk nk
v 2 1L v
de | Ceq QCeq O O ] de _ L 0 0 ]
(3.23)

3.4 Changes of variables in the model

As mentioned in Chapter 2, the insertion indices are composed of two normalized
signals, e and e,., which intend to control the produced ac voltage and mitigate the
k

cir?

second-harmonic component of 7. | respectively. As these signals are to be produced
by the control system, it is useful to present the state-space model of the MMC as
function of them instead of the insertion indices. Stating that, the substitution of
(2.18) and (2.19) in (3.13), (3.14), (3.19) and (3.22) leads to the following set of

state equations:

dvé’k [ e N I L]
20@5] dtc (t) =1|1- €c (t) — Ceir (t) Leir (t) + §Zc (t) (324)
dvgf [ ko ke o | Lok Loyon]
206(1 dt (t) =1+ €c (t) — Ceir (t) Leir (t) - 57’0 (t) (325>
dllézr _ -k kx kp kn
4L dt (t) - _4chir(t) —|1-= ecir<t> Vde (t> + Ude (t)

+ (1) {vgf (t) — vgf(t)] + 2vg.(t)  (3.26)

22 +220) B ) = - [1- s 0] [z - iz 0]

+ el {v{jf(t) + vfj?(t)] — 4k (t) — 2 (R4 2R;)i*(t) (3.27)

In addition to the previous change, in order to simplify forthcoming mathematical

processing, two new state variables, v3¥ and v3*, are introduced:

Vg (t) = Vi (t) — var (1), (3.28)
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vz () = Vg () + 0t (0). (3.29)

C

It is important to mention that such variable change is commonly employed for
obtaining analytical models for the MMC and can be found in [36, 53, 54, 103].
Considering the state equations related to the currents, the variable change is per-
formed by simply substitution of (3.28) and (3.29) in (3.32) and (3.27). However, an
extra step is necessary when it comes to the state equations related to the voltages.
Thus, before the substitution it is necessary to compute the results for the addition
and subtraction of (3.24) and (3.25). The final results are given by:

dvc%ck kx -k kx -k
20@‘]7@) =2{1- eci'r(t) Zcir<t> — € <t>20 (t>7 (33())
dvdAck ke -k kx -k
20@‘1 dt (t) = _260 (t)zczr(t) + 1- ecir(t) 2 (t)v (331)
dik,
1255 (1) = ~aRit (1) 1= e 0] B0 + OO + 200, (332)
di®
2(L+2L5) o) = e U0 - 1= k(0] (0~ 1ke) — 2 (R-+ 28y) o)
(3.33)
These equations can be organized in a matrix form as follows:
K G I N B U
B ic B 0 - (fﬁfﬁ) Liész - (;%L;) A N *%ZL,C 0 %
el e s o oo B
i vka | —g%q % 0 0 i vhs ] i 0 0|
(3.34)

3.5 Analytical model for the MMC in steady-state

condition

This section aims at presenting a steady-state analytical solution for the MMC and
comparing the influence of parameters such as ac and dc voltages, active and reactive
power on state variables as circulating currents and the equivalent dc voltages of
the arms of the MMC. Figure 3.8 represents the system considered in this section.
Notice that, the results to be presented are independently from the control mode
adopted, i.e., they are suitable to describe the MMC either as an open-loop voltage

controlled converter, or as a current controlled grid-connected converter, or as a
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voltage controlled grid-forming converter. The only control-loop neglected is the
k

cir®

one responsible by the mitigation of the second-harmonic component of ¢

v§ ik Power Grid
. o
Zk Zf _x
+ [] —C>
Ovac | Mmc | — 7
QS )
| < z];

@ooo Qeﬁ Yy

1 &+
Modulation
Load

k k
mp m,

( Controller =

Figure 3.8: Considered circuit for the steady-state analysis.

3.5.1 Steady-state values of i* and v

Independently of the way the converter is controlled, the steady-state value of the
k

0,88

main-bus voltage, v can be described by:

vF (1) = V2V, sin(wt + @), (3.35)

0,55

where V, is the RMS value of the voltage and ¢, = 0, —27/3, 27/3 rad is the phase
displacement between the phases of the system.
Analogously, the steady-state current, 7}, produced by the MMC can be written

as follows:
i (1) = V2L sin(wt + ¢; + 6), (3.36)

where I, is the RMS value of the current and ¢; is the displacement angle between

k and the current ¥

0,58 c,ss"

the voltage v
If the complex power produced by the MMC is given by Sgs = Pss + jQss, Where

P, and s are the active and reactive powers, it is possible to write the following

results:
- QSS
L= 1 ‘
o= =t (B2, (3.37)
/P2 2
I, = VEL O (3.38)
3Viss
The substitution of (3.37) and (3.38) in (3.36) leads to:
2
Z‘]cf',ss( ) - ?V—SSCQSS sin |:Wt + ¢k - tar{l (C;::>:| . (339)
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3.5.2 Steady-state values of m]; and mF

k

c,88°

The first step to obtain m’;j and mF is determining e Thus, according to Fi-

gure 3.8, the net-equation which links the internal voltage e’j,ss
v¥ _is given by:

0,88

to the output voltage

ik

k k dlc ss -k
ec,ss(t) = vo,ss(t) + Lf d;f (t) + szc,ss(t)7 (340)

which, indeed, is an adaptation of (3.21).
Still from chapter 3, (3.20) can be adapted and combined with (3.40) to form

the following result:

— — di¥
g o5 () VR =y o (1) 0l = 2050, (8) + (2L + L) =22 (1) + (2R + R) i (1), (3.41)
where the bars over vA" and vSf represent average values over a fundamental-

frequency spam. Consequently, it is possible to state that UZ?\/ICC = v@’}wm ~ Vie,ss-

Continuing, the substitution of the insertion indices defined in (2.18) and (2.19),
neglecting the signal used in the mitigation of the second-harmonic component of

ik leads to:

cir?

" Y S (2L; + L) dics, ;1 (2R; + R) i¥ (3.42)
(& = v I 2 . .
@5 ‘/;lc,ss s Vdc,ss ! dt ‘/dc,ss ! o8

The results presented in (3.35) and (3.36) can be substituted in (3.42) to form,

after some arrangements, the steady-state analytical model for the control signal e*:

ety = Bl sin (Wt +7e + ) , (3.43)
where:
Ess = V. [2‘/53 - [ssw <2Lf + L) Sln(¢i) + Iss (2Rf -+ R) COS(¢i)] R (344)
B = v [Issw (2Ly + L) cos(¢;) + Iss 2Ry + R) sin(¢;)] - (3.45)
El, = (E)? + (B2, (3.46)
EC*
e =1 = 4
=t (2. (347

Finally, the steady-state conditions of the insertion indices, neglecting the com-

42



ponent due to the mitigation of the circulating currents, are given by:

1 1

Mpes = 5 — 55 sin (Wt + 7.+ dp) | (3.48)
P 2 2
1 1

mi,ss = 5 + §E:s sin (Wt + Ve + (bk) . (349)

3.5.3 Steady-state value of the dc components of ¥, | vsg and
kn
Yie

As already mentioned in previous chapter, the circulating current is composed by
both de, i, , and ac, i*

)y Yar? s Yeiro

components, such as follows:

s (8) = Teipes 1y s (D). (3.50)

cir,ss cir,ss

k

cir,ss

The dc portion of ¢ is related to the distribution of energy from the DC bus
to the SMs of each phase. To maintain the energy balance the converter output
power must be equal to the dc bus power. This is equivalent to write:

_ _ 2 1 27
3Vierss isnoe — 3R (ﬁ) & _— / 3¢k it dwt =P, +3RI%.  (3.51)
0

cir,ss - 2 c,s8 “c,ss
™

The solution of (3.51) is:

L BV = \JOVEL, — 12R (P 3Ry 1)

= 3.52
ch,ss 6R ( )

As for the equivalent dc voltages, their dc components can be approximately
represented by:

T =T & Viess. (3.53)

k

3.5.4 Steady-state value of the harmonic components of i, ,

vgf and vi"

This section presents the steady-state value of three state variables altogether be-
cause they besides depending from the previous results, they also interfere in each
other. Here, the approach followed was to compute the forced solution for the dif-
ferential equations expressed in (3.13), (3.14), (3.19).

After analyzing some simulation results and consulted some references [104, 105],
it was concluded that the equivalent voltages vSf and v7* comprise five major com-
ponents, the dc, the fundamental, the second-, third-, and fourth-harmonic compo-

nents. Because of that, it was adopted a forced solution for the phase a of the MMC
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as given by:

Vi ss(t) = Vie,ss + Z Ve cos (iwt) Z ¢ sin (iwt), (3.54)
i=1,2,3,4 i=1,2,3,4

vhe () = Viess + Z Vi cos (iwt) + Z Vi sin (iwt), (3.55)
i=1,2,3,4 i=1,2,3,4

where 7 represents a harmonic component order (i = 1, 2, 3, 4) and V32, V¢,
Vi, Vi are the amplitudes of the harmonic components.
Using the same approach, the simulation results indicated that the circulating

current 7%, always present three major components, the dec, the second-harmonic

T
and the fourth-harmonic components. Consequently, it was decided to consider the

following forced solution:

1% es(t) = Loir,, + Z Ly, cos (iwt) Z Ly, sin (iwt) (3.56)

i=1,2,4 i=1,2,4

where [, and ;.. are the amplitude of the harmonic components of the circulating
current.

Substituting (3.48), (3.49), (3.54), (3.55) and (3.56) into the differential equations
given by (3.13), (3.14), (3.19) it is possible to obtain a linear system with 22 variables
and 22 equations. Notice that, each one of these variables is in fact one of the
amplitudes of the harmonic components presented in this section. Because of its

size, it is presented here only a generic matrix representation of this system:
AssXss = Bss, (357)

where A, is a 22 x 22 matrix; X, is the column vector with the variables of the
system, the amplitude of the harmonic components of the circulating current and
of the equivalent dc voltages, presented in (3.58)-(3.61); By, is a constant column
vector. The values of By, and A, are presented, respectively, in (B.5) and (B.9) on
the Appendix B.

Xoo = [ X Xt Ko | (3.59)

Xicr = | Lire, Line L, Lo Tinss Lins. | (3.59)
Xoaen = | Vit Vit Vit Vi Vi Vi, Vil Vio |, (360
Xt = | Vi, Vi, Vi Vi, Vi, Vi, Vi, VL] 66D

Thus, the solution containing the analytical expressions for each of the harmonic
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components in steady-state is obtained by making:
X,s = A'B.,. (3.62)

Once more, due to the size of the equations, it was decided to present them on
the Appendix B.

3.5.5 Validation of the steady-sate model

The approach used to validate the obtained results was to compare them with the
results obtained from the switching-level simulation of the Chapter 2. Some ad-
justments were necessary to be made to match the two results. Firstly, as in the
simulations of the Chapter 2 the zero-displacement signal was e2*, the steady-state

model was modified to contain a displacement ¢ in v2 as in:
V() = V2V, sin (wt — ) . (3.63)

As consequence, all the other components of the steady-state model present this
displacement. Secondly, the active power was set to 0.89p.u. which was the value
found in the simulations of the switching-level model of the Chapter 2.

With these considerations, the results obtained by the analytical steady-state
model are presented in Figure 3.9. It is observed in Figure 3.9a that the analytical

solution was able to track the average-value characteristic of the circulating current.

0.4
—— Switching-level model ----- Analytical Model

5 0.35 " I J

é 0.3+ J

= [

o

0.25 = ! ! ! ! ! | ! ! ! |
0.45 0.455 0.46 0.465 0.47 0.475 0.48 0.485 0.49 0.495 0.5

Time - s

(a) Circulating current.

Voltage - p.u.

8
0.45 0.455 0.46 0.465 0.47 0.475 0.48 0.485 0.49 0.495 0.5
Time - s

(b) Lower-arm equivalent dc voltage.

Figure 3.9: Comparison between the results obtained from the analytical steady-
state model and the switching level model.
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When it comes to the equivalent dc voltage depicted in Figure 3.9b, however, there
is a small offset of 0.0042p.u. between the results. This offset is due to the fact
that the dc component of the voltage was considered equal to Vs when, in fact,
it is not (the small dc voltage drops that were not considered are the responsible
for this difference). Analyzing the ac component of the voltage, it is possible to
notice that the analytical model matches accurately the behavior presented by the
switching-level model.

It is important to reassure that, despite the fact that the steady-state was va-
lidated considering an open-loop voltage controlled MMC, it is able to accurately
represent the MMC under either closed-loop voltage and current control as well. It
was decided not to present results for these other control modes to cut off some

repetitiveness.

3.5.6 Influence of the active and reactive powers on the MMC

in steady-state condition

Using the analytical results obtained in this section it was analyzed the influence of
the active and reactive power in the components of the circulating current and in
the components of the lower-arm equivalent dc voltage of the phase a of the MMC?2.
For this matter, P and () were varied from 0 to 1p.u. and the equivalent components
of 7%, and v}* were computed for these values. It is important to notice that, as
each harmonic component has two parts, one aligned to the sine and another to the
cosine, the equivalent of each harmonic component is computed by a vector sum of
its parts. The results are presented in contour maps in Figures 3.10 and 3.11.

The results for the circulating current are presented in Figure 3.10. Analyzing
firstly the chart in Figure 3.10a, it is possible to notice that reactive power has
no significant effect in the dc component of the circulating current. As this chart
represents one of the phases of the converter, the maximum value for this component
is 0.33p.u. when the active power reaches 1p.u. The second-harmonic component
presented in the Figure 3.10b, differently, suffers influence from both active and
reactive power, with a leading advance for this last. As observed in the figure, the
maximum value this component presents is about 0.08p.u. and because of that it
is generally mitigated through control action. The fourth-harmonic component, on
the other hand, has an insignificant amplitude. According to the Figure 3.10c, its
maximum value is around 0.0003p.u. and because of that it is generally not made
any effort to mitigate it.

The components of the equivalent dc voltages are presented in Figure 3.11. It

2 As the upper and lower equivalent dc voltages are equal in amplitude when the dc voltages are
balanced, differing only in displacement, it was decided to present only the lower-arm dc voltages.
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Figure 3.10: Influence of active and reactive power in the components of ¥, : the

contour lines indicated the p.u. value of the components of the circulating current.

can be observed that the fundamental component is the greatest among the ac com-
ponents reaching up to 0.015p.u. depending on the produced power by the MMC. It
is also observed that both active and reactive power influence equally the amplitude

of the components.
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Figure 3.11: Influence of active and reactive power in the components of v ; the
contour lines indicated the p.u. value of the components of the equivalent dc vol-
tages. The magnitude of the components are equal for both the upper and lower
arms.
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3.6 Small-signal model of the MMC

The models developed so far present non-linear features that make them not suitable
for most of the classical control-theory analysis, despite the fact they represent the
MMC more accurately. In views of that, the model in Section 3.4 needs to be
linearized, and this new version might serve as starting point for the models will
be developed in the Sections 4.1 and 4.2. This linearized model is generally called
small-signal model.

The linearization process consists of expanding the non-linear target function
into a Taylor series and, thereafter, cutting off the non-linear terms of the result.
To better understand the process, consider a generic system of n state variables, m

input variables, and p disturbances, such as:

jjl:fl(xla cee 3 Tp, Uy, oo Um, q1, - 7qp)
, (3.64)
jzn:fn(xb cee 53 Tp, Uy, -oo 5 Um, 1, - JQP>
where f1, fa, ..., f, are non-linear functions of the system; x, xo, ..., x,, are the state
variables; uy, ug, ..., u,, are the input variables; ¢, g2, ..., g, are the disturbances.
The small-signal model can be obtained by making:
3 ) 9 ~
= : S s
- Ofn Ofn ~
of of ~ oh of 5
g un | | W@ b og | | D
: : S e i : (3.65)
8fn 8fn =~ 8fn afn ~
T o a1 L

where the tilde over the letters, as in Z,,, u,, and ¢,, indicate small-signal variables
(small variation of the corresponding variable around the equilibrium point) and
the subscript 0, as in 2,0, ume and g, indicate these are the equilibrium point
around which the linearization has been performed. Their relationships are presen-
ted in (3.66). Besides that, the differential terms correspond to the linear part of
the Taylor series of the system. This model is valid in the range where even for a
small-signal deviation it still matches the non-linear model. This valid range should

be confirmed by simulation and comparison of the two models.
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Ty =T — Tno
Uy = U — U - (3.66)

Gn = 4 = Gpo
Differently from the non-linear model in (3.64), the small-signal model in (3.65)
allows the separation between the dynamic, input, and disturbance matrices and

the system can always be described as:
X(t) = AX(1) + BU(t) + EQ(1), (3.67)

being A, B and E the dynamic, input and disturbance matrices and f(, U and Q
the vectors with the state, input and disturbance small-signal variables.
Applying this methodology for (3.30)-(3.33) leads to the following results:

dvg*
2Ce dt

t)=2(1 — ek

cirQ

) dein(t) = 2icin0Cein(t) — ecpic (1) — iggfe" (1), (3.68)

cir cirOecz’r

~Ak
200, (1) = 2651, (1) — 2,02 (1) + (1 — i) IE(0) — thekn (1), (369)

€eq dt c0 “cir cir0) “c cir
dilzzr _ ~k . k= ~k
4L dt (t) - 4Rlcir(t> (1 ecirO) Ude (t)+
Vi B (1) + €05t (8) + ol (t) + 204.(t), (3.70)
dzlg kx ~3k Yk ~kx kx ~Ak
2 (L + 2Lf) (t) = €0 Vqc + VdcoCe (t) - (1 - ecirO) Vge (t)+

dt
VIRERE (1) — 405 (t) — 2 (R + 2Ry) ik (t). (3.71)

It is possible to show that, in the equilibrium point, the average value of the
equivalent dc voltages approaches to Vi (average dc voltage), while their oscil-
lating components are negligible in comparison to these average values, provided
that the circuit components were designed for this situation. As a result, it comes
without great consequence that v3h ~ 0 and v3% ~ 2V.0. Likewise the DC voltages,
the circulating current comprises both dc and ac components. Nonetheless, in the
equilibrium point, the major ac component (second harmonic) is already minimized
provided a specific controller was properly designed, and, for this reason, the dc

component overshadows the other components. Thus, ¥, , can be assigned to its
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average value Sy/(3Vye). When it comes to the signals without dc component - ¥,

ek and e¥ - the decision on how to choose their equilibrium values is undoubtedly

more complicated. If their real equilibrium values, which, in fact, are sinusoidal, are
chosen, the model will end up being non-linear. In this case, other techniques, such

as harmonic linearizarion [47, 106, 107|, are needed to be employed. In this work,

kox

nonetheless, it was decided to keep the plain approach of considering i%, ek and

ek* , equal to zero. As the model intends to represent the MMC in frequency do-

main for small-signal analysis, this approach will bring no great issues. With these

considerations, (3.68) - (3.71) can be rewritten as follows:

~Yk
dvdc o7k 250 ~ ok

2 t) = (T t .72
Ce‘l dt ( ) Zczr( ) 3‘/d00 cz'r‘( ) (3 7 )
dosk 250 .
9 de (;y _ _ <o ko .
Cua T2 1) = = 220 gk (1) + (), 373)
dzczr ~Ek ~
4L dt ( ) - _4Rlczr( ) ( ) + 2V2i€0€czr( )+ 2Ud6(t)7 (374>
~k
2 (L +2L;) dzt (1) = +2Vioft () — 025 (t) — 405 (t) — 2 (R + 2R;) (). (3.75)

Finally, considering the pattern presented in (3.67), the linearized state equations

can be rewritten as follows:

ik _1 _ 1 g
Leir L 0 4L 0 Leir
“k _R+2Rf 1 1 “k
d| i | |0 T+o; Y 2 T+2L; Le N
dt | ~=x | | _L sk
Ve Ceq 0 0 0 Yac
~Ak 1 ~Ak
| Vae | | 0 2Ceq 0 0 1 L Yac |
[ Vico T [ 1]
0 2L 0 2L
Vico 0 Sk 2 ~k
€ — T T57 v
L+2L c L12L o
! ) + s (3.76)
—1] ~kox ~
0 3Viaco Ceq Ecir 0 0 Ude
S 1
3Vdc0 Ceq 0 . L O 0 .

3.7 Partial conclusions

This chapter started showing that the inherent characteristics of the MMC can
be mimicked by an average-value model in which the group of SMs of an arm is
substituted by a pair of controlled sources (a voltage source in the ac side and a
current source in the dc side) and an equivalent capacitor C.,. As explained in the

chapter, this pair of sources has the objective of representing the effect of capacitor
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insertion in the ac side without the need of using capacitance-variable elements.
The simulation results obtained with this model matched the results pointed out
by the switching-level model of the previous chapter, validating the average-value
modeling approach. Amongst the variables, the circulating current presented some
noticeable, though, negligible, differences when comparing both models. Indeed,
these differences are caused by non-linear effects introduced by the switching of the
SMs. With the average-value model at hand, the non-linear state-space model of
the MMC was derived. In this regard, it was considered four state variables, the
circulating and output currents to represent the dynamic imposed by the inductors
of the circuit, and the equivalent dc voltages to represent the dynamic imposed by
the equivalent capacitors. Some changes of variable were performed and, then, this
model was finally linearized. This linearized version presented in (3.72) - (3.75) are
to be used in the models developed in the Sections 4.1 and 4.2. It was also derived in
the chapter a steady-state solution for the differential equations of the MMC. This
results showed the influence of the active and reactive powers on the components

of circulating current and equivalent dc voltage. As already expected, the reactive
k

power has insignificant influence in the dc component of i;;.. For all the harmonic

components of ¥, and v7*, however, active and reactive power play mostly equal
role. Still in this analysis, it was shown that the difference between the second- and
fourth-order harmonic components of the circulating current is roughly in the order
of 250 times, which justify the inclusion of a mitigation loop for the second, but not

for the fourth harmonic component.
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Chapter 4

Linearized Closed-loop models for
the MMC

This chapter is divided into two parts, the first one dealing with the NRF-controlled
MMC and the second with the SRF-controlled, each of them focused on deriving
frequency-domain models for the MMC in different control modes. For the NRF-
controlled MMC, the linear time-domain model presented in Chapter 3 is transfor-
med into Laplace domain and combined with the control loops so as to form the
closed-loop equivalent models of the MMC. Initially, it is presented the conversion
of the MMC model into the Laplace domain and the closed-loop equivalent model
for the mitigation loop of the second-harmonic component of the circulating current.
After that, it is presented the ac-side equivalent MMC models for three different con-
trol approaches, current control, single-loop voltage control, and double-loop voltage
control. In the first case, the MMC is considered either a grid-tied or off-grid conver-
ter, whereas in the other two approaches it plays the role of a grid-forming converter.
The resonant controllers were used in all the control loops in order to guarantee null
steady-state error [108| of the controlled variables. It is important to mention that
the major contributions in this segment of the chapter were published in [62]. As
for the SRF-controlled MMC, the linearized equations presented in Chapter 3 are
converted into SRF and then into the Laplace domain. Afterward, the model for
representing the mitigation loop of the circulating current is derived, followed by the
model for the MMC under current control and under single- and double-loop vol-
tage control. The models were validated through simulations using the non-linear,

time-domain model (average-value model) of the Chapter 3.
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4.1 MMC controlled in Natural Reference Frame

This section presents the models for representing the MMC in NRF. It is impor-
tant to notice that, not only the models are derived in NRF, but also the control
loops. Differently from SRF control systems, where the ac signals are turned into
dc quantities, the proportional-integral controllers do not present a good perfor-
mance in face of sinusoidal signals as in the NRF systems. Because of that, it was
used proportional-resonant controllers which guarantee zero steady-state error [109].
The following subsection presents the Laplace-domain representation of the MMC,
wheres the subsequent sections are focused on deriving the models for the different

control modes analyzed.

4.1.1 Laplace-domain representation of the MMC

The linearized model of the MMC, considering the simplification discussed in the
Chapter 3, is given by (3.72)-(3.75). These equations represent the MMC in time

domain and can be transformed into Laplace domain as follows:

- - 9 -
25CL, VAR (s) = 2T%, () — 22V Bl (s), (4.1)
3V;ic()

~kEA _ 250 [k Tk

QSCequc (S) - Ec (S) + ‘[c (8)7 (42)
3Vaco

AZI% (s) = —VZ(s) + 2Vaw EE (5) + 2Vae(s), (4.3)
2(Z +27) I (s) = 2V E¥*(s) — VEA (5) — 4VE(s). (4.4)

Notice that the capital letters stand for the Laplace-domain equivalent of each
time-domain variable and that Z = sL+R and Z; = sL;+ R were used for aesthetic

reasons. Figure 4.1 present the block diagrams which represent these equations.

4.1.2 Circulating current control loop

As previously mentioned, the second-order harmonic component of the circulating

current is generally mitigated through a control action. Basically, some controller is
kx

used to compute the signal e’ which blocks the generation of this component. When
the controller is implemented in natural reference frame, this approach combines a

resonant controller with a feedback loop which can be described by the following
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(b) V2 (s), Ea. (4.2)

Leqg = 2(L + 2Ly) K
1 l L

Leg

\J

Req = 2(R 4 2Ry)
Req

(d) I¥(s), Eq. (4.4)

Figure 4.1: Block diagrams of the linearized model of the MMC.

control law:

EE(s) = Coin(s)15,(s), (4.5)
kers
Ccir(8> = —m7 (4-6)

where Cy;,.(s) is the controller responsible for keeping the arms free from the second
order harmonic component. In this case, k" is the resonant gain, whereas wy is the
fundamental angular frequency. The term (2wy)? = 4w indicates that this controller
resonate at the frequency of the second-order harmonic component. Even though
this is a linear controller, the tilde notation, which indicates a small-signal variable,
is kept for aesthetic reasons. It is important to notice that the forthcoming sections
might present this control loop into their control diagrams, thus, for more insights
on how the mitigation loop is introduced into the MMC control system, please refer
to Figures 4.4, 4.7 and 4.10.

It is important to mention that, as the circulating current presents dc component
and its state equation, (4.3), contains f/dc, the model which represents the circulating
current, in fact, is the model for the dc side of the MMC. The first step to reach
this model is to combine (4.1) and (4.3), which leads to:

5 IS 5 5
(45CeyZ + 1) I% (5) = (SVS + 2SC’€quCO> E¥ (5) + 25C.,Vie(s). (4.7)
c0

After that, substituting (4.5) in (4.7) and making some mathematical manipu-
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lations, it is possible to find:

I%,(s) = Yae(s)Vac(s), (4.8)
where: 050
Yaols) = g . (4.9)
4SCqu -+ 1 — (35560 + 280@(]‘/[160) Ccir(s>

where Yy, is the equivalent admittance of the dc side of the MMC. It is important to
notice that this admittance is affected by the circulating-current controller C;.(s)
and by the values of some passive elements. However, the currents and voltages of
the ac side take no part in this behavior. In fact, once this is a linearized model,
this result is held only for small variations of the variables around their operating
point. Equation (4.8) can be represented by the circuit in Figure 4.2.

If,(s)

—

Figure 4.2: Equivalent circuit of the circulating current.

In order to validate the developed analytical model represented by (4.9), its fre-
quency response was compared with the frequency response obtained from the non-
linear, time-domain model presented in the Chapter 3. It is worthwhile mentioning
that this non-linear model was used, instead of the switching-level model, to reduce
the computational burden and speed up the process of validation. It is also impor-
tant to mention that this approach is widely used in the literature [47, 53, 54, 110]
and is to be used to validate all the transfer functions obtained in this work. For the
sake of practicability, the non-linear model was implemented in PSIM, and its fre-
quency response was obtained by applying a disturbance in the circuit and observing
its effect on the analyzed variable. In the case of the dc-side dynamic admittance, for
instance, a sinusoidal disturbance was applied on the dc voltage and the effect was
observed in the circulating current. For more information about how the frequency
response are extracted from the non-linear, time-domain, model, please refer to the
Appendix C. One last point before presenting the results, for this analysis and the
forthcoming, the control gain k5" was set to 0.1A"'rad/s.

Figure 4.3 presents the bode diagram containing the frequency response for the
analytical model in a blue straight line (Obtained with the use of Matlab [111]),

and for the non-linear model in red circles. It is observed that both responses are
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Figure 4.3: Frequency Response of the dc-side admittance, Y,.: comparison between
the linearized model and the non-linear, time-domain model.

similar, although some small errors can be spotted, specially in the second harmonic
frequency. In fact, the resonant controller compels the dc admittance to present a
very small (tending to —oodB) value at the frequency 2wy, which corresponds to the
mitigation of the respective component of the circulating current. Nonetheless, some
factors such as the digital implementation of the resonant controller and the nume-
rical errors in the simulation influenced the results obtained from the non-linear,
time-domain model. As a matter of fact, the digital implementation of a resonant
controller presents some differences in relation to the continuous-time transfer func-
tion used in the linearized model. As for the numerical errors, they are directly
influenced by the integration time step used in the simulation. In this case, a trade
off between accuracy and computational burden is raised. These factors altogether
collaborated for the theoretical magnitude —180dB of the second-order harmonic
component, indicated by the proposed model, has not been achieved in the simula-

tion of the non-linear system.

4.1.3 Current controlled MMC

In this section the MMC is considered under current control such as represented in
Figure 4.4. The model to be presented can either represent the MMC as grid-tied or
as off-grid converter and because of that the figure presents both possibilities. The
PLL (phase-locked loop) presented in the figure, of course, is only necessary in the

grid-tied mode. As observed in the figure, the control law is given by:

EE(s) = Cils) [1°(s) = 5(s)] (4.10)
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i
ks
$2 4+ wd’

Ci(s) =k, + (4.11)

where Cj(s) is the transfer function of the current control loop and }, and k|, are, res-
pectively, its proportional and resonant gains. Observe that term wj indicates that

the resonant frequency of the controller corresponds to the fundamental component.
k k

-+« 501 E 1%

- ! ;

¥z Z,
(Vi | mmc ] e WGy

Modulatlon
M k

InseI tion
Indices

Figure 4.4: Block diagram of the MMC under current control in natural reference
frame. It is also included the mitigation loop of the second-order harmonic compo-
nent of 7., .

The first step to reach the model for the current controller MMC is to combine
(4.2) and (4.4). This procedure leads to the following result:

2S5

[45C.q (Z +275) + 1] 1¥(s) = ( 45CqVigeo +
3Vaco

) EF*(s) — 85C. VF(s). (4.12)

Substituting £**(s) from (4.10) in (4.12) one can reach the following result:

If(s) = GS(s)IF"(5) = Yae(s)V) (s), (4.13)
where:
e — (45CeqVaco + 52 ) Cils) "
Z 15Ceq (Z +227) + (45CeqVaeo + 32 ) Cils) +1
Vuels) = B0 (4.15)

45Coy (Z +227) + (4soequco + %) Ci(s) + 1

It is important to notice that, the result presented in (4.13) is actually the
Norton-equivalent representation of the MMC under current control loop. In this
case, the equivalent circuit, depicted in Figure 4.5, have a current source C(s) I¥*(s)

and an admittance Y,.(s). It is possible to see that both elements are influenced by
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the current controller, yet the circulating current takes no part in ac-side behavior.
As the circulating current mitigation loops is present, it was decided also to present

it in Figure 4.5 , despite the fact it is not coupled to the ac side of the converter.

%S) dc | ac . I&

ms)C) Yau(s) (Dagl(sﬁgf* Yae(s) T7k(s)

Figure 4.5: Norton-equivalent circuit of the MMC under current control. As the
MMC always has a circulating current mitigation control, it was included in the
figure the circuit developed in Section 4.1.2.

For the validation, it was considered k = 0.0001A™" and k. = 0.01A'rad/s
and repeated the procedure previously mentioned, and explained in Appendix C.
Figure 4.6 presents this comparison and from it one can notice that the results
match almost perfectly, except at the resonant frequency in magnitude chart of
the equivalent admittance (Figure 4.6a). The same reason presented in the last
section, i.e., errors introduced by the discretization of the resonant parcel and by
the simulation, can be credited as the source of this difference. It is important to
notice that Y,. indicates how the bus voltage disturbs the current control and, as
far as it is possible to notice, this influence in the fundamental component tends
to zero or to a negligibly value. It is also spotted other small differences in the
phase chart of Y. in the frequency range that goes from 600H z to 1kH z. As for the

closed-loop gain G¢, it is not noticed any significant difference. Notice that at 60H z
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(a) Norton admittance, Y.
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Figure 4.6: Frequency Response of Y,, and G¢: comparison between the linearized
model and the non-linear, time-domain model

both results indicate 0dB, which means that the current source in the Figure 4.5

produces exactly the current indicated by I**.

4.1.4 Single-loop voltage controlled MMC

This section considers the MMC as a grid-forming converter supplying a generic
load represented by the current source i* in Figure 4.7. In this case, along with the
Ry — Ly circuit, the output net comprises a capacitor bank Cy. As for the control
system, the error between the reference signal v¥* and the measured voltage in the
main-bus v* is amplified by a proportional resonant controller to produce e*. Thus,

the control law can be represented by:
Ey(s) = Cil(s) Vi (s) = Vi(s) | (4.16)

ky slg

Cvsl s :kv,sl+ ’
v () p s2 4+ wd

(4.17)

where C3l(s) is the transfer function of the voltage controller, k2 and k2 are,
respectively, its proportional and resonant gains, and the superscript sl denotes
single-loop. Notice that, as already happened to the current-controlled MMC, the
circulating-current mitigation loop is also included in Figure 4.7 for the sake of
information, yet it does not affect the voltage control.

Considering the result presented in (4.12) and displayed here for practical pur-
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Figure 4.7: Block diagram of the MMC under single-loop voltage control in natural
reference frame. It is also included the mitigation loop of the second-order harmonic
component of ..

poses,

[45C., (Z +27;) + 1] I¥(s) = <4sCqudco + 32‘/&) EM(s) — 85C,,VF(s), (4.18)
dc0

it is possible to obtain the following result when substituting £%*(s) by its definition
in (4.16):

VE(s) = G5l y(s)VIF(s) — Z3L(s)IE(s) (4.19)
where:
(4SCqudCO + 3%200) Ogl(s)
Gylals) = - (4.20)
85Ceq + <4sCqudCo + 3%/53()) Csl(s)
4 7 +27 1
Zie(s) = $Ceq (2 1227) ¥ (4.21)

85C,, + <4SC€quco + ;’V’jgo) Csl(s)

Notice that (4.19) represents a voltage net equation and because of that, it is
possible to draw the equivalent circuit depicted in Figure 4.8a. For the sake of
referencing, it was decided to call this circuit the inner equivalent circuit of the
MMC under voltage control. In this case, Z% is the inner equivalent impedance of
the MMC, whereas G, is the closed-loop transfer function relating the measured
and reference voltages. As the MMC together with the capacitor bank plays the
role of a voltage source, the use of a Thévenin-equivalent circuit is more suitable for
analysis purposes. For this reason, the circuit in in Figure 4.8a was rearranged into
the circuit presented in Figure 4.8b, where Z;! is Thévenin impedance obtained by

combining Z%! and the impedance of the capacitor bank, Zcy, and Gf}ll‘zjk* is the
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(a) Inner equivalent circuit (b) Thévenin-equivalent circuit

Figure 4.8: Equivalent circuits of the MMC under single-loop voltage control. As
the MMC always has a circulating current mitigation control, it was included in the
figure the circuit developed in Section 4.1.2.

open circuit voltage. In this case, it is possible to write:

Vi(s) = Ga(s)Ve™(s) — Zi(s) 1} (s), (4.22)

where: - )
Gyp(s) = EZ?}Zéng§§_1f7[’ (4.23)
Z3(s) Zucl) (4.24)

- sCpZsl(s)+ 1
It is important to notice that with this approach, the equivalent circuit presents
fewer variables in comparison to the circuit in Figure 4.8a and assumes the form of
a standard voltage behind impedance model.
The validation process was carried out considering k:;""’l = 0.0001V~! and k;j’Sl =
0.001V ~'rad/s, and the results are presented in Figure 4.9. It is possible to observe
that, once more, the responses predicted by the linearized model match the responses

of the non-linear system with few exceptions. To be more specific, the differences
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—Linearized Model
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(a) Thévenin impedance, Z3}
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Figure 4.9: Frequency Response of Zg and G5!: comparison between the linearized
model and the non-linear, time-domain model

are observed on the magnitude and phase charts of Zg at 60Hz and in the phase
chart of G§} at 50 and 70H 2.

4.1.5 Doubly-loop Voltage controlled MMC

Still considering the MMC as a grid-forming converter, other control approach is to
include an inner current loop in addition to the outer voltage control, as depicted in
Figure 4.10. In this case, the output of the voltage controller computes the reference
signal i** which is used by the current controller to compute the signal e**. This
approach provides the MMC with the capacity of limiting the produced current in
case of ac faults in the system.

In this case, the reference current for the inner loop is computed as follows:
[F(s) = Cf'(s) [V (s) = Vi (s) | (4.25)

k:]f’dls

$2 4+ wi’

CH(s) = k™ + (4.26)

where C% is the voltage controller, and k:;j’dl and k¥4 are its proportional and re-
sonant gains, respectively. It goes without saying that the resonant part of the
controllers is tuned into the fundamental frequency.

For obtaining an analytical model for the double-loop-controlled grid-forming
MMC, it is possible to make use of the Norton-equivalent result presented in Sec-

tion 4.1.3 for representing the inner current loop. Thus, the outer voltage control
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Figure 4.10: Block diagram of the MMC under double-loop voltage control in natural
reference frame. With the mitigation loop of the second-order harmonic component
of i.;,. Included

loop can be included in the model by substituting (4.25) in (4.13), which leads to:

V() = Gl ()T () — Z2(s) T (s), (1.27)
where:

GAAe) = 5+ Gy (429

Z24(s) = . (4.20)

Yae(s) + Gi(s)Ci(s)

Once more, G, and Z are the closed-loop voltage gain and the inner equiva-
lent impedance of the system, respectively. As in the previous section, the model
described by (4.27) represents the characteristic of the MMC without considering
the capacitor bank in the main bus. In this case, the circuit realization of (4.27) is
equal to that presented in the previous sections, though it is once more presented
in Figure 4.11 for the sake of practicality. Following the same methodology used in

last section, it is possible to reach the Thévenin-equivalent analytical model given

by:

V)= G(s)V,™ (s) = Ziy(s) L, (s), (4.30)

where: G (s)
Gi(s) = W7 (4.31)
Ly, = Zucl) (4.32)

sCpZd(s)+ 1
Finally, the circuit realization of (4.30) is presented in Figure 4.11b.

The results used for validating the proposed model are presented in Figure 4.12.
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Figure 4.11: Equivalent circuits of the MMC under double-loop voltage control.
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Figure 4.12: Frequency Response of Z% and G%: comparison between the linearized
model and the non-linear, time-domain model

Considering the frequency response for Zd! it is noticeable that the proposed model
results matches perfectly the results obtained by the non-linear time-domain model,

except for a small difference at 7T0H z on the phase chart. A similar characteristic
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is observed for G% | yet, in this case, the major difference occurs in the magnitude
chart at 60Hz where the non-linear model indicates 0dB, whereas the proposed
model points to —3.5dB. To finish this section, it is important to highlight that
the Thévenin model presented in (4.30) is the major contribution of this thesis and
published in the reference [62].

4.2 MMC controlled in Synchronous Reference

Frame

This section presents the models for representing the MMC in SRF. It is important
to notice that, not only the models are derived in SRF, but also the control loops are
implemented in SRF. Because of that, it was used proportional-integral controllers
to guarantee zero steady-state error. The following subsection presents the Laplace-
domain representation of the MMC in SRF, wheres the subsequent sections are

focused on deriving the models for the different control modes analyzed.

4.2.1 Laplace-domain representation of the MMC in SRF

Before obtaining the MMC equations in SRF, it is necessary to introduce the ap-
proach followed in the forthcoming sections. As in the previous chapter, the MMC
is due to produce either current or voltage at the fundamental frequency. For this
reason, the Park transformation to be presented uses a reference synchronously alig-
ned with the fundamental component. However, the component of the circuiting
current to be mitigated corresponds to the second-order harmonic and because of
that it is necessary to use a referential synchronously aligned to this component in
this control loop. For this reason, the MMC state equations used in the voltage/-
current control loop are to be transformed into SRF, whereas the equations used in
the circulating current loop are to be transformed into doubly-SRF (D-SRF). More
details on the mathematical implications of the reference-frame transformation used
in this section are presented in Appendix A. To facilitate the understanding of this

section, the state equations in (3.72)-(3.75) are rewritten here:

d"abcE _ 25, _
20, V;; — ojabe _ 3Vd00 gabes (4.33)
dv abcA 28 B _
2oy = ~ g8 T, (4.34)
d’igzb'rc sabc ~abcy ~abcxk ~abc
4L dt = _4Rlcir — Vgt 2Vd00ecir + 2Vdc ) (435>
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d7abc
= 2Bl — VS 4 —2 (R4 2RPEF. (436)

Notice that it is introduced a new notation in (4.33)-(4.36). In this case, the bold

letters represent either vectors or matrices, and vector notations such as

2(L+2Ly)

Xabc — [Ia, l’b, xc}z’ (437)
x40 — [xd, x4, :L‘O] ,

respectively representing natural- and synchronous-reference frame quantities, shall
be used hereafter in order to reduce the size of equations and allow the use of matrix
algebra.

Through this chapter, the frame transformations are represented in the figu-
res by the blocks marked with Ty, and qulo, representing, respectively, the Park

transformation and its inverse. Thus:

2
Tago = 3 | sin(6) sin (0—%) sin(0+%) | (4.38)
1 1 1
2 2 2
cos (6) sin(f) 1
T 0 = cos (0 — %) sin(0— %) 11, (4.39)

cos (6 + %’T) sin (0 + %’T) 1

where 6 is basically the angle related to the fundamental component of v¢. In a
grid connected converter, this angle is obtained by the PLL. On the other hand,
when it comes to a grid-forming converter this angle can be computed as 6 = wqt.
Of course, in the case of D-SRF, 6 = —2wqt, so that the second-order harmonic
component in the current produced by the negative-sequence can be transformed
into dc quantities.

According to the premises established in the first paragraph, (4.34) and (4.36)
should be transformed in SRF, and (4.33) and (4.35) into D-SRF. The results,

already transformed into Laplace domain are presented here:

25

20, (290 + sT) V0¥ — of2de0 _ 20 p2dadx (4.40)
3Vieo
- 25,
2C,, (Q 4 sI) VIO2 — 20 fyda0x 4 TdaO, (4.41)
3Vch
AL (29 4 sT) IO = 4RI — V2002 4 9y, (E2040* 4 9200 (4.42)
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2(L + 2Ly) (Q 4 sT) T = 2V, (B> — V9902 _ 4yd®0 _ 9 (R 4+ 2R;) 19, (4.43)

In this case, I is a 3 x 3 identity matrix and €2 is the matrix that indicates the

coupling between the axes. It is given by:

0 —Wo 0
Q=|w 0 0]. (4.44)
0 0 0

For the sake of simplifying equations, from this point on, the matrices €2 + sI and
2Q + sI are to be dubbed SRF complex frequency sq, and D-SRF complex frequency

S2dq- Also, for aesthetic reasons the voltage of the dc-bus is represented using ma-

trix notation by Ve =

. . T
[Vgc, Ve, Vdc] in natural reference frame, which leads to

- - AT
V0 =y — [0, 0, Vdc] in SRF and D-SRF. Finally, Figure 4.13 presents the
block-diagram realization of SRF /D-SRF model of the MMC. The diagrams for the

zero-sequence component were omitted to save space, once they are equal to those

v
Va

e ] 17
—»C“ ""/q C (L+21Lf)s 3
[
~ 2
A
72dq0 J
(c) I} (d) 1440

Figure 4.13: Block diagrams in dq coordinates of the linearized model of the MMC
in SRF.
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presented in Figure 4.1.
Before continuing to the following sections, it is necessary do discuss some im-
portant points on the matrices that represent equivalent admittances, impedances

and closed-loop gains alike!. In general, they might present the following pattern:

Mag Mgy 0O
M= | My M, 0 |, (4.45)
0 0 M,

where M can be either one of the equivalent admittances/impedances/closed-loop
gains of the system. Besides that, the terms My, and M, are the d- and g-axis
self-related terms and Mgy, and Myq are the cross-coupling terms between the axes.
In addition, M, is related to the zero sequence of the system.

As the symmetry?is held for this system, it is known that My = M, and
Mgy, = —M,q [112]. Consequently, the terms self-related, cross-coupling and zero-

sequence might be used to refer to My, and M,,, Mg, and M4, and M, respectively.

4.2.2 Circulating current control loop

As it was previously explained, the circulating-current control loop intends to sup-
press the second harmonic content of i.;. making use of PI controllers. In this case,
the circulating currents are firstly transformed into D-SRF so that the 2wy compo-
nents become de quantities and then used to compute the control signals E>%*, Tt
is important to highlight that the angle 6 of the transformation must be aligned
with the angle of the negative-sequence-generated second-order harmonic compo-
nent, i.e., § = —2wy, otherwise the 120Hz-component would not be transformed into
dc quantities. Consequently, the control law can be given by:

EZ" (s) = —Co ()L (s). (4.46)
where C2' is the transfer matrix of the controller which is responsible by this
task. In order to compute the insertion indices used to modulate the MMC, the
vector Egiqo* might be transformed back into NRF. Although it is not presented
any diagram at this time, the diagrams of the forthcoming sections (Figures 4.16,
4.20 and 4.24) include the control loop given by (4.46).

'As in the Chapter 4.1, the equivalent admitances, impedances and closed-loop gains of the
MMC are to be presented. In this case, they correspond to the matrices Y240, Ggglo ,Gj?gh, nggh,
and Y;gqo.

°In this case, symmetry means that for each complex pole in the system there is another
conjugated to it so that the transfer functions present no complex coefficients. This characteristic
also holds for the zeros of the transfer functions.
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When it comes to the transfer matrix C2°) it is possible to represented it as

cr

follows:
Ceir(s) 0 0
Chl(s)=1| 0 Culs) 0], (4.47)
0 0 0
Ceir(s) = k)" + il (4.48)
S

where C,;,. represents the transfer function of the PI controller used in the loop, and
ki and k{" its proportional and integral gains.

Combining the results presented in (4.40) and (4.42) and substituting thereafter
the control law in (4.46) it is possible to find the analytical model which represents
the circulating current dynamics in D-SRF:

L (s) = Y (s) Vi (s). (4.49)

As previously mentioned, the circulating current is due to the oscillating com-
ponents in the dc voltages, i.e. Vfgqo. Consequently, YZ?qO is the dc-side equivalent
admittance of the MMC. This result can be represented by the equivalent circuit in

Figure 4.14 and the admittance can be given by:

Y?lzqo(s) = 206(111;'%(3)52(1(17 (4.50)
where
_ 2 SO 2dq0
Lo (s) =1+ 4LCeq32dq +4RCeys24q + 5 I+ 2V500CeqS24q | Coir (s), (4.51)
dc0

is a dimensionless factor, and
Sodq = 282 + s1 (4.52)

is a matrix defined as the D-SRF complex frequency.

i?qu

cir

+ \~x72dq0* 2dq0
C_) Vdc ch

Figure 4.14: Equivalent circuit of the circulating current in D-SRF.

The de-side admittance, as represented in (4.49), links the small-signal distur-

bances in the voltage of the dc bus to the circulating currents i.;,.. It stood out
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from this definition that the self-related and cross-axis terms of Yfquo are negligible
once the three legs of the converter are connected to the same dc bus. Because of
that, the model validation was carried out considering only the zero-sequence term
of Yﬁg’qo and the outcomes are presented in Figure 4.15. In this case, proportional
and integral gains, k:;c“" and k" were set for 0.01A~! and 0.1A7!, respectively. Ac-
cording to the results, the characteristic predicted by the proposed model matched
the characteristic obtained from the non-linear, time-domain model with a single
exception in 60Hz. In this case, the non-linearities of the MMC were responsible

for a difference of roughly 20dB in the magnitude chart.

0 —Linearized Model

o Non-Linear Model

Phase - deg Magnitude - dB

10° 10 10 10°
Frequency - Hz

Figure 4.15: Frequency Response of the dc-side admittance, YZ?QO: comparison
between the linearized model and the non-linear, time-domain model.

It is important to understand that the zero-sequence term of Yflfqo conveys the
relationship between the oscillating components of v4. and the zero-sequence compo-
nent of i.;-. In this regard, despite the fact the circulating current controller G ;. (s)
plays an important role in the dc-side admittance, the zero-sequence term of Yigqo
has nothing to do with the current which is mitigated employing the circulating-
current control loop. As a matter of fact, the second-harmonic components mitigated

by the circulating-current control loop have a negative sequence.

4.2.3 Current controlled MMC

Figure 4.16 presents the MMC under current control. In this case, the converter can
be either attached to the grid, in which case it would be necessary a PLL circuit, or
driving a generic load such as in a motor-drive application. The current control, as
already explained, is implemented in SRF and because of that it is noticed blocks

Ty, and T;qlo in the figure. According to the figure, the error between output
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current, igqo, and its reference, ’I'quo*’ is amplified by the controller quo to produce

the reference vector E40* i.e.:

B0 = G (s) [T () — 12(s) | + DFTA(s). (4.53)

@...\ | E¥ vF
MMC A d” V)
-i

Egs
(3) and (4)

Figure 4.16: Block diagram of the MMC under current control in SRF. It is also
included the mitigation loop of the second-order harmonic component of ;.

Two point must be minded regarding (4.53). Firstly, igqo is a 3 x 3 transfer matrix
which components G;(s) represent the transfer function of PI controllers used for
direct- and quadrature-axis control. Following the pattern used so far, k; and k} are
the proportional and integral gains of G;(s). Secondly, the term D?q corresponds
to the factor used to decouple the direct and quadrature axis. These points can be

mathematically expressed by:

CiGs)=1| 0 Cis) 0|, (4.54)
0 0 0
Ci(s) = ki, + ; (4.55)
L+2L
D% = j‘;do Xe) (4.56)

Combining (4.41) and (4.43), and then substituting (4.53) into the result, it is
possible to reach the model for the current loop of the MMC:

L10(s) = Gi ()L (s) — Yol (s) V™ (s). (4.57)

icl
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As the result presented in Chapter 4.1, (4.57) corresponds to the node equation
of the Norton-equivalent circuit drawn in Figure 4.17. As the MMC always has
a circulating current mitigation control, it was included in the figure the circuit
developed in Section 4.2.2. Regarding chqlo and Y0 they are matrices representing

the closed-loop current gain and output admittance of the converter and are given

by:

Y(s) = 8C.,T;*(5)Suq, (4.58)
25
GZ?IO(S) = Fz_l(s) (406q%605dq + 3V0 I) ngo(s), (459)
dc0

where T';, expressed in (4.61), is a dimensionless term used to make the result more

readable, and s4, is a matrix defined as the SRF complex frequency and given by:

Sag = 2 + sl (4.60)
25 25
T(s) = I+ ( 4C.VieoSag + o1 | CH0(8)+4C,g (Z 4 2Z5) S4g— ——-D%. (4.61)
3‘/2100 3‘/dc()
72dq0 1da0
Icii, de 1 ac . ICH

0

=2dq0 2dq0 | dg03dq0+ da0 -
Vdc <> ch X <¢>G7Cl I( Yag quO

Figure 4.17: Norton-equivalent circuit of the MMC under current control in SRF.

Figures 4.18 and 4.19 present the results obtained following the validation stra-

tegy already explained. It is worthwhile noticing that, once the decoupling loop is
dq0
ic
their counterparts and because of that are not shown here. Moreover, the zero-

dq0
icl

employed, the cross-axis terms of Y%° and G¢?" are overwhelmingly smaller than

sequence term of G;J" is not shown either once the zero in the position (3,3) of

(4.54) makes it null. Still considering the zero-sequence terms, it was decided to
dq0

ac ?

present the validation results for Y% yet it is necessary to bear in mind that this
term only exists if the middle point of the dc bus is in the same potential of the ac-
side ground. Finally, for the tests presented here, it was considered k:; = 0.001A471
and k! = 0.14A  rad/s.

Concerning the ac admittance Y%° both the self-related and zero-sequence
terms, presented in Figures 4.18a and 4.18b respectively, matched the correct beha-
vior pointed by the non-linear time-domain model of the system with a single small

exception at 60H z. Bear in mind that in SRF, 60H z corresponds to either dc or
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(a) Self-related term

0Or —Linearized Model
o Non-Linear Model
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(b) Zero-sequence term

Figure 4.18: Frequency Response of Y%°: comparison between the linearized model
and the non-linear, time-domain model.

120H z in NRF, consequently, this difference might not raise concerns once there are
no typical components at this frequency on the ac main bus. Apart from that, it
is important to notice that as the frequency tends to zero, the magnitudes of the
admittances tend to —oodB. This effect is created by the current controller which,

in turn, compels the converter to act as a current source at fundamental frequency?.

As for the self-related term of the closed-loop gain chqlo, the proposed model showed
high accuracy except at the frequencies of 60 and 120H z. It is also worthwhile no-
ticing that the magnitude presents 0dB when the frequency tends to zero, which is
also under the natural characteristic of the current control: the current source of

the Figure 4.17 might produce exactly the current indicated by the reference.

3In SRF, the dc component corresponds to the positive-sequence component of the fundamental
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9l e Non-Linear Model
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Figure 4.19: Frequency Response of the self-related term of G?floz comparison

between the linearized model and the non-linear, time-domain model. The cross-axis
and zero-sequence term are negligible and because of that not presented.

4.2.4 Single-loop voltage controlled MMC

Figure 4.20 presents the schematic of the grid-forming MMC under single-loop vol-
tage control from which it is possible to write the following control law in SRF:
B2 (5) = Cl(s) |V (s) = Vi (s)| (4.62)
In this case, qusol is the matrix containing the control transfer functions and V% is
the reference vector for the produced voltage. As in the previous section, the voltage

control is based in PI controllers with proportional and integral gains represented

by k:;’Sl and k; ’Sl, respectively. Following this convention, it is possible to write:

Cv,sl(s) 0 0
Cly(s)=1] 0  Cuuls) 0], (4.63)
0 0 0
v,sl k:’Sl
Cot(s) = k! + =—. (4.64)

To reduce the produced equations, a series of definitions are to be made in this

section. The first consists on defining the SFR impedances Zg4, and Z 4, given by:
Zg4(s) = Lsqy + RI, (4.65)

Zqu<8) = Ldeq + RfI (466)

frequency in NRF.
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Egs
(3) and (4)

Voltage Loop

Figure 4.20: Block diagram of the MMC under single-loop voltage control in SRF.
It is also included the mitigation loop of the second-order harmonic component of

Leir-

Using the presented definition, it is possible to find the following result after
multiplying (4.43) by 2C.;Saq:

AC oS g (Zag + 22 14g) T = 4V300Cy83, B — 20,54, VIO —8C.084, VIO, (4.67)

which is the base equation for the equivalent model developed in this section.
For the next step it is necessary to notice that the term QC’eqsquZEOA in (4.67)

corresponds to the left side of (4.41). Consequently, combining these equations

produces:
sl Tdq0 250\ Fdqox \/dq0
I‘v’m(s)Icq (s) = | 4VaeoCeySaq + 3 EC™(s) — 8Ces84q VT (), (4.68)
dcO
lem(s) = [4Ceqsdq (qu + 2Zqu) + I} ) (4'69)
where I8, is a dimensionless factor defined, once more, to reduce the size of the
equations.

In this point, substituting the control law given by (4.62) into (4.68) leads to
the equivalent model which does not take into account the capacitor bank Cf, i.e.,
the equation which relates the vectors V%0 V%0 and 1940 This result, after some

algebraic manipulations, is expressed as follows:

Vi(s) = G () V™ (s) — Zih ()T ()10 (s), (4.70)
sl 250 dq0 -
Zm(s) = 4VdcoCeqsdq + Vdo CMSZ(S) + SCequq , (4.71)
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dg0  rdgox (F dq0 V40
Gv,sl,clvoq - Zcf 0
o

(a) Inner equivalent circuit

de ' ac

slth Tdq0
quO IO

2dqos l + dq0 ~X7dqg0« 7 dq0
N () y 2040 : (_)Gsl,thvoq \&

(b) Thévenin-equivalent circuit

Figure 4.21: Equivalent circuits of the MMC under single-loop voltage control in
SRF.

25,
Gg?fl,cl(s) = le7l1(s) (4VdCOCequq + 3‘/—0) Cg?SOl(SL (472)
dc0

where Z T3l represents the inner impedance of the system and G4, " . 1s the closed-
loop voltage gain as depicted in Figure 4.21a.

For obtaining the Thévenin-equivalent model depicted in Figure 4.21b, it is ne-
cessary to get rid of the produced current igqo and manipulate the equation so as
the main-bus voltage is a function of the current igfqo drawn by the load. This can

be accomplished by substituting the following node equation into (4.70):
L0(s) = 10(s) + T3 (s) = T3°(s) + Cpsa, V(). (4.73)

Finally, the Thévenin-equivalent model is given by:

ngo(s) = nggh(s){/gqm( ) — Zgl;](t)h( )igqo(s) (4.74)

G (s) = [ChZh (T3 (5)5ag + 1] G i (s) (4.75)
S S -1 S S

Zglq?h( ) [szzl( )Fvlzn( )qu+I] Zzl( )Fvlzn< ) (476>

where Gslqth in the Thévenin-equivalent closed-loop matrix gain and Zsl o 1s the
Thévenin-equivalent impedance matrix.

The results obtained from the validation process are presented in Figures 4.22
and 4.23. In this context, it was considered k2*' = 0.000001V ' and k! =
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dq0

Figure 4.22: Frequency Response of Z . comparison between the linearized model
and the non-linear, time-domain model.
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0.0001V ~1rad/s. Differently from the previous section, it is presented the frequency
response for the self-related and cross-axis terms of both Z‘Siz(t)h and Gifgh. In this
case, it was not possible to neglect the cross-axis terms once the capacitor bank
C'y and the impedances Zg4, and Zg4, couple the direct and quadrature axis of the
system. Besides that, it is also provided the results for the zero-sequence term of
Zfz?h. Bear in mind, though, that the presence of zero sequence components in the
system is conditioned to a connection between the middle point of the dc bus and

the ac-side ground.

| |—Linearized Model
o Non-Linear Model

Phase - deg Magnitude - dB

-180 - R —————— — e
10° 10! 102 103

Frequency - Hz
(a) Self-related term

'|—Linearized Model

|| o Non-Linear Model

Phase - deg Magnitude - dB
©
o

-180

10!

I I I I R S T N
10 10°
Frequency - Hz

—
(e}
(e}

(b) Cross-axis term
Figure 4.23: Frequency Response of Gflq?h: comparison between the linearized model
and the non-linear, time-domain model. The zero-sequence term is negligible, then
it is not presented.

It stood out in Figures 4.22a, 4.22b, 4.23a and 4.23b a significant disparity
between the results in the frequency range that goes from 50 to 70Hz. The data
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obtained from the non-linear time-domain model, in this case, indicate smoother
responses than the responses obtained with the proposed analytical model. As far
as it is possible to understand this issue, it is possible to conclude it is due to appro-
ximations and numerical errors in the process of computing the matrices Zi{{i’h and
Gizgh. Despite the fact the model presented in (4.74)-(4.76) is simple and compact,
the matrix inversions and multiplications presented in it lead to hundred-degree
polynomes. Of course, the inversion of such matrices presents some small numeri-
cal errors which in case of the presence of these huge polynomes affect severely the
characteristic described by the model. As this is recurrent issue on the forthcoming
models, it is deeply addressed in Section 4.2.6.

Aside from the previously mentioned discrepancies, it is also observed differences
between the model at 120Hz. In this case, though, it probably comes from non-

linear characteristics that are not covered by the analytical model.

4.2.5 Double-loop Voltage controlled MMC

The idea of double-loop voltage control presented here is similar as that presented
in Chapter 4.1, i.e, an outer voltage control loop computing the reference for an
inner current control loop, as depicted in Figure 4.24. Consequently, the approach
of using the current-controlled-MMC model as a starting point is also suitable here.

In this regard, the control law for the outer loop is given by:

[0 (s) = CI(s) [ Vi () = Vi(s)| (477)

= E¥ vy

Vc S M| Igbc

7d ‘| P Zf
y MMC : L
0O+ |
Egs
(3) and (4)

Current Loop

Figure 4.24: Block diagram of the MMC under double-loop voltage control in SRF.
It is also included the mitigation loop of the second-order harmonic component
of ici?“
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Cy(s) 0 0

Cl0(s5) = 0 Cus) 0], (4.78)
0 0
k:’dl

Cv,sl(5> —_ kv,dl +

p

(4.79)

s
Substituting (4.77) in (4.57) and making some arrangements it is possible to find
the following result:
Vii(s) = Zi ()G ()OI (s) Vi (s) — Zi () T(s),
where ngo is the inner impedance (without count the capacitor bank) and it is
given by:
-1
Zi(s) = |G (5) O (s) + Y (s)| (4.80)

icl

In this point, it is possible to use the node equation described by (4.73) to find

the Thévenin-equivalent model as follows:

V= Gl o — 2, T (s1)
where the Thévenin-equivalent closed-loop gain ng{‘;h and the Thévenin-equivalent

. da0 .
impedance Zj/,, are given by:

Gilon(s) = [T+ CrZi(s)sag] " Zih ()G (5)CI" s), (4.82)

icl
-1
Zaton = 1+ CrZ{(s)saq)— Zin(s). (4.83)

Once more, the equivalent circuit is presented in Figure 4.25.

The validation process was carried out considering k; =0.001A7", k! = 01471,
kodh = 0.01471, k" = 1A~ and the results are summarized in Figures 4.26 and
4.27. When it comes to the terms of the Thévevin impedance matrix Zjﬁ?h, the

only significant difference between the responses for the proposed model and the

de 1 ac

iquO

cir

aih 7dg0
qu() IO

= 2dq0x( " | + dq0 ~rda0x 7 dq0
Vi *( y 2040 ; (_ Gt in Vo' \&

[ 1
L

Figure 4.25: Equivalent circuits of the MMC under double-loop voltage control in
SRF.
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Figure 4.26: Frequency Response of ng(gh: comparison between the linearized model
and the non-linear, time-domain model.
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Figure 4.27: Frequency Response of Ggﬁ?h: comparison between the linearized model
and the non-linear, time-domain model. The zero-sequence term is negligible, then
it is not presented.

non-linear time-domain is observed at the frequency of 120H z, on the self-related
and cross-axis terms, and at 60Hz on the zero-sequence term. Omnce more, this
difference must be the effect of the linearization cutting off some non-linear cha-
racteristics of the system. As for the terms of Ggfgh, it is noticeable a significant
disparity at the frequency of 10H z in the cross-axis term, besides the presence of
sharp patterns around the frequency of 60H z not indicated by the results of the non-
linear time-domain model. These patterns were probably generated by the numeric
issues on inverting matrices with hundred-order polynomes, as previously reported
in Section 4.2.4.
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4.2.6 Issues sparkled by the use of matrix notation in the
SRF models

This Section shows a glimpse of the computational issues created by the matrix
approach used in the modeling of SRF-controlled MMCs. Besides that, it is also
intended here to present some strategies to allow the computation of the proposed
models with minimal or even zero computational errors. For this analysis, it is con-
sidered the s-domain control functions of Matlab, yet the idea can be extrapolated
to Octave [113]| (and, with some adjustments, extrapolated to python [114]). The
codes analyzed in this section, together with the not so much organized codes used
in the rest of the thesis, can be found in the GitHub repository indicated in [115].
To start, consider the model for the current-controlled MMC rewritten here for

facilitating the reading:

Yi2(s) = 8Ce L'y (5)sq: (4.84)
G(s) =T7'(s) ( 4CeqViacosag + 25 1 Cl?(s), (4.85)
. 3‘/(160
25, 25,
T(s) = I+ ( 4C.VieoSag + —orT | CH0(8)+4C,g (Z 4 27Z5) S4g— D% (4.86)
3‘/11(:0 3V

Considering the settings used throughout this chapter (including numeric values

of passive elements and control gains), the transfer matrix I'; can be written as:

Tag Tgg O
Ti(s) = | Ty T4y O (4.87)
0 0 T

where,

0.1062 s® + 275.4 s? + 28444. 05+444440

Fdd(S) = qu(S) = 10005 (488)
40.04 s + 1.038 x 10° s + 1.018 x 107
qu(S) = —qu(8> = — 10005 R (489)
r 1062 4s+1 4.
o(s) = 000 (0.1062 s* 4 5.4 5 + 1000.0) . (4.90)

In this case, it is possible to state that the self-related terms of I'; have order
three, wheres the mutual and zero-sequence terms have order equal to two. It is

necessary to compute I';” ! 50 as to determine the admittance and gain presented
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in (4.84) and (4.85). In this case, I';

~! also presents a matrix form as follows:

Fim},dd Finudq 0
Fi_1<s) = Finv,qd Finv,qq 0 ) (491>
0 0 Fz’m},O

where

Finv,dd<3) = Finv,qq(s) =

9416.0 s* +2.442 x 107 % + 2.522 x 10° §2
+3.941 x 10°s — 0.6177

4.92
s% 4+ 5186.0 8% + 7.403 x 106 s* +2.127 x 107 53 , (492)
+1.101 x 10" 2 +1.875 x 10 s + 9.186 x 10%°
Finv,dq<3) = _Finv,qd(s) =
3.55 x 10° s + 9.2 x 107 52
+ 49.025 x 10" s — 0.1199 (4.93)
s% + 5186.0 8% + 7.403 x 106 s* +2.127 x 107 53 o
+1.101 x 102 2 +1.875 x 10 s +9.186 x 10
9416.0
Linvo(s) = (4.94)

s%2 4+ 50.85s + 9416.0

Notice that the operation of inversion by itself produced sixth-order polynomi-
als as transfer functions. As the matrix operations are computed, the order of the
polynomials grows up and the implementation does play an important hole in this
process. Just to have a glimpse into the subject, observe in the following code in

which the Norton-equivalent admittance was computed using two different approa-

ches:
1 7% First approach
2 Y_norton = 8+*Ceq.*inv(Gamma_i)*sdq;
3
4 7 Second approach
5 Y_norton_2 = 8*Ceq.*(Gamma_i\sdq) ;

In this case, sdq corresponds to the transfer matrix sy, and Gamma_i to (4.86). Ob-
serve that in line 2, Gamma_i is inverted using the Matlab function inv, whereas in
line 5, the backslash is used. In general, inv(Gamma_i)*sdq = Gamma_i\sdq, yet the

second approach presents better numerical accuracy for solving linear systems [116].
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The Norton-equivalent admittance is given by:

Yvdd Yvdq 0

Yol(s)(s) = | Yoa Yoo O |, (4.95)
0 0 Y
Y num

Yaa(s) = Yaq(s) = d;d , (4.96)
Yd,num

Yoa(s) = —Ya(s) = Cg/d— (4.97)

Using the first approach (line 2 of the piece of code presented), it is found poly-

nomials with orders up to twelfth, given by:

Yadnum1 = 33.9 s +2.637 x 10° s'° 4 7.208 x 10% s”
+8.074 x 10M s +3.932 x 10" 57 4+ 2.315 x 10'7 &5
+6.774 x 10" s° + 1.978 x 10%* s* 4 3.82 x 10** 53
+3.445 x 10% 8% +1.125 x 10** s — 1.495 x 10", (4.98)

Ydnuma = —2.728 x 1071 5'% +21044.0 s°
+2.829 x 10% % + 1.063 x 102 5" + 1.359 x 10'° °
+4.324 x 107 5% +2.066 x 10%° s* + 3.867 x 10 s*

+2.6 x 10" 8% +4.913 x 10% 5 — 1.656 x 10™, (4.99)

Yien1 = 8" +10388.0 s' +4.17 x 107 5™ + 8.104 x 10" s?
4 7.906 x 1013 5% 4+ 4.328 x 100 57 + 2.278 x 10'? 5
+ 7.553 x 10*' s° + 2.145 x 10** s* + 4.518 x 10%° s*
+5.538 x 10% 5% + 3.445 x 10*° s + 8.439 x 10*'. (4.100)

On the other hand, considering the second approach (line 5 of the piece of code

presented), the results presented orders no greater than six, as follows:
Yidnum2 = 33.95° + 8.791 x 10%s* 4+ 1.39 x 1075

+1.25 x 10'%s% 4 1.225 x 10"%s 4 0.001193, (4.101)

Y.

q

dnume2 = 2.104 x 10%s® + 1.738 x 10%s* + 5.348 x 10°s + 4.507, (4.102)
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Yieno = 8° 4+ 51865” 4 7.403 x 10%s* + 2.127 x 107s®
4+ 1.101 x 10™s? + 1.875 x 105 +9.186 x 10" (4.103)

Despite the fact the results appear to be quite different, their frequency responses
present no difference whatsoever in the frequency range considered in this work
(from 1Hz to 1kHz), and even in broader frequency ranges. It was chosen not to
plot these results here to save space. Still in this Section, some comparisons between
frequency responses obtained from different code implementation are to be shown.
Tables 4.1 and 4.2 present, respectively, the poles of the admittance and the zeros
of its self-related term for each one of the code implementation approaches. Notice
that, the model computed with the first approach presents two pairs of poles in
the neighborhoods of —0.10238 £ j0.00099 k rad/s, while the other one presents a
single pair of poles. Besides that, the first-approach model presents a pair of zeros
exactly in this neighborhood, yet the other model does not. This pair of zeros must
have been crossed off with one of the mentioned pairs of poles, nonetheless, due to
numerical errors, this did not happen. To be more precise, the mentioned numerical
errors caused differences between these poles and zeros in the fifth/sixth decimal
digits (which corresponds to errors lower than +0.01 rad/s), paving the way for

polynomials with order greater than the necessary to represent the system.

Table 4.1: Poles from the Norton-equivalent admittance with different code imple-
mentations

First Approach (k rad/s) Second Approach (k rad/s)

—2.485617549224798 4+ 0.0007671911972387 —2.485617601764149 + 0.0005823193035085
—2.485617549224798 — 0.0007671911972387 —2.485617601764149 — 0.0005823193035085
—2.485617654303014 + 0.0002993479759607 —0.005220670583661 + 0.3765771770241337
—2.485617654303014 — 0.00029934797596057 —0.005220670583661 — 0.3765771770241335
—0.005220667604554 4+ 0.3765771861761717 —0.102382066635165 + 0.000996260709563
—0.005220667604554 — 0.37657718617617157 —0.102382066635165 — 0.000996260709563 7
—0.005220673560191 + 0.3765771678723225 -
—0.005220673560191 — 0.3765771678723225 -
—0.102382286917142 + 0.000996263460398 -
—0.102382286917142 — 0.0009962634603987 -
—0.102381846356404 + 0.0009962580067417 -
—0.102381846356404 — 0.0009962580067417 -

The issue related to the process of matrix inversion is not the only challenge when
computing the models for the SRF-controlled MMC. Consider now the model for
the single-loop, voltage-controlled MMC, rewritten here with some extra indication

(some intermediary variables that are used in the code) to facilitate understanding
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the next piece of code:

T0(8) = [ACegSaq (Zag + 2Zgag) + 1), (4.104)
Yin —1

sl 2SO dq0 )

Zm(s) = 4VchC’eqsdq + — Cv sl(S) +SCequq , (4105)
3Vch ’
F:nrm
dq0 _ rpsl 25 dq0

Gv sl cl(s) - Zm(8> 4‘/tllcOC’equq + CU sl(s>7 (4106)

o 3‘/dco ’

F;ﬁd

-1

G () = | ChZ ()T ()5 + 1| G (s) (4.107)
F;rut
-1
Zfin(s) = | CrZi ()T (s)sag + 1| Zih(s)T5(5) (4.108)

-~

Cout

It follows the entire Matlab function coded to compute the parameters of the
single-loop, voltage-controlled MMC. The name of each variable in the algorithm
matches the symbols previously established in this thesis, consequently, they might
not be explained one by one here. The important points to notice are that the
function receives as input a structure with the MMC data and produces as output
another structure with all the computed matrix (in these cases, transfer matrices).
Besides that, to evaluate the impact of the coding implementation, some of the

matrices were computed several times following different approaches. For instance,

Table 4.2: Zeros from the self-related term of the Norton-equivalent admittance with
different code implementations

First Approach (k rad/s) Second Approach (k rad/s)

—2.485617574288163 + 0.0005823192821107 —2.485617271621857 + 0.0000000000000005
—2.485617574288163 — 0.00058231928211057  —0.002604064103253 + 0.3767766625885925
—2.485617326573334 + 0.0000000000000007  —0.002604064103253 — 0.376776662588592
—0.002604064103246 + 0.3767766625885997  —0.102394939154689 + 0.0000000000000005
—0.002604064103246 — 0.3767766625885995  —0.000000000000000 + 0.0000000000000007
—0.005220670582379 + 0.3765771770242407 -
—0.005220670582379 — 0.3765771770242407 -
—0.102394939154283 + 0.000000000000000; -
—0.102382066636976 + 0.00099626070920875 -
—0.102382066636976 — 0.0009962607092087 -
-+0.000000000000000 + 0.0000000000000007 -
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in lines 33-35 of the following code, I',,; was computed in three different ways. In

this case, the greater the index, the more accurate is the result, i.e., Gamma_out_3

has more accuracy than Gamma_out_2 and so on.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

function Model = MODEL_SRF_VC_SL(MMC,Cv_sl)

% Model for the Single-loop, Voltage-Controlled MMC

% MMC -> Structure with the MMC’s parameters

% Cv_sl -> s-domain transfer function (voltage controller)

% Definitions

I = eye(3);
s = tf(s?);

Ceq = MMC.C/MMC.N;

% Identity matrix
% Complex frequency

% Equivalent capacitance

W= [0 -MMC.wO O;MMC.wO O 0;0 0 0]; % Coupling Matrix

sdg = W + s.*I; % Matrix frequency

Zdq

MMC.R*I + MMC.Lx*sdq; % Inner Impedance

Zfdq = MMC.Rf*I + MMC.Lf*sdq; % Outer Impedance

Cv_dq = [Cv_sl 0 0;0 Cv_sl 0;0 O 0];% Controller

% Some ajustments to fit in the screem

VdcO = MMC.VdcO; % Rated dc voltage
SN = MMC.SN; % Rated dc power
Cf = MMC.Cf; % Capacitor banck
% Model:

% It is computed in different ways to show the numeric

% effects of different implementations

Gamma_in = 4*Ceq*sdq*(Zdq+2*Zfdq) + I;

Gamma_mid = (4*VdcO*Ceq*sdq + I*2*SN/(3*Vdc0))*Cv_dq;

Y_in

Z_in

Gamma_out =
Gamma_out_2

Gamma_out_3

Gamma_mid + 8+*Ceqg*sdq;

inv(Y_in); % Equation (4.69) of the thesis

Cf*Z_in*Gamma_in*sdq + I;

Gamma_out_inv

Cf*Z_in*(Gamma_in*sdq) + I;

Cf*(Y_in\ (Gamma_in*sdq)) + I;

= inv(Gamma_out) ;

Gamma_out_inv_2 = inv(Gamma_out_2);
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39

40 Z_th = Gamma_out_inv*Z_in*Gamma_in;

41 Z_th_2 = Gamma_out_inv_2*Z_in*Gamma_in;

42 Z_th_3 = Gamma_out_inv_2*(Z_in*Gamma_in) ;
43 Z_th_4 = Gamma_out_2\(Z_in*Gamma_in) ;

44 Z_th_5 = Gamma_out_3\(Y_in\Gamma_in);

45

46 G_th = Gamma_out_inv_2*(Z_in*Gamma_mid) ;
47 G_th_2 = Gamma_out_3\(Y_in\Gamma_mid) ;

48

49 % Output structure

50 Model = struct(’Gamma_in’,Gamma_in, ...

51 ’Gamma_mid’ ,Gamma_mid, ...

52 ’Y_in’,Y_in, ...

03 ’Z_in’ ,Z_in, ...

54 ’Gamma_out’ ,Gamma_out, ...

55 ’Gamma_out_2’ ,Gamma_out_2, ...
56 ’Gamma_out_3’ ,Gamma_out_3, ...
57 ’Gamma_out_inv’ ,Gamma_out_inv, ...
58 ’Gamma_out_inv_2’ ,Gamma_out_inv_2, ...
59 ’Z_th’,Z_th, ...

60 ’Z_th_2°,Z_th_2,...

61 ’Z_th_3°,Z_th_3,...

62 ’Z_th_4°,Z_th_4,...

63 ’Z_th_5°,Z_th_5,...

64 ’G_th’,G_th, ...

65 ’G_th_2’,G_th_2);

66 end

Continuing on the segment between the lines 33 and 35, at first glance
Gamma_out_2 = Gamma_out, but that is not a precise assumption. The Parentheses,
which is the difference between the two lines, change the order of computation and
that affects the results. On line 33, first the matrices Z_in and Gamma_in are multi-
plied and then the result is multiplied by sdg. On line 34, on the other hand, first
the matrices Gamma_in and sdq are multiplied and then their result is multiplied by
Z_in. Analytically this makes no difference, but computationally it does. The order
of the polynomials in Z_in and Gamma_in are greater than the order in sdq, and com-
putational errors associated with polynomial multiplications grow with the order of

them. In this case, the computational error (.,{®}) can be relatively estimated as
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either one of the possibilities?:
€epl(Zinl'in) Sag} > €cplZinTin} > €cplZin (TinSaq) } > €cpiTinSdq ) (4.109)

scp{(ZmFm) qu} > 6Cp{Zm (I‘msdq)} > scp{Zml-‘m} > €cp{]_—‘insdq}. (4110)

Analyzing the results, Gamma_out, Gamma_out_2 and Gamma_out_3 produced trans-
fer matrices with polynomials of order up to 18, 9, and 6, respectively. As with the
current-controlled admittance, the numerical errors prevented the pole-zero cancel-
lation in the approaches with lower accuracy®. For this result, it is also possible
to conclude that a simple change of multiplication order (the difference between
Gamma_out and Gamma_out_2) significantly increases the accuracy and prevent huge-
order polynomials when dealing with transfer matrices.

Going straight for the Thévenin impedance (lines 40 - 44 of the code), the diffe-
rent implementations also lead to different-order polynomials, say it, 160 for Z_th,
96 for z_th_2, 56 for Z_th_3, 28 for Z_th_4 and Z_th_5. Figure 4.28a presents the fre-
quency response for each one of these implementations of the Thévenin impedance.
It is possible to notice that all the curves are coincident, except in the frequency
range in the red-shadowed region, due to the numeric errors already explained. To be
more precise, the error range of Z_th spams from 35 to 100Hz, yet the others are kept
within 45 to 80Hz. The zoomed frequency responses shown in Figure 4.28b allow
better visualization of the mentioned issue and, as far as it is possible to guarantee,
the response for Z_th_5 the most precise (because it was computed considering the
greatest possible number of numerical-error-preventing strategies, as can be seen in
the code)®. Tt suffices to say that, as the model is in SRF, the frequency range that
goes from 40-100Hz does not encompass any important harmonic component of the
power grid and for this reason does not raise any warning. It is important to mention

that these issues are also valid for the model of the doubly-loop, voltage-controlled

MMC.

4.2.7 Analyzing the non-linearities of the MMC

As mentioned in some parts of this Chapter, the developed models presented errors
in specific points of the frequency spectrum due to the inherent non-linearities of the

MMC. In this regard, it is presented here a more detailed analysis of one of the cases,

4The Matlab documentation [117] already suggests the use of parenthesis to force the multi-
plication of smaller matrices first, to reduce memory usage. Nonetheless, not much is explained
about computational errors.

5To save space, neither transfer functions nor the zeros and poles are shown here.

5The results presented in the previous sections are a little bit different in this region due to the
use of different combinations of computational implementations. Out there, the Matlab function
inv was more prevalent.
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Figure 4.28: Frequency Response of the self-related term of the Thévenin impedance
for different computational implementation

more specifically the discrepancy at 60H z in the zero-sequence component of the dc
admittance Yflfqo, so that this issue could be better understood. For this matter,
the frequency response of Figure 4.15 is represented one more time in Figure 4.29
to increase the readability of the text. Notice that not only the 60H z frequency
was highlighted, but also the results for frequencies of 50H 2z and 7T0H z. These two
points, where the linearized model precisely predicted the behavior of the system
were chosen only to provide us with means of comparison.

The frequency response of the linearized model indicates that a 60Hz-disturbance
in the dc-bus voltage produces a 60Hz zero-sequence component in the circulating
current with amplitude close to the amplitudes of the components caused by the

50 and 70Hz disturbances. Nonetheless, this was not observed in the non-linear
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Figure 4.29: Frequency Response of the dc-side admittance, Yggqo.

time-domain model, and a -45dB result was obtained when it should have retur-

ned some value around -20dB. In absolute numbers, this represents a difference of

over seventeen times between the results obtained from the linear and non-linear

models. To better understand this result, Figure 4.30 presents the dc-bus voltage
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Figure 4.30: Time Response of the circulating current when different disturbances
occur in the dc-bus voltage.
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and circulating current for each one of the three cases analyzed (50, 60, and 70Hz
disturbances), considering that the disturbances started at ¢ = 3s. The graphs for
the dc-bus voltages, Figures 4.30a, 4.30c and 4.30e, were horizontally cropped for
aesthetics reasons, say it, allow a good visualization of the results. Notice that dif-
ferent from the other two cases, the circulating current due to the 60Hz disturbance
dies out, as displayed in Figures 4.30d. It is possible to state that this is caused by
inherent nonlinearities of the system, which the proposed model does not account
for because of the linearization.

The disturbances in the dc-bus voltage also affect the equivalent dc voltages of
the SM, as can be seem in Figures 4.31 and 4.32. These figures represent the upper-
and lower-arm equivalent dc voltages of each phase of the MMC with a full transient
display on the left graphs and zoomed versions next to them showing the steady-
state conditions before and after the disturbance. For the 50 and 70Hz cases, these
voltages ended up presenting a 10Hz component, while for the 60Hz case there were
changes in the average values of the dc voltages. Notice in phase a, for instance, that
the upper-arm dc voltage decreased while in the lower increased, indicating that this
component inferred an energy exchange within the legs of the converter (the same

can be noticed with the other phases as well). In all the three cases, these effects are
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Figure 4.31: Time Response of the upper-arm equivalent dc voltages when different
disturbances occur in the dc-bus voltage.
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Figure 4.32: Time Response of the lower-arm equivalent dc voltages when different
disturbances occur in the dc-bus voltage.

caused by the interaction between the current component due to the disturbance,
let it be called i¥, , for it has zero sequence, with the equivalent ac voltage of the

SMs. Figure 4.33 depicts the MMC during the period where the disturbance v(t)
is applied to the dc-bus voltage and, for what was defined in previous chapters, the

Z °
nk C pk
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—> Leir = Leir + Leir,0 /_>

| )|
vgck VdC v <t> Upk
M) @ de

Figure 4.33: Equivalent circuit of the MMC under dc-bus voltage disturbance.
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following relationships govern the MMC:

vbe () = myy £V (8), (4.111)
Uge (1) = i (H)vge (1). (4.112)

When i';no presents 50/70Hz components, its interaction with the fundamental com-

k nk

ponent of v27 and v, produces the 10Hz oscillations mentioned. On the other hand,

when if; , presents 60Hz component, its interaction with v2* and v¥ produces active
power, changing the average values of v (t) and v (t). In this case, the equivalent

dc voltages become unbalanced, as can be confirmed analyzing Figures 4.31 and

k

nk
© and v” depend on the average values

4.32. As the fundamental components of v?

of v7¥(t) and v7*(t), they become unbalanced as well. This imbalance between the

k
cir,0*

had not faded away,

upper and lower equivalent ac voltages get rid of the zero-sequence current ¢

k
cir,0

Here it is important to realize that, if the 60Hz-related ¢
the transference of energy between the upper- and lower-arm capacitors would have
continued until one of them reached the zero-voltage level and the other the level
of 2V40. Bearing in mind that this mechanism presents a non-linear characteristic,
once it is due to the multiplication of two variables, and because of that can not
be predicted by the developed linear models. The same idea explained here can be
extrapolated for the other cases where occurred disparities between the proposed

models and the non-linear time-domain model.

4.3 Some comparisons between the MMC and two-

level inverters from a model point of view

This Section is focused on presenting a brief comparison between the MMC and a
regular two-level converter for a better understanding of its inherent characteristics.
It is important to mention that a similar analysis was conducted by BEERTEN
et al. [118], but with an eigenvalue-oriented approach. Here, on the other hand, the
focus is the differences in the analytic transfer functions of the converters, without
considering any specific test case. Not to be too long, it is considered only the
current- and single-loop voltage-controlled modes in NRF', yet the analysis can easily
be extended for SRF models. Besides that, the doubly-loop voltage control is not
present either, since the difference between the two converters is due to the inner
current loop, already analyzed in the current-controlled mode.

A two-level converter and its average-value model are displayed in Figure 4.34.
Similar notation is used here, thus, e’ is the modulating signal and v, is the dc

voltage feeding the inverter. Thus, considering the vg. = Vy0 = const, it is possible
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to write the following average-valued voltage if the typical delay caused by the PWM

modulation is not considered:

Ve
e(t) ~ ‘;%;j. (4.113)
The Laplace-domain net equation of the circuit is given by:
‘/dCO E* .
5 “(s) — (sL+ R) I.(s) = V,(s), (4.114)

where sL + R is the output impedance that might be called Z from now on to

simplify the equations, and I.(s) is the output current.
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Figure 4.34: Two-level converter and its average-value model.

The following two control laws can be used, respectively, for controlling the
output current or the ac-bus voltage, also following the notation used in previous

sections:

Ex(s) = Cu(s) [V (s) — Va(s)]. (4.116)

o

Substituting (4.115) and (4.116) in (4.114), separately, and rearanging the ex-
pressions, it is possible to reach the Norton-equivalent model for the current-
controlled inverter and the inner Thévenin-equivalent (without considering the ca-

pacitor bank) model for the voltage-controlled one:

I.(s) = G{(s)1:(s) = Yae(5)Vo(s) (4.117)
Vo(s) = Guals)Ii(s) = Zac(s)Vo(s) (4.118)
Gils) = 4 szgo(f;(i)z ~ (4.119)
Yae(s) 2 (4.120)

B ViaeoCi(s) + 272
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Table 4.3: Comparison between the models for MMC and two-level inverters

MMC Two-level
( ) 85Ceq 2
Current-Controlled = 4sceq(z+22f)+(4scequco+%)ci(s)+1 VacoCi(5)+2Z
Gél (3) <4SCGquCO+ %) Ci(s) ViaeoCi(s)
i 4sceq(z+22f)+(4scequco+%)ci(s)+1 VaeoCi(s)+2Z
Zools) 45Ceq(Z+22Z5)+1 97
Voltage-Controlled @ 85Ceq+ <4sCqudco+ S )cgz (s) 2+ VacoCo ()
G Z(S) (4SCEquCO+3%/i20>Cil(S) VieoCo ()
e BSCeq+<4sCqudco+%>Cgl(s) 24+VicoCo(s)
VdCOCU(S>
Goals) = ————— 4.121
ale) = i (4.12)
27
Zo(s) = — 22 4.122
O e (1.122)

Table 4.3 presents the parameters of the equivalent models of the two-level con-
verter side-by-side with the results related to the MMC. The first difference to be
noticed is the effect of the equivalent dc capacitance C¢, in the ac-side of the MMC,
something that is not observed in the two-level converter. Thus, terms such as
45Ceq(Z + 2Zy) and 4sC,,C;i(s) provides the MMC with frequency-domain charac-
teristics that the other converter does not present. Of course, it is possible to state
that two-level converters need ac capacitors to filter out their switching-frequency
harmonic components, and that would make the frequency-domain behavior of both
converters equivalents. However, ac capacitors (used as filters in two-level inverters)
are considerably smaller than dc capacitors (used in the SMs of the MMC) in this
difference may make the MMC prone to low-frequency resonances, whereas the two-
level to high-frequency. Another notable difference presented in Table 4.3 is that
the produced power Sy influences the dynamics of the MMC, yet not the two-level

converter.

4.4 Partial Conclusions

This chapter presented frequency-domain model to represent the MMC under diffe-
rent control modes, implemented in natural and synchronous reference frame. Con-
sidering first the NRF models, it was shown that the circulating current dynamics
together with its mitigation loop can be represented by an admittance which is in-
fluenced by the values of passive elements and the values of control parameters. As

for the ac control loops, the chapter showed that under current control the MMC
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can be represented by a Norton-equivalent electric circuit, while under voltage con-
trol it is possible to reach a Thévenin-equivalent representation of the system. In
these cases, impedances and admittances are also influenced by passive elements
and control parameters. In all the cases, analytical gains, admittances and impe-
dances were validated comparing them to the results obtained from the non-linear
time-domain model. These comparisons showed that the proposed models matched
the reference model with few discrepancies. Some of these differences appeared at
the frequencies of resonance of the controllers, and it was concluded that numerical
errors and digital implementation of the non-linear model played an important role
on them.

For the SRF-controlled MMC, the model describing the effect of the dc-bus
voltage on 7., was developed in D-SRF. Still in this regard, it was shown that
only a zero-sequence term is necessary to represent this part of the model once all
the phases of the MMC are connected to the same dc bus. It was also concluded
that this zero-sequence component has nothing to do with the component which
is mitigated by the control action. This is a component that can appear in case
the voltage of the dc bus presents oscillating components. As already explained in
the previous chapter, when the MMC is under current control its ac-side model can
be depicted as a Norton-equivalent circuit, whereas the Thévenin-equivalent is used
whenever the MMC is under voltage control. The validation results, presented in
the form of Bode diagrams, showed that the developed model matched accurately
the characteristic of the MMC with a few exceptions. Some of them, especially
the ones at the frequencies of 60 and 120H z are due to the linearization which the
model underwent in Chapter 3. The disparities observed in the models considering
the MMC under voltage control, though, were triggered by numeric issues in the
realizations of the proposed model in Matlab. In this regard, it was discussed that
the matrices inversions in these models together with the matrices multiplications
spawned hundred-order polynomes which appear to be in the kernel of the problem.
Nevertheless, these disparities affected the model only in a narrow band between 50
and 70H z (which corresponds —10 to 10H z for positive sequence, and 110 to 130H z
for negative sequence in natural reference frame) which are not key frequencies of

the system.
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Chapter 5

Further analysis of the developed

models

It is known that the characteristic of equivalent admittances/impedances presented
in Chapter 4 play an important role in the performance of the MMC. Indeed, de-
pending on these characteristics the MMC may or may not be affected by harmonic
components drawn by non-linear loads or present in the voltage patterns of a power
grid [119]. For instance, the presence of harmonic distortion in the main bus voltage
(background harmonics) may cause harmonic distortion in the produced current
of the current-controlled MMC depending on the shape and values of the equiva-
lent admittance. In the same direction, non-linear loads may distort the produced
voltage depending on the Thévenin impedance of the grid-forming MMC. In this
context, this chapter aims firstly to demonstrate how the control settings interfere
in the frequency response of the equivalent admittances/impedances of the MMC
and secondly to present/propose ways to shape the equivalent admittance/impe-
dance of the MMC in a way that it becomes immune to background harmonics and
similar issues. Towards the end of the chapter, some test cases are presented to
demonstrate how the developed models can be used to speed-up time-domain simu-
lations and into stability analysis of power-electronic-based systems. These last two
points are also included in the reference [62], which are results of this thesis. One
last point, in this chapter the frequency responses were obtained from the linearized
models, but the time-domain simulations were obtained either by the non-linear or

switching-level models.
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5.1 Control settings influence on the equivalent ad-
mittances/impedance of the MMC

This section analyzes the influence of control settings on the shape of equivalent
admittances/impedances of the MMC under different operational modes. To be
more specific, it is analyzed the dc-side equivalent admittance of the circulating-
current loop, the ac-side equivalent admittance of the current-controlled MMC and
the ac-side equivalent impedance of the voltage-controlled MMC. The analyses here
are conducted in the frequency domain considering the MMC both controlled in NRF
or SRF. It is important to have in mind that, so far, all the control settings used in
the analyzes were randomly chosen without considering constraints other than the
stability of the system. In this regard, it is always considered three different values

for each of the control gains.

5.1.1 NRPF-controlled MMC

This section presents the analysis for the NRF-controlled MMC under its different
control modes. As previously mentioned, three different values are assigned to each
of the control gains, all of them presented in Table 5.1, to observe the role which
that parameter plays in the equivalent admittances/impedances. Considering the
Table 5.1, under the "base value"column are presented the control settings used
in the validation process presented in Chapter 4.1. The other two conditions were
chosen so as to provide the analysis with both greater and smaller values for the
gains. It is important to mention that in any case, the terms "min"and "max"in
the table indicate that these are the minimum/maximum possible values for the
gains, they are just generic values chosen (but all of them guarantee the stability of
the system). For analysis purposes, it was decided to vary only one gain at a time,
holding the other(s) constant during the process, otherwise, a huge number of cases
would be necessary to be presented. For instance, whenever the focus is to analyze
the influence of the proportional gain, the resonant gain is kept constant with the
base value assigned to it, and vice versa. The following topics present the analysis

for each of the control loops.

dc admittance

The results which show the influence of the resonant gain in the equivalent admit-
tance used to model the dynamics of the circulating-current loop are presented in
Figure 5.1. It can be observed that for each of the three cases, the magnitude in
the resonant frequency 2wy is relatively small, yet the response shows the existence

of other resonant peaks each side of 2wy. It is concluded that the value assigned to
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Table 5.1: Considered values for the analysis of the control settings influence on the
equivalent admittance/impedance: NRF-controlled MMC.

Control Mode Parameter Symbol Max. Value Base Value Min. Value
Circulating Current Resonant Gain ket 1.00000 0.10000 0.01000
Proportional Gain ! 0.00100 0.00010 0.00001
Current-Controlled Resonant Gain K 0.10000 0.01000 0.00100
Single-Loop Proportional Gain k;j"“l 0.00100 0.00010 0.00001
Voltage-Controlled Resonant Gain kvt 0.01000 0.00100 0.00010
Proportional Gain: Inner Loop k;';dl 0.00100 0.00010 0.00001
Double-Loop Resonant Gain: Inner Loop ki 0.05000 0.01000 0.00100
Voltage-Controlled  Proportional Gain: Outer Loop k;’dl 0.50000 0.10000 0.01000
Resonant Gain: Outer Loop kud 9.00000 1.00000 0.09000

k¢ affects the frequency position of these extra resonant peaks. On the left side of
120H z, for instance, these resonant peaks are located at 9.8, 20.5 and 26.8H z, de-
pending on the value of k5", not implying any significant issue. On the right side of
120H z, on the other hand, the resonant peaks located at 124.3, 157.1 and 339.1H z,
for each value of k¢, do raise some concerns in views that they neighbor frequencies
of typical oscillatory components of the dc voltage, e.g., 4wy. In a nutshell, the reso-
nant gain must be chosen carefully so as not to amplify some oscillatory components

in the circulating current.
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Figure 5.1: Influence of the control settings on the dc-side equivalent admittance in
the NRF-controlled MMC.

MMC under current control

The influence of the proportional and resonant gains on the equivalent ac-side ad-
mittance of the MMC under current control is presented in Figure 5.2. Notice that,
in general, the influence of the control settings here is less apparent than in the

case of the dc admittance. The major effect is caused by the proportional gain,
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i.e., the greater the gain, the lower the admittance. In the ideal condition, it is
desired the converter acting as a current source with equivalent admittance tending
to 0 (—oodB). Thus, it stood out that higher values for the proportional gain are
better for the current loop, yet it is necessary to bear in mind that stability cons-
traints have to be satisfied. On the other hand, the decreasing of the proportional
gain may inflict a resonant peak at 14H z, besides elevating the magnitude of the
equivalent admittance as a whole. The resonant gain, considering the range used in

the analysis, does not present any significant effect in the shape of the admittance.
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Figure 5.2: Influence of the control settings on the Norton-equivalent admittance in
the NRF current-controlled MMC. Only one of the gains (proportional and resonant)
was varied at a time accordingly Table 5.1. In this case, the base value was assigned
to the other.
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MMC under single-loop voltage control

Figure 5.3 sheds light on the effects of the proportional and resonant gain on the
shape of the Thévenin-equivalent impedance of the MMC under single-loop voltage
control. Once more, the proportional gain influence on the impedance stood out.
Indeed, the assigned proportional gains played an important role in the average level
of the magnitude curve and the position of a resonant peak. Observe that higher
values of k;;j’Sl reduce the average level of the impedance and, consequently, make the
converter to operate near the ideal condition (ideal voltage source). Nonetheless,
increasing the proportional gain shifts the resonant peak towards the right, moving
it from 274.4Hz to 604.3Hz, for instance. Notice that these frequencies are in
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Figure 5.3: Influence of the control settings on the Thévenin-equivalent impedance
in the single-loop NRF voltage-controlled MMC. Only one of the gains (proportional
and resonant) was varied at a time accordingly Table 5.1. In this case, the base value
was assigned to the other.
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the neighborhood of the fifth- and eleventh-order harmonic components, which in
a nutshell indicates that higher values of k’;j’Sl are more suitable for six-pulse-based

non-linear loads, while small values are better for twelve-pulse-based loads!.

MMC under double-loop voltage control

The double loop approach implies that four parameters, rather than two, can be
tuned, i.e., the proportional and resonant gain of the current controller and those of
the voltage controller. For this reason, Figure 5.4 presents four diagrams, each one
focusing on the influence of one of the control gains. As with the previous control
modes, the resonant parts show a weak influence on the shape of the equivalent
impedance. Nonetheless, it stands out in Figure 5.4b that higher values of the
resonant gain of the current control loop may increase the amplitude of the resonant
peak located at 276.9H z. Meanwhile, the proportional gains do exert great influence
on the shape of the equivalent impedance shifting the position of the resonant peaks,
as highlighted in Figures 5.4b and 5.4d. As these peaks cover the frequency range
of the main harmonic components in an ac system, the values for the proportional
gains might be carefully chosen. It is also noticed that, while k:;j’dl only shifts the

resonant peak, k:;;dl tend also to damp it with its increasing.

IThe fifth-order is the major harmonic component in six-pulse rectifies, while the eleventh-order
is the major harmonic component in twelve-pulse rectifies. Consequently, six-pulse rectifiers could
cause greater harmonic distortion in the voltage if the resonant peak of the Thévenin impedance
lies nears the fifth-order-harmonic frequency. The same is analogously true for the twelve-pulse
rectifier and its corresponding major-harmonic-component frequency.
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Figure 5.4: Influence of the control settings on the Thévenin-equivalent impedance in
the double-loop NRF voltage-controlled MMC. Only one of the gains (proportional
and resonant) was varied at a time accordingly Table 5.1. In this case, the base
value was assigned to the other.
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Table 5.2: Considered values for the analysis of the control settings influence on the
equivalent admittance/impedance: SRF-controlled MMC.

Control Mode Parameter Symbol Max. Value Base Value Min. Value
Current-Controlled Proportional C}ain k; 0.0050000 0.0010000 0.0001000
Integral Gain k! 1.0000000 0.1000000 0.0100000
Single-Loop Proportional Gain k,;*sz 0.0000100 0.0000010 0.0000001
Voltage-Controlled Integral Gain ko 0.0010000 0.0001000 0.0000100
Proportional Gain: Inner Loop k;;’ﬂ 0.0100000 0.0010000 0.0001000
Double-Loop Integral Gain: Inner Loop ko 1.0000000 0.1000000 0.0100000
Voltage-Controlled  Proportional Gain: Outer Loop k;’d’ 0.1000000 0.0100000 0.0010000
Integral Gain: Outer Loop kf'dl 10.0000000 1.0000000 0.1000000

5.1.2 SRF-controlled MMC

As in the previous section, here it is presented the influence of the control settings on
the equivalent admittance/impedance of the SRF-controlled MMC under different
control modes. It is followed the same approach of considering three different values
for each gain and splitting the analysis in subsections focusing each control mode.
Table 5.2 presents the considered control settings and its "base value"column indi-
cated the condition utilized in Section 4.2 of the Chapter 4. One different aspect in
comparison to the previous section is that here the analysis of the dc-side equivalent
admittance was omitted. As explained in Section 4.2, the zero-sequence term of this
admittance was the only one considered for analysis and as this component is not
controlled by the circulating current loop, the control setting does not affect it.
Before proceeding with the analysis, it is necessary to bear in mind that in SRF
the fundamental components are placed in 0H z (dc) and that other important har-
monic components are shifted as well. For instance, negative-sequence fifth-order
and positive-sequence seventh-order harmonic components are moved into 360H z,
while negative-sequence eleventh-order and positive-sequence thirteenth-order com-
ponents are merged at 7T20Hz. As these are the major components found in the
power system, it is desired that equivalent admittances/impedances present as lower
value as possible in 0, 360 and 720H z to provide the MMC with immunity to dis-

turbances.

MMC under current control

Figure 5.5 embodies the results for the influence of the proportional and integral
gains in the shape of the self-related term of the Norton-equivalent admittance
of the MMC. Considering first the effect produced by the proportional gain, it is
noticeable that the curves converge to the same trajectory both when the frequency
tends to zero and oco. Nonetheless, the level of the magnitude curves swells with
the decrease of the gain in the frequency range that goes from 10 to 600H z. As the

key frequency of 360H z is within this interval, lower values of k:; must be avoided
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or else the produced current would be affected in face of harmonic distortion in the
grid voltage. As for the integral gain, it seems that greater values shape the curve
so that the magnitude converges to —oo faster when the frequency tends to zero.
However, the increase of the integral gain is responsible for a boost in the magnitude
in the region bounded by 200 and 600H z (region where key harmonic components

are located).
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Figure 5.5: Influence of the control settings on the self-related term of the Norton-
equivalent admittance in the SRF current-controlled MMC. Only one of the gains
(proportional and integral) was varied at a time accordingly Table 5.2. In this case,
the base value was assigned to the other.
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MMC under single-loop voltage control

Figure 5.6 presents the results for the MMC under SRF single-loop voltage control.
The influence of the proportional gain in similar for the self-related and cross-axis
terms as it can be seem in Figures 5.6a and 5.6c. In general, the resonant peaks
on the right side of 60H z are shifted to higher frequencies with the increase of the
proportional gain. In the worst scenario, which correspond to the highest value of
k’;j"*l considered, one of the resonant peaks lay at 334.5H z which is close to one of
the key frequencies mentioned in the beginning of this section. The entanglements
observed around 60H z are due to the numerical issues discussed in Section 4.2. As
for the integral gain, the major issue related to it is a swelling on resonant peak at
275.3H z caused by its increasing. Here it is important to notice that the amplitude

of this resonance is increased with the increase of the integral gain.
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Figure 5.6: Influence of the control settings on the Thévenin-equivalent impedance
in the SRF single-loop voltage-controlled MMC. Only one of the gains (proportional
and integral) was varied at a time accordingly Table 5.2. In this case, the base value
was assigned to the other.

MMC under double-loop voltage control

The analysis results considering the MMC under double-loop voltage control are
presented in Figure 5.7. It stood out in the charts the strong influence of the para-
meters of the outer voltage control loop into the shape of the Thévenin-equivalent
impedance, especially the proportional gain. As observed in the figures, the greater
this gain, the lower the level of the admittance, following the rule already observed
in the previous cases. As for the inner current loop, its major effects were caused by
the proportional gain in the frequency range of 10 - 300H z. Notice that the smallest
proportional gain is responsible for a pair of resonant peaks at 201 and 260H z, on

the self-related term of the impedance, and at 256 H z in the cross-axes term.
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Figure 5.7: Influence of the control settings on the Thévenin-equivalent impedance
in the SRF double-loop voltage-controlled MMC. Only one of the gains (proportional
and integral) was varied at a time accordingly Table 5.2. In this case, the base value
was assigned to the other.

5.2 Control actions for enhancing the performance
of the MMC

The present section sheds light on control approaches for shaping the ac-side ad-
mittances/impedances of the MMC in a way that it becomes immune to distorted-
currents loads and distorted voltages. Firstly it is presented techniques based on
multiple resonant loops applied to either NRF- or SRF-controlled MMC and then
the use of virtual elements (admittance or impedance). In this last case, it was
derived both the feed-forward action to produce the virtual element and the equiva-

lent virtual admittance/impedance produced. Here, it is important to explain that
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time-domain simulations were carried out considering the non-linear time-domain
model, presented in Chapter 3, to show the effectiveness of the proposed controls.
In this regard, the simulations included harmonic distortion in either the grid vol-
tages or in the load currents, starting at the time ¢t = 1.5s, to visualize how the
MMC behaves under harmonic distortion conditions and how the presented control

approaches enhance its performance in these conditions.

5.2.1 Multi-resonant loops in the NRF-controlled MMC

The effect of the resonant loops used in Section 4.1 is to produce a notch in the
magnitude curve of the admittance/impedance at the frequency it is tuned. Con-
sequently, the admittance/impedance drops to an insignificantly small value at this
point, and the system becomes close to an ideal current/voltage source and, conse-
quently, immune to any ac-side disturbance related to this frequency. This approach
can be improved by using multiple resonant loops such as in Figure 5.8 [120, 121].
This figure presents generic signals F*, F* and U** because it can be applied for
any of the control modes. That is, under current control, F* = I* and U** = E**
and a similar logic can be extended for the other control modes. Notice that in
comparison to the controllers used back in Section 4.1, this generic controller C.(s)
comprises resonant loops for fifth- and seventh-order harmonic components in addi-
tion to the fundamental component. Thus, the generic controller to be used in the

following subsections can be described by:

krls kr55 kr75
2+ w24 (bwg)? 82+ (Twp)?’

Cu(s) =k, + (5.1)

where k,, k.1, k5 and k,7 are the proportional and resonant gains of the controller.

Table 5.3 present the values used for the analyses in the forthcoming subsections.

[k CC(S) l
F* i k) |
|
: |
: k'rl
|
nk _ Tk I
B = Ic I kr5
or :
Fk =V} !
: kr7
| |

Figure 5.8: Structure of a proportional resonant control system based in multi reso-
nant loops. The resonant loops, in this case, are tuned into the fundamental, fifth-
and seventh-order harmonic components frequencies.
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Table 5.3: Control settings used in the analysis of the influence of multiple resonant
loops on the equivalent admittance/impedance of the MMC: NRF-controlled MMC.

Proportional Fundamental Fifth-order Seventh-order
Control Mode Loop . . . X

gain Resonant gain Resonant gain Resonant gain

Current-Controlled - 0.0001 0.0100 0.6000 2.0000
Single-Loop

Voltage-Controlled - 0.0001 0.0010 0.0100 0.0400
Double-Loop Inner current loop 0.0010 0.0100 0.0100 0.0030
Current-Voltage-Controlled  Outter voltage loop 0.1000 1.0000 10.0000 15.0000

MMC under current control

Considering the parameters in Table 5.3, the Norton-equivalent admittance of the

current-controlled MMC is reshaped as depicted in Figure 5.9a. Differently from

[ 60 Hz

L 420 Hz

- Multl resonant
—Single resonant

8 of

L 50k

2

"2-100 -

=Y}

o}

= -150

o 90 |-

o]
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A~ 90H
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(a)

:

<
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~—~ Current -
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~—~~ Current -

Figure 5.9: Results showing the influence of multiple resonant loops: NRF current-
controlled MMC. (a) Frequency response; (b) Grid voltages; (c) Converter currents
with single resonant loop; (d) Converter currents with multiple resonant loop.
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the case with a single resonant loop, also shown in the figure for comparison purpo-

ses, the admittance presents two new notches at 300 and 420H z. Considering the

performance of the MMC, the harmonic distortion at the grid voltages, shown in

Figure 5.9b, distorted the produced current when only the fundamental-frequency

resonant loop was used. On the other hand, as depicted in Figure 5.9d, the extra

resonant loops prevented this to happen.

MMC under single-loop voltage control

Figure 5.10 presents the analysis results for the single-loop voltage-controlled MMC.

As in the previous section, it is possible to notice additional notches in the magni-

tude curve of the Thévenin-equivalent impedance presented in Figure 5.10a. The

Magnitude - dB

180 F

- Multl resonant
H—Single resonant

Ne]
o

o
T

Phase - deg
©
o
T

300 Hz

p.u.

~—~~ Current -

ge - p.u.

1.5 1.51

—~ Volta,

ge - p.u.

—~— Volta,

1 |
b 1.51 1.52 1.53 1.54 1.55
Time - s

Figure 5.10: Results showing the influence of multi resonant loops: NREF single-
loop voltage-controlled MMC. (a) Frequency response; (b) Load currents; (c¢) Grid
voltages with single resonant loop; (d) Grid voltages with multi resonant loop.
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time-domain simulation shows that with single-resonant-loop approach, the output
voltages in Figure 5.10c become distorted once the load current, Figure 5.10b, does.
In the multiple-resonant-loop approach, on the other hand, this issue is not observed

as can be seen in voltage waveforms in Figure 5.10d.

MMC under double-loop voltage control

As previously highlighted in Table 5.3, the double-loop voltage control uses the
multiple-resonant-loop approach twice: in the inner current and the outer voltage
control loops. That being said, Figure 5.11 presents the results of the analysis. Once
more, the additional resonant loops created additional notches in the frequencies

they were tuned, which is shown in Figure 5.11a. The time-domain simulation

30+
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Figure 5.11: Results showing the influence of multi resonant loops: NRF double-
loop voltage-controlled MMC. (a) Frequency response; (b) Load currents; (c¢) Grid
voltages with single resonant loop; (d) Converter currents with multi resonant loop.
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results in Figures 5.11b - 5.11d proved the effectiveness of the control. Finishing off
this section, a summary of the results containing the THD of voltages and currents
in all conditions is presented Table 5.4. In this case, it was considered a 20kHz

bandwidth for computing the total harmonic distortion.

Table 5.4: Summary of the results for the analysis of the use of multiple resonant
loops in NRF-controlled MMC.

Control Mode THD, (%) THD,; (%)
Single Resonant Multi Resonant Single Resonant Multi Resonant
Current-Controlled 7.1 7.1 5.3 1.1
Single-Loop
Voltage-Controlled 6.3 04 2.0 2.0
Double-Loop 8.1 0.4 25.0 25.0

Current-Voltage-Controlled

5.2.2 Combining resonant loops with PI controllers in the
SRF-controlled MMC

In Section 5.2.1 it was shown that using controllers with multiple resonant loops it
is possible to reshape either the equivalent ac-side admittance (MMC under current
control) or impedance (MMC under voltage control) so that it presents insignifi-
cant values at key frequencies, providing the grid-forming MMC with immunity to

distorted currents and the grid-connected with immunity to distortions in the bus

Figure 5.12: Structure of a proportional integral resonant control system for SRF-
controlled converter. The resonant loop is tuned in 6w, which corresponds to the
frequency of both fifth- and seventh-order harmonic components in SRF.
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voltage. The same approach can be applied to the SRF-controlled MMC with a few
arrangements [122]. Tt is quite common that the major harmonic components are
the negative-sequence fifth-order and positive-sequence seventh-order. In SRF these
components are merged at 360H z?. Consequently, using a resonant loop tuned in
6wy in parallel with the PI controller it is possible to enhance the performance of
the MMC in the mentioned situations®. This approach is generically depicted in
Figure 5.12, where F and U can be exchanged by different reference signals depen-
ding on the control mode. The analysis carried out considered the control setting

in Table 5.5 and are discussed in the following subsections.

Table 5.5: Control settings used in the analysis of the influence of PIR controllers
in the equivalent admittance/impedance of the MMC: SRF-controlled MMC.

Proportional Integral Resonant

Control Mode Loop . . .
gain gain gain
Current-Controlled - 0.0010 0.1000 0.5000
Single-Loop
Voltage.Controlled - 0.0002 0.0200 0.0100
Double-Loop Inner current loop 0.0010 0.1000 2.0000
Voltage-Controlled Outter voltage loop 0.0100 1.0000 15.0000

MMC under current control

The frequency response of the self-related term of the equivalent admittance of the
MMC under current control is presented in Figure 5.13a. It is possible to observe
that the resonant loop created a notch at the frequency of 360H z, as predicted.
Following the procedure used in the previous section, a set of time-domain simulation
results are presented to show the effectiveness of the resonant loop into cleaning out
the harmonic distortion. Once more, the bus voltages were changed at t = 1.5s to
present harmonic distortion, as shown in Figure 5.13b. Notice in Figure 5.13c¢ that
the voltage distortion distorts the produced currents when only the PI controller is
used. On the other hand, the PIR approach guarantee that the converter delivers

currents free of harmonic content, as observed in Figure 5.13d.

2In unbalanced conditions, it is possible that the system presents positive-sequence fifth-order
and negative-sequence seventh-order harmonic components. In SRF this components appear res-
pectively in 240H z and 480H z.

3The association of proportional integral controllers with resonant controller is called PIR con-
troller.
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Figure 5.13: Results showing the influence of PIR controller: SRF current-controlled
MMC. (a) Frequency response; (b) Grid voltages; (¢) Converter currents with PI
controller; (d) Converter currents with PIR controller.

MMC under single-loop voltage control

The results comparing the PIR to the PI approaches for the single-loop voltage-
controlled MMC are presented in Figure 5.14. Before proceeding with the discussion
it is important to point out that the large-order transfer functions obtained required
some model reductions for computations reasons. These reductions were carried out
using the Octave/Matlab function minreal and caused some errors in the highlighted
regions of Figures 5.14a and 5.14b*.

Considering now the effect of the PIR controller, it is noticed both in the self-

4To reduce the order of the models, the minreal [123, 124] was used to cancel zero-pole pairs
within a certain tolerance. It was noticed that depending on the chosen tolerance the curves
assumed different shapes withing the highlighted region.
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Figure 5.14: Results showing the influence of PIR controller: SRF single-loop
voltage-controlled MMC. (a) Frequency response of the self-related term; (b) Fre-
quency response of the cross-axis term; (c) Load currents; (d) Output terminal
voltages with PI controller; (d) Output terminal voltages with PIR controller.
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related and cross-axis terms the distinguishable mark of the notch in 360H z. The
time-domain results presented in Figures 5.14c¢ - 5.14e confirm that the output vol-
tages are free from harmonic distortion when the PIR approach is used, even when

the converter supplies a non-linear load.

MMC under double-loop voltage control

The results showing the influence of the PIR approach for the double-loop voltage-
controlled MMC are presented in Figure 5.15. As in the previous cases, the PIR
solution created notches at the self-related and cross-axis terms of the equivalent
impedance as shown in Figures 5.15a and 5.15b. The time-domain performance
is also aligned to the results obtained for the other control modes. As shown in
Figure 5.15¢, the voltage distortion caused by the non-linear currents rapidly dye out
due to the use of the PIR controller. To finish off the section, Table 5.6 provides the
THD values (computed with a 20kHz bandwidth) of voltages and currents analyzed

in the subsections.

Table 5.6: Summary of the results for the analysis of the use of resonant loops in
SRF-controlled MMC.

Control Mode THD, (%) THD; (%)
Without Resonant With Resonant Without Resonant With Resonant
Current-Controlled 7.1 7.1 3.4 0.5
Single-Loop 8
Voltage-Controlled 2.7 0.4 25.0 25.0
Double-Loop

Voltage-Controlled 16.2 0.5 25.0 25.0

5.2.3 Use of virtual elements for enhancing the performance:
NRF-controlled MMC

This section presents the virtual-elements (admittance and impedance) approach to
enhance the power quality obtained when the MMC is under NRF control. The
general idea is to include feed-forward control loops which undermine the effect
of harmonic components in the MMC. The following subsections present how these
feed-forward control loops relate to virtual admittances and impedances. The control
settings considered in this section are in accordance with the values used in the
Section 5.2.1 and presented in Table 5.3.

MMC under current control

To explain how the feed-forward control loop is applied to the current-controlled

MMC, the block diagram in Figure 4.1d is redrawn to encompass the control loops
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and presented in Figure 5.16. By this time it is already a common sense that
harmonic content in the bus voltage v, can distort the output current ¢.. For this
reason, it is desired to eliminate the effect of v, on the control system, which could

hypothetically be achieved by adding the signal V* in the position highlighted in

O7ap

Figure 5.16. Notice that, if V¥ = 4VF¥_ the influence of the grid voltage is cut off

o,
from the control system. Nonez‘)cheless, the point in which Volfap is inserted in the
diagram corresponds to the model of the MMC and there is no direct access to it.
In other words, the sum block in which V¥, does not corresponds to an input of the
system. The only input of the MMC model (not considering the control loop) is the
signal E%. Thus, the solution to this problem is inserting a feed-forward signal in
E7 that forces the converter to produce the effect of V%, . In this case, the control

law can be rewritten as follows:

EE(s) = Ci(s) |1 (5) — IE(s)] + APV (s), (5:2)
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Figure 5.15: Results showing the influence of PIR controller: SRF double-loop
voltage-controlled MMC. (a) Frequency response of the self-related term; (b) Fre-
quency response of the cross-axis term; (c¢) Load currents; (d) Output terminal
voltages with PI controller; (e) Output terminal voltages with PIR controller.
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Ik ,
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Figure 5.16: Block of the NRF current-controlled MMC with virtual admittance
loop. The “desired effect"highlighted in red is not included in the system. It is only
represented here for didactic purposes.
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Notice that, once the grid voltages are already measured for synchronization purpo-

(5.3)

ses, this approach does not require new variables to be measured. Besides that, it
is necessary to know the dc voltage V.9, which is precisely not an issue for most of
the applications. Following the same steps presented in Section 4.1.3, it is possible
to reach the equivalent model which now encompasses a virtual admittance Y,;, in

addition to the Norton-equivalent admittance Y,. previously determined:

IF(s) = G(8) 1 (8) = Yae )V (8) = Yair(s)V5(s), (5.4)
(s :_Gfl<5) abe
Yoir(s) Cs) A (5.5)

These results can be traduced in the equivalent circuit in Figure 5.17. Notice that the
role of the virtual admittance is to counteract with the Norton-equivalent admittance
to reduce the magnitude of the equivalent admittance of the MMC, and this can be

observed in the graph of Figure 5.18a. Consequently, the influence of the harmonic
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G (s)IF | |Yac(s) | [Yunls) \VF(s)

O

Figure 5.17: Equivalent circuit of the NFR current-controlled with virtual admit-
tance.

content in the grid voltages on the output currents is weakened, as observed in the

time-domain graphs of Figure 5.18.

MMC under single-loop voltage control

When under voltage control, the block diagram of Figure 4.1d must be complemented
to include the capacitor bank C/, resulting in the schematic in Figure 5.19. To make
the MMC immune to harmonic components, it is necessary to include a feed-forward
action in the control law as follows:

Eg*(s) = C3l(s) |V (5) = Vi (s)| + ALa(s) L (5)- (5.6)

v,sl

In this case, A%’ should be chosen so as the feed-forward action produces the effect
of a current ¢,,, counteracting the load current ¢,. It is important to notice that,
differently from the previous case, here it is necessary to measure new variables, the

load currents 4¥.

k

kx
oap towards ET* in

The value of Aﬁf’scl can be obtained by moving the signal
the block diagram of Figure 5.19, yet it is not presented in this section. For more
information, a detailed step-by-step walk-through of this procedure is presented in

the Appendix D. The result is given by:

WeS

S + we

A% (s) (R+2Ry) + (L +2Ly) (5.7)

 2Vaw

Observe that a low pass filter with cut-off frequency w. is associated with the
derivative term (L + 2Ly)s to prevent prohibitive control-signal values when the
load undergoes fast changes. This filter can undermine the effectiveness of the feed-
forward action and, because of that, its cut-off frequency must be carefully chosen.
It is also worthwhile noticing that a good response of this feed-forward action relies

on the accuracy in which resistances and inductances of the MMC are known.

124



| ]

D W

o o O
T

Magnitude - dB
o &
o O

—
© @
o o O

Phase - deg
©
o

—
o
S

H---With Virtual Admittance
—Without Virtual Admittance !

@) 10°

L L L L Coa L L L I S
10! 102 108
Frequency - Hz

ge - p.u.

~— Volta,

p.u.

~—~ Current -

1 1
C) 1.48 1.49 1.5 1.51 1.52

p-u.

~—~ Current -

Time - s

Figure 5.18: Results showing the influence of virtual admittance: NRF current-
controlled MMC. (a) Frequency response of the equivalent admittance with and
without the virtual term; (b) Grid voltages; (c) output currents without virtual
admittance, and (d) output currents with virtual admittance.

The novel equivalent model of the system can be achieved by following the same

steps presented in Section 4.1.4. In contrast to the model developed in Chapter 4.1,

Feed-Forward Action

Req = 2(R + 2Ry)

Desired Effect

Figure 5.19: Block of the NRF single-loop voltage-controlled MMC with virtual
impedance loop. The "desired effect"highlighted in red is not included in the system.

It is only represented here for didactic purposes.
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now the MMC displays a virtual impedance Z*

vir

crafted by the feed-forward action,

as shown in Figure 5.20, and its analytical representation is given by:

VE(s) = CRs) T (5) — Zib(s)TA(s) — 22, (9)A(o), (55)
Zi,(9) =~ G A ). (5.9)

I5(s)
— —
Zin(s)  Zy(s)

vir

Gih(s)V)(s) Vi (s)

Figure 5.20: Equivalent circuit of the NFR single-loop voltage-controlled MMC with
virtual admittance.

The frequency response of the equivalent impedance is illustrated in Figure 5.21
considering a case without virtual impedance and three cases with virtual impe-
dances implemented with different cut-off frequencies. In general, the effect of the
feed-forward was degraded by the low pass filter. The best result was achieved
with cut-off frequency at 1kH z, where the equivalent impedance was reduced from
18.5dB (0.18p.u.) to 12.8dB (0.09p.u.) at 300Hz. Nonetheless, it stands out that
the virtual impedance was not able to cope with the resonant peak at 604.3Hz. The
time-domain simulation in Figures 5.21b-5.21f shows a small difference in the THD

of the output voltages from 6.3% to 4.1% in the best scenario.
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Figure 5.21: Results showing the influence of virtual admittance: NRF single-loop
voltage-controlled MMC. (a) Frequency response of the equivalent impedance with
and without the virtual term; (b) Load currents; (c) output voltages without virtual
admittance, and output voltages with (d) 100H z-bandwidth, (e) 500H z-bandwidth
and (f) 1000H z-bandwidth virtual impedance.

MMC under double-loop voltage control

The Figure 5.22 presents the block diagram of the MMC under double-loop current-
voltage control. As in the previous case, the highlighted “desired effect" in the
diagram blocks out the influence of the load currents in the produced voltage. With
this in mind, it is possible to rewrite the control law of the inner current loop as

follows:
B (s) = Ci(s) |15 (s) — LE(s)| + Mol (s) L5 (s). (5.10)

The coefficient Agf’jl in (5.10) can be obtained manipulating the block diagram
of the system and, once again, the step-by-step walk-through is presented in the
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Appendix D. The result is given by:

Q

(R+2Ry)+ (L +2Ly) ¢ :|+Ci(5)

Aabc _
U’dl<s) 2Vch S+ Wwe

{(R +2R;) + (L +2Ly) S‘f + R (5.11)

Notice that instead of using the current controller with its two parcels, it was decided
to consider only the proportional part of it. The resonant part, though, was kept
out because it is a second-order integrator tuned at the frequency of fundamental
component, which means that it continuously amplifies the 60H z signals the pass
through it, causing stability issues. This decision brings no harm to the effectiveness
of the feed-forward action once the values of the resonant part of C; are overwhel-
mingly small in frequencies other than the fundamental. Besides that, and probably
more important, the difference between the proportional and resonant gains at key
frequencies is considerably huge (e.g. —60dB to —105dB for 300H z).

Vak

Feed-Forward Action —\
7k

********** - Leg = 2(L +2Ly)

(ko 7 * \
Vo C1,(5) Ic (&
v, ~
Req = 2R+ 2Ry) Desired Effect

Figure 5.22: Block of the NRF double-loop voltage-controlled MMC with virtual
impedance loop. The "desired effect"highlighted in red is not included in the system.
It is only represented here for didactic purposes.

Following the procedure presented in Section 4.1.5 it is possible to find the fol-
lowing Thévenin-equivalent model for the MMC:

V= GROITE() = ZA)N6) — 28 () TE(S), (5.12)
28,9 =~ 2N G (.13

where AS% in the virtual impedance produced by the feed-forward action.

Figure 5.23 presents the analysis results for the MMC under double-loop vol-
tage control with virtual admittance. In comparison to the previous section, it is
noticeably a significant difference among the magnitude curves with and without
virtual impedance as shown in Figure 5.23a. The best case was achieved with the
cut-off frequency of 1kH z, where the difference at 300H z reached 22.5dB (0.28p.u.)
to 12.7dB (0.09p.u.). This result is confirmed by comparing the produced voltages
displayed in Figures 5.23c and 5.23f. Without the virtual impedance, the output
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Figure 5.23: Results showing the influence of virtual admittance: NRF double-loop
voltage-controlled MMC. (a)Frequency response of the equivalent impedance with
and without the virtual term; (b) Load currents; (¢) output voltage without virtual
admittance, and output voltage with (d) 100H z-bandwidth, (e) 500H z-bandwidth
and (f) 1000H z-bandwidth virtual impedance.
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voltages presented a THD of 8.1%, whereas using the virtual impedance, this THD
marked 3.2% in the best case and 3.9% and 5.2% in the other two cases. A summary
present the THD (computed with a 20kHz bandwidth) of voltages and currents in

each subsection is presented in Table 5.7.

Table 5.7: Summary of the results for the analysis of the use of virtual elements
in NRF-controlled MMC. VirA stands for virtual admittance and Virl for virtual
impedance.

Control Mode - THD, (%) THD; (%)
Without VirA 7.2 5.3
Current-Controlled With VirA 79 0.9
Without Virl 6.4 24.1
Single-Loop With Virl (fe = 100H z) 6.4 24.9
Voltage-Controlled With Virl (fe = 500H z) 5.1 26.0
With Virl (fe = 1000H 2) 4.2 25.7
Without Virl 8.1 25.0
Double-Loop With Virl (fe = 100H z) 5.2 25.0
Current-Voltage-Controlled ~ With Virl (fe = 500H z) 3.9 25.0
With Virl (fe = 1000H z) 3.2 25.0

5.2.4 Use of virtual elements for enhancing the performance:
SRF-controlled MMC

As in the previous, this section presents control strategies for blocking out the effects
of the disturbances (either main-bus voltage or load current) in the performance of
the system. Nonetheless, this time the control systems are implemented in SRF
considering the modeling approach of Chapter 4.2. The following subsection deals

with each of the control modes already presented.

MMC under current control

The block diagram presented in Figure 5.24 represents the MMC under current
control with a feed-forward action to block out the influence of harmonic distortion
in the grid voltages on the output currents. As in the previous section, the “desired
effect" inputs in the diagram are only displayed to show what is the outcome of the
feed-forward action. The current-control law in (4.53) can be expanded as follows

to encompass this new parcel:

B0 = C(s) [T () - T00(s)] + DI (s) + AL (5)VE0(s),  (5.14)
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Figure 5.24: Block diagram of the SRF-current-controlled MMC with anti-
disturbance feed-forward action. The blue loop comprehending quo components
middle left part of the diagram is the feed-forward action. The red signals ‘70‘?;;1]0
correspond to the effect caused by the feed-forward action.

2
A(s) = -

oS O =
oS = O
o O O

Following the same steps presented in Section 4.2.3, it is possible to reach the

following analytical model of the MMC:

1%0(5) = G0 (5)T%% (5) — Y90 (5) V20 (5) — Y 0 (5)VI(5), (5.15)
Y ( _ F—l 350 dqo
vir S) = —1; (S) 4VdCOC’6quq—l—ﬁI Az (S), (516)
cO

where Y ;. is the virtual matrix admittance produced by the feed-forward action.

This model can be represented by the equivalent circuit displayed in Figure 5.25.

Tdq0
IC

e

>

dq0F dq0x dq0 dq0 ~
Cf Gicl Icq Yag sz'r qu()

Figure 5.25: Equivalent circuit of the SFR current-controlled with virtual admit-
tance.
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The effectiveness of the feed-forward action is proved by the results presented in
Figure 5.26. For instance, Figure 5.26a shows that the virtual admittance significan-
tly pulled down the magnitude curve of the equivalent admittance. It can also be

observed in the time-domain results in which the current THD was improved from
3.5% to 0.5%.
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Figure 5.26: Results showing the influence of virtual admittance: SRF current-
controlled MMC. (a) Frequency response of the self-related term; (b) Grid voltages;
MMC currents (d) without virtual admittance, and (e) with virtual admittance.

MMC under single-loop voltage control

Figure 5.27 presents the block diagram of the single-loop voltage-controlled MMC
with feed-forward action. As with the case of NRF-controlled MMC, here it neces-

sary to include new measurements in the control system, i.e., the load currents and
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change the control law to:
B0 = Gi(s) [V (5) = V0(s)| + AT (s). (5.07)

The term AZ?S(;(S) in (5.21) represents the transfer matrix of the feed-forward
action, which is obtained after systematic manipulation of the block diagram in
Figure 5.27. These details are better illustrated in the Figure D.4 of the Appendix D

and its result is given by:

AV (s)

{(R+2Rf)1+(L+2Lf) (Si" I+Q)]. (5.18)

We

‘/ch

Once more, a low-pass filter with cut-off frequency w. is used to prevent that either
suddenly changes in the load or measurement noises sparkle unstable behavior on

the system.

j(l

o,ap!
|

Figure 5.27: Block diagram of the SRF single-loop voltage-controlled MMC with
anti-disturbance feed-forward action. The blue loop comprehending Aff?sol compo-
nents middle left part of the diagram is the feed-forward action. The red signals

I &4 correspond to the effect caused by the feed-forward action.

Following the methodology described in Section 4.2.4, it is possible to reach the

sl,dqo
vir

analytical model for the MMC, this time accounting the virtual impedance Z

V(s) = G (V5 () = ZHL (9T (9) — ZUW(T0), (5.19)
z:tde — st 7 (4V,C 2% 1) At 2
vir — " T uout in dc0CeqSdg + Vdo v,sl(s)‘ (5 0)

The model given in (5.19) can be traduced into the circuit in Figure 5.28.
Zsl,dqo

As in any of the cases involving virtual elements, Z,”", when associated with

the fo(t)h, reduces the magnitude of the equivalent impedance, as can be seen in
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Figure 5.28: Equivalent circuit of the SFR single-loop voltage-controlled MMC with
virtual impedance.

Figures 5.29a and 5.29b. It is also noticeable that the higher is the bandwidth
of the filter, the smaller in the magnitude of the equivalent impedance, yet the
resonant peaks around 850H z are not affected by the feed-forward action. It is
important to mention that some numerical errors were observed in the frequency
range highlighted in red in Figures 5.29a and 5.29b, the same issues pointed out in
Section 5.2.2. As for the time-domain results, the produced voltages presented THD
of 11.5% without virtual impedance, case of the graph in Figure 5.29d, and 3.5% in

the best virtual-impedance scenario, Figure 5.29g.
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Figure 5.29: Results showing the influence of virtual admittance: SRF single-loop
voltage-controlled MMC. Frequency response of the (a) self-related and (b) cross-
axis terms; (c¢) Load currents; (d) produced voltage without virtual admittance,
and produced voltage with (e) 100H z-bandwidth, (f) 500H z-bandwidth and (g)
1000H z-bandwidth virtual impedance.

MMC under double-loop voltage control

The approach to derive the feed-forward term for the double-loop voltage-controlled
MMC is along the lines of the strategy used for the other control modes. Thus, firstly
it is necessary do represent the block diagram of the closed-loop system, which is
done in Figure 5.30, then it is necessary to realize which additional term in the
control law is necessary to produce the desired effect of blocking out the influence
of the load current in the delivered voltage. In views of that, the inner-loop control

law and feed-forward transfer matrix can be written as follows:

E! = C{*(s) [iqu*(s) —I10(s) | + DT (s) + AL ()T (s), (5.21)
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dqo 1 [ WeS

S+ Wwe

it = (L+2L;) + (R+2Rf)} I+ CH%s) — DY ~

1 {wcs

Tl ey (L+2Ls)+ (R+ 2Rf)] I+ KT - D (5.22)

Once more, the step-by-step path which lead to the result in (5.22) is presented in the
Appendix D. Notice that rather than using C?qo, it was chosen to consider only its
proportional part. The integral term of the controller would produce an everlasting-
growing signal which could bring instability to the system, similarly to the case
reported in Section 5.2.3 for the resonant parcel. This approach raises no concerns
regarding the effectiveness of the feed-forward action because the proportional term

of the current controller exceeds the magnitude of integral at the key frequency of

360H z by a margin of over twenty times.

jd

o.ap!
I

—_Desired Effect

[(17\

o,an
I

Figure 5.30: Block diagram of the SRF double-loop voltage-controlled MMC with
anti-disturbance feed-forward action. The blue loop comprehending A‘Z?gl compo-
nents middle left part of the diagram is the feed-forward action. The red signals
I%4  correspond to the effect caused by the feed-forward action.

O7ap

The same step-by-step used in Section 4.2.5 can be used to find the following

equivalent model:

Voil(s) = Gl (s)Ve™ (s) — Zgl ()13 (s) — Zi ™ (s)13%(s), (5.23)
Zii ™ (5) = Zaf ()T (5), (5.24)
3.5,
T0M0(s) = =T;7(s) [4ViaeoCleqSag + QV—OI AL (s), (5.25)
dc0
where Z%%° is the virtual impedance produced by the feed-forward action. Fi-

gure 5.31 presents the equivalent circuit based on (5.23).
The frequency responses of the equivalent impedance of the MMC with and
without feed-forward term are presented in Figures 5.32a and 5.32b. As with the
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Figure 5.31: Equivalent circuit of the SFR double-loop voltage-controlled MMC
with virtual impedance.

results of the other control modes, here the virtual impedance reduced the magni-
tude of the equivalent impedance of the MMC with better results when the cut-off
frequency is higher. It is also important to notice the highlighted region in Figu-
res 5.32a and 5.32b as they indicate the possible existence of numerical errors already
explained in other sections of this chapter. The time domain-results in Figures 5.32c-
5.32g show the effects of reducing the magnitude of the equivalent impedance, i.e.,
the harmonic distortion in the output voltages was reduced from 11.5% to 3.5% for
the case where the feed-forward action considered cut-off frequency of 1000H z. To
finish off the section, Table 5.8 summarizes the results for the THD (computed with

a 20kHz bandwidth) of voltages and currents in each of the control modes.
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Figure 5.32: Results showing the influence of virtual admittance: SRF double-loop
voltage-controlled MMC. Frequency response of the (a) self-related and (b) cross-
axis terms; (c¢) Load currents; (d) produced voltage without virtual admittance,
and produced voltage with (e) 100H z-bandwidth, (f) 500H z-bandwidth and (g)

1000H z-bandwidth virtual impedance.

Table 5.8: Summary of the results for the analysis of the use of virtual elements
in SRF-controlled MMC. VirA stands for virtual admittance and Virl for virtual

impedance.

Control Mode -

THD, (%) THD; (%)

Current-Controlled W\;\t/i%uz/XXA ; 1 gg
Without Virl 11.5 22.8

Single-Loop With Virl (fe = 100H2) 7.4 99.8
Voltage-Controlled ~ With Virl (fc = 500H z) 5.4 22.8
With Virl (fe = 1000H z2) 3.5 22.8

Without Virl 11.5 22.8

Double-Loop With Virl (fe = 100H z) 7.4 22.8
Voltage-Controlled ~ With Virl (fc = 500Hz2) 5.4 22.8
With Virl (fe = 1000Hz) 3.5 22.8
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5.3 Applications of the developed models

This section has the objective of presenting some applications for the developed
models. In this regard, it was chosen as examples the use of the model for fast time-
domain simulations and stability analysis of power-electronic-based systems. In
both cases, the results are validating through simulations with the detailed PSCAD
model. It is important to mention that, it was considered on the NRF-controlled
MMC, yet the SRF model also could be used for the same objective. Besides that,

the control actions defined in Section 5.2 are not considered in this part of the thesis.

5.3.1 Step response of the MMC

For showing how the developed model can be used in time-domain simulations, the
MMC, initially in steady-state condition, was submitted to step changes. It was
considered here only the case were the MMC is under double-loop current/voltage
control a the step chages were firstly performed in the ac load current ¢, and then
in the dc voltage vg., yet not simultaneously. For obtaining the time-domain step
response of the system, is necessary to sum the steady-state value of the variables

with the time response indicated by the proposed model. Thus:

vk = v(’fss + ok
Zcir - Zcirss =+ Zcir
where U]o:s and z'ffirss are, respectively, the steady-state values of the ac bus voltage

and the MMC circulating current before the perturbation of the system. In this

analysis, it was considered that the MMC supply an rated power with unitary-
k

power-factor load. Furthermore, % and 7%, are the time-domain changes caused by
the perturbations in vg. and i, and predicted by (4.30) and (4.8), respectively, in

frequency domain.
k

Figure 5.33 shows the results obtained for three different perturbations in .
Here, it was chosen to present only the results for the phase a to optimize the
space, but the other phases presented similar behavior. The mentioned perturba-
tions comprised three components, fundamental, fifth- and seventh-order harmonic
components, all of which with an amplitude of 0.17 p.u., starting at ¢ = 3s. The
upper graph of each sub-figure shows how the output current is changed by the
considered perturbation. It is possible to notice that the proposed model (straight

line), in comparison to the PSCAD/EMTDC model (circle-filled dashed lines), was
k

able to accurately predict the voltage effects imposed by the perturbation in 7.
The same approach was used to analyze the effect of the perturbation in wvg,.:

it was considered three different cases covering the major components the dc vol-
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Figure 5.33: Time response to a perturbation in the load current at ¢t = 3s. The
upper charts represent the load current ¢2, whereas the lower ones display the vol-
tage vg.
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tage can present. Thus, DC, second- and fourth-order harmonic components, with
0.066 p.u.-amplitude, were added to the dc voltage at t = 3s. As depicted in Fi-
gure 5.34, the change in the circulating current predicted by the proposed analytical
model followed the results indicated by the PSCAD/EMTDC simulation with some
small differences. These differences, mostly observed in the response for the DC
change in Figure 5.34a, concerning high-frequency effects due to the non-linearities

which are not included in the model.

5.3.2 Stability analysis of the MMC

Besides using the proposed model to speed up time-domain simulations encompas-
sing grid-forming MMC, it is also possible to use it in stability analysis in systems
where the MMC interacts with other converters. For this reason, it is presented

in this subsection an example where two MMC interact with each other as in Fi-

I

Current-Controlled MMC

- O O ~
i1 (s) | I%(s)

: YvCLCQ(S) Ik02 i

(b) Equivalent circuit

Figure 5.35: Grid-forming MMC feeding a current-controlled MMC.
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gure 5.3ba. The first as a grid-forming converter and the second as a current-
controlled converter. The grid-forming converter, for instance, plays the role of the
inverter station of an HVDC system whereas the current-controlled represent a re-
newable, non-dispatchable power plant. Thus, v4.; and wvgeo are two independent
ideal sources, representing the DC links of each converter. The equivalent circuit
which represents this system is depicted in Figure 5.35. Here, the index 1 and 2 are
used to distinguish each one of the converters.

According to the impedance-based stability criterion [125], the loop function
L(s) = Z},1(s)Yea2(s) is equivalent to the open-loop transfer function which repre-
sents the interaction between the voltage- and current-source sides®of the system
and because of that, can be used to assess its stability. Considering firstly that the

control settings of both converters are in accordance with the values considered in
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Figure 5.36: Stability evaluation of a system composed by a grid-forming MMC
feeding a current-controlled MMC: stable condition.
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Chapter 4, whenever applicable, the loop function does not present any right half
plane (RHP) pole as shown in Figure 5.36a. Furthermore, the Nyquist curve pre-
sented in Figure 5.36b does not encircle the critical point (—1,0), indicating that
the system is stable. This prediction is confirmed by the time-domain simulation
results presented in Figure 5.36¢, as both the grid voltage v%, and the load current
1%, converge to their references.

It can be observed at the bottom graph of Figure 5.36¢ that the produced current
of the MMC2 (the current-controlled MMC) starts with a 180° lag to its reference.
This is caused by the inherent characteristic of current-controlled converters, and to
be better understood, considerer the circuits in Figure 5.37. This figure shows that
the output current i.o(t) is composed by two components, i,(t) and i;(¢). The former
is the ac voltage response and flows though the equivalent admittance Y,., as in
the circuit in the left of Figure 5.37. The other component, i;(t), is the response for
the reference current and can be called the desired current to be produced. Thus,

it is possible to write the following result:

Th(s) = GH5) I (5) ~ Yl )VE(5). (5.27)
le:(,s) f{;(,s)

The response to the ac voltage, i.e. i,(t), must converge to zero due to the action
of the resonant controller. However, during a transient period, it presents a fading
60H z component, which caused the 180°-lag observed in the interval that goes from
0.5 to 0.6s in the bottom graph of Figure 5.36¢c. For better understanding this point,
it was obtained the time responses from the Laplace-domain models of Y,.(s) and
G¢(s) for sinusoidal inputs as follows:

iy(t) = LYo )V ()} (5.28)

Y

ig(t) = LG (s) I (). (5.20)

)

where £~ is the inverse Laplace operator. In this case, V%(s) represents a 60H z
rated-amplitude input voltage, and I%(s) a 60 H z rated-amplitude reference current.
Figure 5.38 presents the results for these testes. In both cases, Figures 5.38a and
5.38b, the upper and bottom graphs present, respectively, the input and response of
the circuit. As mentioned, during a transient period ig(t) is different of zero and its
peak even overpass 2p.u., as can be observed in Figure 5.38a. Here it is important
to notice that in the simulated system (which results are presented in Figure 5.36¢),

this component is not as harmful because instead of step-like, the voltage in the

5The grid-forming MMC plays the role of the voltage source, whereas the current-controlled
does the current source.
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Figure 5.38: Time responses of Y,.»(s) and G¢(s) for rated-amplitude 60H z inputs.

circuit grows gradually. Figure 5.38b, on the other hand, shows the response for the
reference current, and it stands out that it is smoother than the response for the
voltage.

Now it is necessary to investigate the physical meaning of this transient response
for the ac voltage. As previously mentioned, it enforces a 180°-lagged current which,
in turn, indicates a transient inversion in the direction of the power flux in the

current-controlled MMC. The upper graph of Figure 5.39 highlights this lagging

145



between the produced current and the voltage at the ac bus. As can be observed
in the bottom graph, the power inversion raises the equivalent dc voltages v/, and

vi% of the SMs of the current-controlled MMC.
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Figure 5.39: Simulation results of the current-controlled MMC.

Just for the sake of comparison, if all the control settings are adjusted to a
tenth of their values, the loop function will present RHP poles as in Figure 5.40a.
According to the Nyquist stability criterion, the system remains stable if and only
if the Nyquist plot encircles the critical point in the counterclockwise direction as
many times as the number of RHP poles. This is not observed in Figure 5.40b,
indicating that the system is unstable. Once again, the prediction is confirmed
by the simulation results in Figure 5.40c. Table 5.9 presents the control settings

considered throughout this section.

Table 5.9: Control settings considered during the stability analysis.

Proportional Gain Resonant Gain

MMC Stable Unstable Stable Unstable

Grid-Forming  Voltage Loop 0.10000  0.01000  1.00000  0.10000
MMC Current Loop 0.00010  0.00001  0.01000  0.00100

Current-Controlled

MMC Current Loop 0.00010 0.00001 0.01000  0.00100

5.4 Partial Conclusions

The first point addressed in this chapter was the effects of the control parameters

on the equivalent admittances and impedances of the MMC in different control
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Figure 5.40: Stability evaluation of a system composed by a grid-forming MMC
feeding a current-controlled MMC: unstable condition.

modes. At first, it was considered the MMC controlled in NRF and one of the
major conclusions is that the proportional gain is considerably more significant than
the resonant when it comes to the shape of the admittances and impedances in the
frequency domain. In general, it was observed that the greater the proportional
gains, the better for the MMC because it reduces the level of the magnitude curves,
making the system stronger in face of harmonic disturbances. It was also noticed
that the proportional gains affect the position of resonant peaks when the MMC is
either single- or double-loop current/voltage control, yet the same is not observed
when the MMC is under current control. As for the SRF controlled modes, the
analyses returned similar results, i.e., proportional gains stand out as more related
to changes of the equivalent impedances/admittances in key frequencies. In most of

the cases, the integral only interfered in the magnitude of resonant peaks.
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Then, it was shown that the strategy of using multiple resonant loops in NRF
produced multiple notches at the frequencies of fifth- and seventh-order harmonic
components in the magnitude curve of the equivalent impedance/admittance of the
MMC. These notches guaranteed, for instance, that distorted voltages do not affect
the produced voltages of the current-controlled MMC. Analogously, they also con-
tributed to making the grid-forming MMC supply non-linear loads without having
its produced voltages distorted. In both cases, the simulation results showed that
the currents/voltages of MMC presented higher levels of THD when using a single
resonant loop. After that, it was analyzed the use of proportional-integral-resonant
controllers in SRF. The frequency-domain results indicated the presence of notches
in the magnitude curves of the equivalent impedance/admittance of the MMC, li-
kewise, the notches observed in the NRF-controlled MMC. In this case, the notch
appears at 360H Z, which corresponds to the frequency of the fifth- and seventh-
order harmonic components in SRF. The simulation results also indicated that the
additional resonant loop reduced the harmonic distortion of the produced voltages
and currents.

After that, it was derived in the chapter feed-forward control to produce virtual
elements (admittance or impedance) with the function of shaping the equivalent
impedance to reduce their magnitudes for key frequencies. The effectiveness of the
proposed controllers was also demonstrated both in the frequency response of the
system and through time-domain simulations. The results pointed out that the
low-pass filters used in the feed-forward actions of the voltage-controlled MMC play
an important role in the produced virtual impedance. In this context, the greater
the cut-off frequency, the better the immunity created by the virtual impedance to
harmonic content in the load currents.

It was also shown in this chapter two applications for the proposed models.
In the first application, the proposed model for the NRF-controlled double-loop
current/voltage-controlled MMC was used in a time-domain simulation. The results
pointed out that the proposed model was effective in predicting the dynamics of the
MMC. In the second application, the developed models were used to predict the
stability of a power-electronics-based system comprising a grid-forming MMC and
a current controlled MMC. It was presented two cases, one where the system was
stable and another in which the system was unstable. Using the proposed models
and the impedance-based stability criterion, it was possible to predict whether the

system was stable or unstable.
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Chapter 6
Conclusions

This thesis presented a group of linearized models for the MMC in different control
modes in Natural and Synchronous Reference Frames. First, the models for the
current-controlled, single-loop voltage controlled and double-loop current/voltage
controlled were derived, for both reference frames, then they were validated through
simulations using PSCAD and PSIM. It is important to mention that, along with the
models representing the output variables, it was also derived models for the dynamics
of the circulating currents of the MMC. In the sequence, some analyses were carried
out to show the influence of control gains in the frequency response of the equivalent
admittance and impedance of the MMC. It was also analyzed the effect of using
resonant controllers tuned in the frequencies of the major harmonic components
in the shape of the equivalent ac admittance/impedance of the MMC in Natural
Reference Frame (NRF) and Synchronous Reference Frames (SRF) and, afterward, it
was proposed a feed-forward control to provide the MMC with immunity to harmonic
content from the system. As a last point presented in the thesis, it was shown typical
applications for the developed model, i.e., time-domain simulations and stability
analysis of a power-electronic-based system.

It was possible to show that when the MMC is current controlled, it can be
represented in the Laplace domain by a current source associated with an admittance
(which corresponds to a Norton-equivalent model), both of which influenced by the
values of passive elements and control settings alike. For the grid-forming modes,
i.e., single-loop voltage controlled and double-loop current /voltage controlled MMC,
it was possible to represent the converter by a voltage source behind an equivalent
impedance (which corresponds to a Thévenin-equivalent model). As for the current-
controlled MMC, the voltage source and equivalent impedance are also dependent on
the values of passive elements and control settings. As for the circulation currents,
the derived models pointed out a direct relationship with the dc-link voltage. This
relationship, indeed, allowed representing the circulating current dynamics through

an equivalent admittance. Once more, it is important to mention that the major
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results for the doubly-loop voltage-controlled MMC were published in [62].

When the MMC is controlled in NRF, there is no coupling between the phases
and, consequently, it is possible to use one-dimensional admittances, impedances,
and sources to compose the system. When the MMC is controlled in SRF, on the
other hand, such approach is not feasible since the frame transformation creates
couplings between the direct and quadrature axes. Thus, the admittances, impe-
dances, and sources of the system might be represented by 3 x 3 matrices and the
variables by arrays containing the direct-axis, quadrature-axis, and zero-sequence
components.

The results obtained with the proposed models matched those predicted by the
non-linear model of the MMC with few small differences. For instance, some dif-
ferences were observed in the resonant frequencies of the models of the MMC con-
trolled in NRF. In this case, the digital implementation of these controllers in the
non-linear model is responsible for this disparity, but it was understood that this
raises no great concerns. Some small errors in the predictions of the SRF models
were also observed in specific points of the spectrum. In contrast to the differences
observed for the NRF models, these were caused by the numeric implementation
of the proposed models. The operations with 3 x 3 matrices led to hundred-order
transfer functions, requiring the use of some numeric simplifications, which, in turn,
reduced the precision of the model in some points of the spectrum. Once more, it
was understood that no great concern must be raised because these errors did not
appear in the key frequencies of the system.

It was also highlighted in the thesis that the control settings can modify the
resonant peaks present in the equivalent admittances and impedances of the MMC
either amplifying, damping or even changing the frequency in which they occur.
These results shed light on the importance of the careful adjusting of the control
settings, otherwise, the output ac currents and voltages could be severely distorted
by background harmonics and by the presence of the non-linear loads in the power
grid. Also in this context, the swelling of small oscillating components - components
other than the second-order harmonic, which is the only component damped through
control - in the circulating currents may or may not occur depending on the control
settings.

Still considering the relationship of the control settings with the power quality
issue, it was shown that the use of extra resonant loops tuned in the frequency of
the major harmonic components of the system contributed to the reduction of the
THD of the output currents and voltages. In the frequency domain, these resonant
loops produced notches at 300 and 420H z for the control modes implemented in the
natural reference frame, and a notch at 360H z for the control modes implemented

in the synchronous reference frame. In other words, the resonant loops reduced
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significantly the magnitude of the admittances and impedances at the frequencies
of the fifth- and seventh-order harmonic components.

The proposed feed-forward controllers were also able to reshape the equivalent
admittances and impedances of the MMC to provide it with immunity to harmonic
components of the grid. On one hand, this approach allowed a broader effect in the
frequency domain in comparison to the use of multiple resonant loops, on the other,
the reduction of the magnitudes of admittances and impedance at key frequencies
were smaller. As presented in the thesis, the feed-forward action creates a virtual
admittance in the system when the converter is under current control and a virtual
impedance when the MMC is under voltage control. To obtain proper transfer
functions for the virtual impedances, for instance, it was necessary the use of low-
pass filters which, in turn, undermined the performance of the feed-forward action.

The time-domain simulation using the proposed model for the NRF double-loop
current /voltage-controlled MMC showed accurate results when compared to more
detailed models. Given that, it is possible to conclude that the proposed models
for the different control modes can be employed in transient analysis of MMC-based
power grids. One upper point in this regard is the fact that the simulations involving
the proposed models are considerably faster than the simulations considering more
detailed models, which paves the way for the use in transient analyses of large and
complex power systems.

Another potential application of the proposed models is in frequency-domain
studies such as small-signal stability analyses of power-electronics-based power sys-
tems. The example presented in the last section of the last chapter, for instance,
accurately predicted the stability/instability of the chosen cases. In this case, the
scenario in which a grid-forming MMC supplies the voltages for a current-controlled
MMC is similar to the typically used configuration for the integration of offshore
wind power plants to the onshore power grid. The only difference here is that,
in real offshore power plants, the current-controlled MMC would be replaced by
current-controlled two-level converters associated with step-up transformers. The
use of the current-controlled MMC was for no other reason than avoiding inserting
other elements in this thesis.

Among the proposed models, those for the double-loop voltage-controlled MMC
stand out due to the novelty of this control approach in the context of high power
high voltage applications. As mentioned in the introduction, as far as the authors
could find, only one paper has considered modeling the MMC with this control
approach until 2019 [55], yet the focus of their research considered the power and
energy, instead of voltages and currents, as state variables. The approach followed
in this thesis [62] allows among other things applying power-electronics popular

techniques such as the impedance-based stability criterion [125], as shown in the
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example analyzed in the previous paragraph. It is understood that the double-loop
control approach should become more common in MMC application, especially in
the integration of offshore wind power plants to the onshore grid, and for this reason,
the models (implemented in Natural and Synchronous Reference Frames) presented

in the thesis might be of great relevance for the analyses of the future power grid.

6.1 Further works

Further works include the following topics:

e Investigate computational approaches to mitigate errors cased by the matrix

manipulations in SRF models;

e Using the models for fast transient analysis of complex MMC-based power

grids;

e Combine the circulating current equivalent admittance with the dc-voltage
control loop to derive an analytical model to represent the dc side of the

MMC when it is acting as a rectifier converter of an HVDC;

e Use of the proposed models for spotting resonance and stability issues involving
the integration of MMC-based HVDC with transmission lines, power plants,
FACTS and other elements composing a power grid;

e Development of analytical models for representing MMC-based multiterminal

HVDC (MTDC);

e Development of analytical for representing current-source-based modular mul-

tilevel converters and modular multilevel matrix converter;

e Development of analytical models for the MMC operating in grid-supporting
mode, i.e., under voltage control, but with frequency and voltage droop con-

trollers.

152



List of References

[1] STRASSER, T., ANDREN, F., KATHAN, J., et al. “A Review of Architectures
and Concepts for Intelligence in Future Electric Energy Systems”, IEFE
Transactions on Industrial Electronics, v. 62, n. 4, pp. 2424-2438, April
2015. ISSN: 0278-0046. doi:10.1109/TIE.2014.2361486.

[2] OBI, M., BASS, R. “Trends and challenges of grid-connected photovoltaic sys-
tems — A review”, Renewable and Sustainable Energy Reviews, v. 58,

pp. 1082 — 1094, 2016. ISSN: 1364-0321. doi:10.1016/j.rser.2015.12.289.

[3] JANA J., SAHA, H., BHATTACHARYA, K. D. “A review of inverter topologies
for single-phase grid-connected photovoltaic systems”, Renewable and Sus-
tainable Energy Reviews, v. 72, pp. 1256 — 1270, 2017. ISSN: 1364-0321.
doi:10.1016/j.rser.2016.10.049.

[4] OBEIDAT, F. “A comprehensive review of future photovoltaic systems”,
Solar FEnergy, v. 163, pp. 545 — 551, 2018.  ISSN: 0038-092X.
d0i:10.1016/j.solener.2018.01.050.

[5] RABIUL ISLAM, M., MAHFUZ-UR-RAHMAN, A. M., MUTTAQI, K. M., et al.
“State-of-the-Art of the Medium-Voltage Power Converter Technologies
for Grid Integration of Solar Photovoltaic Power Plants”, IEEE Transac-
tions on Energy Conversion, v. 34, n. 1, pp. 372-384, March 2019. ISSN:
1558-0059. doi:10.1109/TEC.2018.2878885.

[6] MANSOURI, N., LASHAB, A., SERA, D., et al. “Large Photovoltaic Power
Plants Integration: A Review of Challenges and Solutions”, FEnergies,

v. 12, n. 19, 2019. ISSN: 1996-1073. d0i:10.3390/en12193798.

[7] YARAMASU, V., WU, B., SEN, P. C., et al. “High-power wind energy con-
version systems: State-of-the-art and emerging technologies”, Proceedings
of the IEEE, v. 103, n. 5, pp. 740-788, May 2015. ISSN: 1558-2256.
doi:10.1109/JPROC.2014.2378692.

[8] DE FREITAS, T. R., MENEGAZ, P. J., SIMONETTI, D. S. “Rectifier topologies

for permanent magnet synchronous generator on wind energy conversion

153


http://dx.doi.org/10.1109/TIE.2014.2361486
http://dx.doi.org/10.1016/j.rser.2015.12.289
http://dx.doi.org/10.1016/j.rser.2016.10.049
http://dx.doi.org/10.1016/j.solener.2018.01.050
http://dx.doi.org/10.1109/TEC.2018.2878885
http://dx.doi.org/10.3390/en12193798
http://dx.doi.org/10.1109/JPROC.2014.2378692

systems: A review”, Renewable and Sustainable Energy Reviews, v. b4,
pp. 1334 — 1344, 2016. ISSN: 1364-0321. doi:10.1016/j.rser.2015.10.112.

[9] BLAABJERG, F., MA, K. “Wind Energy Systems”, Proceedings of the
IEEE, v. 105, n. 11, pp. 21162131, Nov 2017. ISSN: 1558-2256.
doi:10.1109/JPROC.2017.2695485.

[10] PAEZ, J. D., FREY, D., MANEIRO, J., et al. “Overview of DC-DC
Converters Dedicated to HVdc Grids”, IEEE Transactions on Power
Delivery, v. 34, n. 1, pp. 119-128, Feb 2019. ISSN: 1937-4208.
doi:10.1109/TPWRD.2018.2846408.

[11] ALASSI, A., BANALES, S., ELLABBAN, O., et al. “HVDC Transmission:
Technology Review, Market Trends and Future Outlook”, Renewable and
Sustainable Energy Reviews, v. 112, pp. 530 — 554, 2019. ISSN: 1364-0321.
doi:10.1016/j.rser.2019.04.062.

[12] ESLAMI, M., SHAREEF, H., MOHAMED, A., et al. “A survey on
flexible AC transmission systems (FACTS) [Analiza urzadzen
systemu FACTS|”, Przeglad FElektrotechniczny, v. 88, n. 1 A
pp. 1-11, 2012 Disponivel em: <https://www.scopus.com/
inward/record.uri?eid=2-s2.0-84855334055&partner ID=40&md5=
bedbb5cf288ee017dcee8£291b06abf7a>.

[13] WATANABE, E. H., DE ARAUJO LIMA, F. K., DA SILVA DIAS, R. F.,
et al. “28 - Flexible AC Transmission Systems”. In: Rashid, M. H.
(Ed.), Power Electronics Handbook (Fourth Edition), fourth edition ed.,
Butterworth-Heinemann, pp. 885 — 909, Oxford, 2018. ISBN: 978-0-12-
811407-0. doi:10.1016/B978-0-12-811407-0.00031-3.

[14] BOSE, B. K. “Power Electronics and Motor Drives Recent Progress and Pers-
pective”, IEEE Transactions on Industrial Electronics, v. 56, n. 2, pp. 581—
588, Feb 2009. ISSN: 1557-9948. doi:10.1109/TIE.2008.2002726.

[15] RONANKI, D., SINGH, S. A., WILLIAMSON;, S. S. “Comprehensive Topo-
logical Overview of Rolling Stock Architectures and Recent Trends in
Electric Railway Traction Systems”, IEEE Transactions on Transporta-
tion FElectrification, v. 3, n. 3, pp. 724-738, Sep. 2017. ISSN: 2372-2088.
doi:10.1109/TTE.2017.2703583.

[16] KRASTEV, 1., TRICOLI, P., HILLMANSEN;, S., et al. “Future of Electric

Railways: Advanced Electrification Systems with Static Converters for ac

154


http://dx.doi.org/10.1016/j.rser.2015.10.112
http://dx.doi.org/10.1109/JPROC.2017.2695485
http://dx.doi.org/10.1109/TPWRD.2018.2846408
http://dx.doi.org/10.1016/j.rser.2019.04.062
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84855334055&partnerID=40&md5=bedb5cf288ee017dcee8f291b06a6f7a
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84855334055&partnerID=40&md5=bedb5cf288ee017dcee8f291b06a6f7a
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84855334055&partnerID=40&md5=bedb5cf288ee017dcee8f291b06a6f7a
http://dx.doi.org/10.1016/B978-0-12-811407-0.00031-3
http://dx.doi.org/10.1109/TIE.2008.2002726
http://dx.doi.org/10.1109/TTE.2017.2703583

[17]

18]

[19]

[20]

[21]

[22]

23]

[24]

Railways”, IEEE Electrification Magazine, v. 4, n. 3, pp. 614, Sep. 2016.
ISSN: 2325-5889. doi:10.1109/MELE.2016.2584998.

VAZQUEZ, S., LUKIC, S. M., GALVAN, E., et al. “Energy Storage Systems
for Transport and Grid Applications”, IEEE Transactions on Industrial
Electronics, v. 57, n. 12, pp. 3881-3895, Dec 2010. ISSN: 1557-9948.
doi:10.1109/TTE.2010.2076414.

ZHANG, N., SUTANTO, D., MUTTAQI, K. M. “A review of topologies of
three-port DC-DC converters for the integration of renewable energy and
energy storage system”, Renewable and Sustainable Energy Reviews, v. 56,
pp. 388 — 401, 2016. ISSN: 1364-0321. doi:10.1016/j.rser.2015.11.079.

DRAGICEVIC, T., BLAABJERG, F. “Chapter 9 - Power Electronics for Mi-
crogrids: Concepts and Future Trends”. In: Mahmoud, M. S. (Ed.), Mi-
crogrid, Butterworth-Heinemann, pp. 263 — 279, Oxford, 2017. ISBN:
978-0-08-101753-1. doi:10.1016/B978-0-08-101753-1.00009-7.

BAYHAN, S., ABU-RUB, H., LEON, J. 1., et al. “Power electronic converters
and control techniques in AC microgrids”. In: TECON 2017 - 43rd Annual
Conference of the IEEE Industrial Electronics Society, pp. 6179-6186, Oct
2017. doi:10.1109/IECON.2017.8217073.

DORN, J.  “Novel voltage-sourced converters for HVDC and FACTS
applications”. In:  OSAKA: SYSTEM DEVELOPMENT AND AS-
SET MANAGEMENT UNDER RESTRUCTURING, OSAKA, 2007.
CIGRE. Disponivel em:  <https://e-cigre.org/publication/
SYMP_OSA_2007-osaka-system-development-and-asset-management-
under-restructuring>. Accessed in July 14, 2020.

KUMAR, Y. S., PODDAR, G. “Control of Medium-Voltage AC Motor Drive
for Wide Speed Range Using Modular Multilevel Converter”, IEEE Tran-
sactions on Industrial Electronics, v. 64, n. 4, pp. 2742-2749, April 2017.
ISSN: 0278-0046. doi:10.1109/TTE.2016.2631118.

JUNG, J., LEE, H., SUL, S. “Control Strategy for Improved Dyna-
mic Performance of Variable-Speed Drives With Modular Multilevel
Converter”, IEEE Journal of Emerging and Selected Topics in Power
Electronics, v. 3, n. 2, pp. 371-380, June 2015. ISSN: 2168-6777.
doi:10.1109/JESTPE.2014.2323955.

NADEMI, H., DAS, A., BURGOS, R., et al. “A New Circuit Perfor-

mance of Modular Multilevel Inverter Suitable for Photovoltaic Conver-

155


http://dx.doi.org/10.1109/MELE.2016.2584998
http://dx.doi.org/10.1109/TIE.2010.2076414
http://dx.doi.org/10.1016/j.rser.2015.11.079
http://dx.doi.org/10.1016/B978-0-08-101753-1.00009-7
http://dx.doi.org/10.1109/IECON.2017.8217073
https://e-cigre.org/publication/SYMP_OSA_2007-osaka-system-development-and-asset-management-under-restructuring
https://e-cigre.org/publication/SYMP_OSA_2007-osaka-system-development-and-asset-management-under-restructuring
https://e-cigre.org/publication/SYMP_OSA_2007-osaka-system-development-and-asset-management-under-restructuring
http://dx.doi.org/10.1109/TIE.2016.2631118
http://dx.doi.org/10.1109/JESTPE.2014.2323955

sion Plants”, IEEE Journal of Emerging and Selected Topics in Power
Electronics, v. 4, n. 2, pp. 393-404, June 2016. ISSN: 2168-6777.
doi:10.1109/JESTPE.2015.2509599.

[25] SHAHNAZIAN, F., ADABI, J., POURESMAEIL, E., et al. “Interfacing modu-
lar multilevel converters for grid integration of renewable energy sources”,
Electric Power Systems Research, v. 160, pp. 439 — 449, 2018. ISSN:
0378-7796. do0i:10.1016/j.epsr.2018.03.014.

[26] LIN, N., DINAVAHI, V. “Behavioral Device-Level Modeling of Modu-
lar Multilevel Converters in Real Time for Variable-Speed Drive Ap-
plications”, IEEE Journal of Emerging and Selected Topics in Power
Electronics, v. 5, n. 3, pp. 1177-1191, Sept 2017. ISSN: 2168-6777.
doi:10.1109/JESTPE.2017.2673818.

[27] OULD-BACHIR, T., SAAD, H., DENNETIERE, S., et al. “CPU/FPGA-Based
Real-Time Simulation of a Two-Terminal MMC-HVDC System”, IFEE
Transactions on Power Delivery, v. 32, n. 2, pp. 647-655, April 2017.
ISSN: 0885-8977. doi:10.1109/TPWRD.2015.2508381.

[28] SHEN, Z., DINAVAHI, V. “Real-Time Device-Level Transient Electrothermal
Model for Modular Multilevel Converter on FPGA”, IEEE Transactions
on Power FElectronics, v. 31, n. 9, pp. 6155-6168, Sept 2016. ISSN: 0885-
8993. doi:10.1109/TPEL.2015.2503281.

[29] LI, W., BELANGER, J. “An Equivalent Circuit Method for Modelling and Si-
mulation of Modular Multilevel Converters in Real-Time HIL Test Bench”,
IEEE Transactions on Power Delivery, v. 31, n. 5, pp. 2401-2409, Oct
2016. ISSN: 0885-8977. do0i:10.1109/TPWRD.2016.2541461.

[30] ASHOURLOO, M., MIRZAHOSSEINI, R., IRAVANI, R. “Enhanced Model
and Real-Time Simulation Architecture for Modular Multilevel Conver-
ter”, IEEFE Transactions on Power Delivery, v. 33, n. 1, pp. 466476, Feb
2018. ISSN: 0885-8977. doi:10.1109/ TPWRD.2017.2723540.

[31] ILVES, K., ANTONOPOULOS, A., NORRGA, S., et al. “Steady-State Analy-
sis of Interaction Between Harmonic Components of Arm and Line
Quantities of Modular Multilevel Converters”, IEEE Transactions on
Power FElectronics, v. 27, n. 1, pp. 57-68, Jan 2012. ISSN: 0885-8993.
doi:10.1109/TPEL.2011.2159809.

[32] SHI, X., WANG, Z. ., LIU, B., et al. “Steady-State Modeling of Modular Multi-
level Converter Under Unbalanced Grid Conditions”, IEEFE Transactions

156


http://dx.doi.org/10.1109/JESTPE.2015.2509599
http://dx.doi.org/10.1016/j.epsr.2018.03.014
http://dx.doi.org/10.1109/JESTPE.2017.2673818
http://dx.doi.org/10.1109/TPWRD.2015.2508381
http://dx.doi.org/10.1109/TPEL.2015.2503281
http://dx.doi.org/10.1109/TPWRD.2016.2541461
http://dx.doi.org/10.1109/TPWRD.2017.2723540
http://dx.doi.org/10.1109/TPEL.2011.2159809

on Power FElectronics, v. 32, n. 9, pp. 73067324, Sept 2017. ISSN: 0885-
8993. doi:10.1109/TPEL.2016.2629472.

[33] ZHAO, F., XIAO, G., ZHAO, T. “Accurate Steady-State Mathematical Mo-
dels of Arm and Line Harmonic Characteristics for Modular Multilevel

Converter”, IEEE Transactions on Power Delivery, v. PP, n. 99, pp. 1-1,
2017. ISSN: 0885-8977. do0i:10.1109/TPWRD.2017.2764950.

[34] PERALTA, J., SAAD, H., DENNETIERE, S., et al. “Detailed and Avera-
ged Models for a 401-Level MMC-HVDC System”, IEEE Transactions on
Power Delivery, v. 27, n. 3, pp. 1501-1508, July 2012. ISSN: 0885-8977.
do0i:10.1109/TPWRD.2012.2188911.

[35] WANG, J., BURGOS, R., BOROYEVICH, D. “Switching-Cycle State-
Space Modeling and Control of the Modular Multilevel Converter”,
IEEE Journal of Emerging and Selected Topics in Power FElectro-
nics, v. 2, n. 4, pp. 1159-1170, Dec 2014. ISSN: 2168-6777.
doi:10.1109/JESTPE.2014.2354393.

[36] HARNEFORS, L., ANTONOPOULOS, A., NORRGA, S., et al. “Dynamic
Analysis of Modular Multilevel Converters”, IEEE Transactions on Indus-
trial Electronics, v. 60, n. 7, pp. 2526-2537, July 2013. ISSN: 0278-0046.
doi:10.1109/TTE.2012.2194974.

[37] JAMSHIDIFAR, A., JOVCIC, D. “Small-Signal Dynamic DQ Model of Mo-
dular Multilevel Converter for System Studies”, IEEE Transactions on
Power Delivery, v. 31, n. 1, pp. 191-199, Feb 2016. ISSN: 1937-4208.
doi:10.1109/TPWRD.2015.2478489.

[38] ZHOU, J. Z., DING, H., FAN, S., et al. “Impact of Short-Circuit Ra-
tio and Phase-Locked-Loop Parameters on the Small-Signal Beha-
vior of a VSC-HVDC Converter”, IEEE Transactions on Power De-
livery, v. 29, n. 5, pp. 2287-2296, Oct 2014. ISSN: 0885-8977.
doi:10.1109/TPWRD.2014.2330518.

[39] MEHRASA, M., POURESMAEIL, E.;, ZABIHI, S., et al. “Dynamic Model,
Control and Stability Analysis of MMC in HVDC Transmission Systems”,
IEEE Transactions on Power Delivery, v. 32, n. 3, pp. 1471-1482, June
2017. ISSN: 0885-8977. do0i:10.1109/TPWRD.2016.2604295.

[40] LEON, A. E., AMODEO, S. J. “Modeling, control, and reduced-order

representation of modular multilevel converters”, FElectric Power Sys-

157


http://dx.doi.org/10.1109/TPEL.2016.2629472
http://dx.doi.org/10.1109/TPWRD.2017.2764950
http://dx.doi.org/10.1109/TPWRD.2012.2188911
http://dx.doi.org/10.1109/JESTPE.2014.2354393
http://dx.doi.org/10.1109/TIE.2012.2194974
http://dx.doi.org/10.1109/TPWRD.2015.2478489
http://dx.doi.org/10.1109/TPWRD.2014.2330518
http://dx.doi.org/10.1109/TPWRD.2016.2604295

tems Research, v. 163, pp. 196 — 210, 2018.  ISSN: 0378-7796.
doi:10.1016/j.epsr.2018.05.024.

[41] HAO, Q., LI, Z., GAO, F., et al. “Reduced-Order Small-Signal Models of
Modular Multilevel Converter and MMC-Based HVdc Grid”, IEEE Tran-
sactions on Industrial Electronics, v. 66, n. 3, pp. 2257-2268, March 2019.
doi:10.1109/TTE.2018.2869358.

[42] ZHU, S., LIU, P. K., QIN, L., et al. “Reduced-Order Dynamic Model of Mo-
dular Multilevel Converter in Long Time-Scale and Its Application in

Power System Low-Frequency Oscillation Analysis”, IEEE Transactions
on Power Delivery, pp. 1-1, 2019. doi:10.1109/TPWRD.2019.2900070.

[43] WANG, G., XIAO, H., XIAO, L., et al. “Electromechanical Transient Modeling
and Control Strategy of Decentralized Hybrid HVDC Systems”, Energies,
v. 12, n. 15, 2019. ISSN: 1996-1073. d0i:10.3390/en12152856.

[44] XTAO, L., LI, Y., XIAO, H., et al. “Electromechanical Transient Modeling
of Line Commutated Converter-Modular Multilevel Converter-Based Hy-

brid Multi-Terminal High Voltage Direct Current Transmission Systems”,
Energies, v. 11, n. 8, 2018. ISSN: 1996-1073. doi:10.3390/en11082102.

[45] TRINH, N. T., ZELLER, M., WUERFLINGER, K., et al. “Generic Model of
MMC-VSC-HVDC for Interaction Study With AC Power System”, IEEE
Transactions on Power Systems, v. 31, n. 1, pp. 27-34, Jan 2016. ISSN:
0885-8950. doi:10.1109/ TPWRS.2015.2390416.

[46] YANG, H., DONG, Y., LI, W., et al. “Average-Value Model of Modular Multile-
vel Converters Considering Capacitor Voltage Ripple”, IEEE Transactions
on Power Deliwvery, v. 32, n. 2, pp. 723-732, April 2017. ISSN: 0885-8977.
doi:10.1109/TPWRD.2016.2555983.

[47] SUN, J., LIU, H. “Sequence Impedance Modeling of Modular Multilevel
Converters”, IEEE Journal of Emerging and Selected Topics in Power
Electronics, v. 5, n. 4, pp. 1427-1443, Dec 2017. ISSN: 2168-6777.
doi:10.1109/JESTPE.2017.2762408.

[48] KHAZAEI J., BEZA, M., BONGIORNO, M. “Impedance Analysis of Modular
Multi-Level Converters Connected to Weak AC Grids”, IEFEE Transac-
tions on Power Systems, v. 33, n. 4, pp. 4015-4025, July 2018. ISSN:
0885-8950. doi:10.1109/TPWRS.2017.2779403.

158


http://dx.doi.org/10.1016/j.epsr.2018.05.024
http://dx.doi.org/10.1109/TIE.2018.2869358
http://dx.doi.org/10.1109/TPWRD.2019.2900070
http://dx.doi.org/10.3390/en12152856
http://dx.doi.org/10.3390/en11082102
http://dx.doi.org/10.1109/TPWRS.2015.2390416
http://dx.doi.org/10.1109/TPWRD.2016.2555983
http://dx.doi.org/10.1109/JESTPE.2017.2762408
http://dx.doi.org/10.1109/TPWRS.2017.2779403

|49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

LIU, Z., MIAO, S., FAN, Z., et al. “Analysis of the performance characte-
ristics and arm current control for modular multilevel converter with
asymmetric arm parameters”, International Journal of FElectrical Power
& Energy Systems, v. 110, pp. 258 — 270, 2019. ISSN: 0142-0615.
doi:10.1016/j.ijepes.2019.03.010.

WANG, J., GAO, S., JI, Z., et al. “Time/frequency domain modelling for grid-
connected MMC sub-synchronous/super-synchronous oscillation in PV
MVDC power collection and integration system”, IET Renewable Power
Generation, v. 13, n. 1, pp. 57-66, 2019. ISSN: 1752-1416. doi:10.1049/iet-
rpg.2018.5041.

MA, Y., LIN, H., WANG, Z. “Equivalent Model of Modular Multilevel Conver-
ter Considering Capacitor Voltage Ripples”, IEEE Transactions on Power
Delivery, pp. 1-1, 2019. doi:10.1109/TPWRD.2019.2915820.

BESSEGATO, L., ILVES, K., HARNEFORS, L., et al. “Effects of Control
on the AC-Side Admittance of a Modular Multilevel Converter”, IEEFE
Transactions on Power Electronics, v. 34, n. 8, pp. 7206-7220, Aug 2019.
ISSN: 0885-8993. doi:10.1109/TPEL.2018.2878600.

LYU, J., CAI X., MOLINAS, M. “Frequency Domain Stability Analysis of
MMC-Based HVdc for Wind Farm Integration”, IEEE Journal of Emer-

ging and Selected Topics in Power Electronics, v. 4, n. 1, pp. 141-151,
March 2016. ISSN: 2168-6777. doi:10.1109/JESTPE.2015.2498182.

BEZA, M., BONGIORNO, M., STAMATIOU, G. “Analytical Derivation
of the AC-Side Input Admittance of a Modular Multilevel Converter
With Open- and Closed-Loop Control Strategies”, IEEE Transactions on
Power Delivery, v. 33, n. 1, pp. 248-256, Feb 2018. ISSN: 0885-8977.
doi:10.1109/TPWRD.2017.2701415.

SANCHEZ-SANCHEZ, E., PRIETO-ARAUJO, E., GOMIS-BELLMUNT, O.
“The Role of the Internal Energy in MMCs Operating in Grid-Forming
Mode”, IEEE Journal of Emerging and Selected Topics in Power Electro-
nics, pp. 1-1, 2019. ISSN: 2168-6785. doi:10.1109/JESTPE.2019.2961774.

ROCABERT, J., LUNA, A.,, BLAABJERG, F., et al. “Control of Power
Converters in AC Microgrids”, IEEE Transactions on Power FElec-
tronics, v. 27, n. 11, pp. 4734-4749, Nov 2012. ISSN: 0885-8993.
doi:10.1109/TPEL.2012.2199334.

159


http://dx.doi.org/10.1016/j.ijepes.2019.03.010
http://dx.doi.org/10.1049/iet-rpg.2018.5041
http://dx.doi.org/10.1049/iet-rpg.2018.5041
http://dx.doi.org/10.1109/TPWRD.2019.2915820
http://dx.doi.org/10.1109/TPEL.2018.2878600
http://dx.doi.org/10.1109/JESTPE.2015.2498182
http://dx.doi.org/10.1109/TPWRD.2017.2701415
http://dx.doi.org/10.1109/JESTPE.2019.2961774
http://dx.doi.org/10.1109/TPEL.2012.2199334

[57] GOMIS-BELLMUNT, O., LIANG, J., EKANAYAKE, J., et al. “Topolo-
gies of multiterminal HVDC-VSC transmission for large offshore wind
farms”, FElectric Power Systems Research, v. 81, n. 2, pp. 271 — 281, 2011.
ISSN: 0378-7796. doi:https://doi.org/10.1016/j.epsr.2010.09.006. Dis-
ponivel em: <http://www.sciencedirect.com/science/article/pii/
S0378779610002166>.

[58] WANG, L., NGUYEN THI, M. S. “Comparative Stability Analysis of
Offshore Wind and Marine-Current Farms Feeding Into a Power Grid
Using HVDC Links and HVAC Line”, IEEE Transactions on Power
Delivery, v. 28, n. 4, pp. 2162-2171, Oct 2013. ISSN: 1937-4208.
doi:10.1109/TPWRD.2013.2278039.

[59] LIU, H., SUN, J. “Voltage Stability and Control of Offshore Wind Farms With
AC Collection and HVDC Transmission”, IEEE Journal of Emerging and
Selected Topics in Power Electronics, v. 2, n. 4, pp. 1181-1189, Dec 2014.
ISSN: 2168-6785. doi:10.1109/JESTPE.2014.2361290.

[60] VIDAL-ALBALATE, R., BELTRAN, H., ROLAN, A., et al. “Analysis of the
Performance of MMC Under Fault Conditions in HVDC-Based Offshore
Wind Farms”, IEEFE Transactions on Power Delivery, v. 31, n. 2, pp. 839—
847, April 2016. ISSN: 0885-8977. do0i:10.1109/TPWRD.2015.2468171.

[61] ROUZBEHI, K., ZHANG, W., IGNACIO CANDELA, J., et al. “Unified refe-
rence controller for flexible primary control and inertia sharing in multi-
terminal voltage source converter-HVDC grids”, IET Generation, Trans-
mission Distribution, v. 11, n. 3, pp. 750-758, 2017. ISSN: 1751-8695.
doi:10.1049/iet-gtd.2016.0665.

[62] FREITAS, C. M., WATANABE, E. H., MONTEIRO, L. F. C. “A lineari-
zed small-signal Thévenin-equivalent model of a voltage-controlled mo-
dular multilevel converter”, FElectric Power Systems Research, v. 182,

pp. 106231, 2020. ISSN: 0378-7796. doi:10.1016//].epsr.2020.106231.

[63] FALCAO, D. M., BORGES, C. L. T., TARANTO, G. N. “High Performance
Computing in Electrical Energy Systems Applications”. In: Khaitan,
S. K., Gupta, A. (Eds.), High Performance Computing in Power and

Energy Systems, Springer Berlin Heidelberg, pp. 1-42, Berlin, Heidelberg,
2013. ISBN: 978-3-642-32683-7. d0i:10.1007/978-3-642-32683-7 1.

[64] RAILING, B. D., MILLER, J. J., MOREAU, G., et al. “THE DI-
RECTLINK VSC-BASED HVDC PROJECT AND ITS COMMISSI-
ONING”. In: Proc. Session 2002 Cigre. Cigre, 2002.  Disponivel

160


http://dx.doi.org/https://doi.org/10.1016/j.epsr.2010.09.006
http://www.sciencedirect.com/science/article/pii/S0378779610002166
http://www.sciencedirect.com/science/article/pii/S0378779610002166
http://dx.doi.org/10.1109/TPWRD.2013.2278039
http://dx.doi.org/10.1109/JESTPE.2014.2361290
http://dx.doi.org/10.1109/TPWRD.2015.2468171
http://dx.doi.org/10.1049/iet-gtd.2016.0665
http://dx.doi.org/10.1016/j.epsr.2020.106231
http://dx.doi.org/10.1007/978-3-642-32683-7_1

[65]

[66]

67|

|68]

[69]

[70]

[71]

em: <https://e-cigre.org/publication/14-108_2002-the-direct-
link-vsc-based-hvdc-project-and-its-commissioning>. accessed
in July 10th, 2020.

LARSSON, T., PETERSSON, A., EDRIS, A., et al. “Eagle Pass back-to-
back tie: a dual purpose application of voltage source converter tech-
nology”. In: 2001 Power Engineering Society Summer Meeting. Confe-
rence Proceedings (Cat. No.01CHS37262), v. 3, pp. 1686-1691 vol.3, 2001.
doi:10.1109/PESS.2001.970329.

KIM, J., MIN, B., SHENDEREY, S. V., et al. “High Voltage Pul-
sed Power Supply Using IGBT Stacks”, IEEE Transactions on Di-
electrics and FElectrical Insulation, v. 14, n. 4, pp. 921-926, 2007.
doi:10.1109/TDEI.2007.4286526.

SOONWOOK HONG, VENKATESH CHITTA, TORREY, D. A. “Se-
ries connection of IGBT’s with active voltage balancing”, IEEE Tran-
sactions on Industry Applications, v. 35, n. 4, pp. 917-923, 1999.
doi:10.1109,/28.777201.

MASSOUD, A. M., FINNEY, S. J., WILLIAMS, B. W. “Multilevel converters
and series connection of IGBT evaluation for high-power, high-voltage
applications”. In: Second International Conference on Power FElectro-
nics, Machines and Drives (PEMD 2004)., v. 1, pp. 1-5 Vol.1, 2004.
doi:10.1049/cp:20040249.

ROHNER, S., BERNET, S., HILLER, M., et al. “Modulation, Losses, and
Semiconductor Requirements of Modular Multilevel Converters”, IEFEE
Transactions on Industrial Electronics, v. 57, n. 8, pp. 2633-2642, 2010.
doi:10.1109/TTE.2009.2031187.

FRANCOS, P. L., VERDUGO, S. S., ALVAREZ, H. F., et al. “INELFE
- Europe’s first integrated onshore HVDC interconnection”. In: 2012
IEEE Power and Energy Society General Meeting, pp. 1-8, July 2012.
doi:10.1109/PESGM.2012.6344799.

ORTHS, A., BIALEK, J., CALLAVIK, M., et al. “Connecting the Dots: Regio-
nal Coordination for Offshore Wind and Grid Development”, IEEE Power
and Energy Magazine, v. 11, n. 6, pp. 83-95, Nov 2013. ISSN: 1540-7977.
doi:10.1109/MPE.2013.2278044.

161


https://e-cigre.org/publication/14-108_2002-the-direct-link-vsc-based-hvdc-project-and-its-commissioning
https://e-cigre.org/publication/14-108_2002-the-direct-link-vsc-based-hvdc-project-and-its-commissioning
http://dx.doi.org/10.1109/PESS.2001.970329
http://dx.doi.org/10.1109/TDEI.2007.4286526
http://dx.doi.org/10.1109/28.777201
http://dx.doi.org/10.1049/cp:20040249
http://dx.doi.org/10.1109/TIE.2009.2031187
http://dx.doi.org/10.1109/PESGM.2012.6344799
http://dx.doi.org/10.1109/MPE.2013.2278044

[72] ANEEL. “Banco de Informacoes de Geracao”. ur-
lhttp: //www2.aneel.gov.br/aplicacoes/capacidadebrasil /capacidadebrasil.cfm,
fev. 2020. Acessado em: Feb 22, 2017.

[73] ONS.  Boletim Mensal de Geragao FEdlica. Relatorio técnico, Operador
Nacional do Sistema FElétrico, dez. 2019. Disponivel em: <http:
//www.ons.org.br/AcervoDigitalDocumentosEPublicacoes/Boletimy
20Mensal’20de’20Gera’,C3%A7%C3%A30%20E0lica)%202019-12.pdf >.
Accessed in July 14, 2020.

[74] GAUDARDE, G. “Neoenergia estuda trés complexos edlicos offshore no
Ceara, RJ e RS”. 2020. Disponivel em: <https://epbr.com.br/
eolicas-offshore-novos-projetos-somam-9-gw-de-capacidade-
instalada/>. Accessed: Feb 22, 2020.

[75] EPE. Roadmap  edlica  offshore  no  Brasil. Relatorio  téc-
nico, Empresa de Pesquiza FEnergética, 2020. Disponivel
em: <http://www.epe.gov.br/sites-pt/publicacoes-dados-

abertos/publicacoes/PublicacoesArquivos/publicacao-456/
Roadmap_Eolica_Offshore_EPE_versao_R1l.pdf>. accesced: Feb 22,
2020.

[76] P., H. M., BINA, M. T. “A Transformerless Medium-Voltage STATCOM
Topology Based on Extended Modular Multilevel Converters”, IEEFE
Transactions on Power FElectronics, v. 26, n. 5, pp. 1534-1545, 2011.
doi:10.1109/TPEL.2010.2085088.

[77] KONTOS, E., TSOLARIDIS, G., TEODORESCU, R., et al. “High Order
Voltage and Current Harmonic Mitigation Using the Modular Multile-
vel Converter STATCOM”, IEEE Access, v. 5, pp. 16684-16692, 2017.
doi:10.1109/ACCESS.2017.2749119.

[78] LIU, X., LV, J., GAO, C., et al. “A Novel STATCOM Based on Diode-Clamped
Modular Multilevel Converters”, IEEE Transactions on Power Electro-

nics, v. 32, n. 8, pp. 5964-5977, 2017. doi:10.1109/TPEL.2016.2616495.

[79] CUPERTINO, A. F., FARIAS, J. V. M., PEREIRA, H. A., et al. “Com-
parison of DSCC and SDBC Modular Multilevel Converters for STAT-
COM Application During Negative Sequence Compensation”, IEEE Tran-
sactions on Industrial Electronics, v. 66, n. 3, pp. 2302-2312, 2019.
doi:10.1109/TTE.2018.2811361.

162


http://www.ons.org.br/AcervoDigitalDocumentosEPublicacoes/Boletim%20Mensal%20de%20Gera%C3%A7%C3%A3o%20Eolica%202019-12.pdf
http://www.ons.org.br/AcervoDigitalDocumentosEPublicacoes/Boletim%20Mensal%20de%20Gera%C3%A7%C3%A3o%20Eolica%202019-12.pdf
http://www.ons.org.br/AcervoDigitalDocumentosEPublicacoes/Boletim%20Mensal%20de%20Gera%C3%A7%C3%A3o%20Eolica%202019-12.pdf
https://epbr.com.br/eolicas-offshore-novos-projetos-somam-9-gw-de-capacidade-instalada/
https://epbr.com.br/eolicas-offshore-novos-projetos-somam-9-gw-de-capacidade-instalada/
https://epbr.com.br/eolicas-offshore-novos-projetos-somam-9-gw-de-capacidade-instalada/
http://www.epe.gov.br/sites-pt/publicacoes-dados-abertos/publicacoes/PublicacoesArquivos/publicacao-456/Roadmap_Eolica_Offshore_EPE_versao_R1.pdf
http://www.epe.gov.br/sites-pt/publicacoes-dados-abertos/publicacoes/PublicacoesArquivos/publicacao-456/Roadmap_Eolica_Offshore_EPE_versao_R1.pdf
http://www.epe.gov.br/sites-pt/publicacoes-dados-abertos/publicacoes/PublicacoesArquivos/publicacao-456/Roadmap_Eolica_Offshore_EPE_versao_R1.pdf
http://dx.doi.org/10.1109/TPEL.2010.2085088
http://dx.doi.org/10.1109/ACCESS.2017.2749119
http://dx.doi.org/10.1109/TPEL.2016.2616495
http://dx.doi.org/10.1109/TIE.2018.2811361

[80] ABB. “SVC Light: The next generation”. 2011. Disponivel em: <https:
//library.e.abb.com/public/0cd6a99c795508fcc1256fda003bdcec/
SVCY%20Light_brochure.pdf>. Accessed in July 11, 2020.

[81] ABB. “A matter of FACTS”. 2016. Disponivel em: <https://search.abb.com/
library/Download.aspx?DocumentID=1JNS018770&LanguageCode=
en&DocumentPartId=&Action=Launch>. Accessed in July 11, 2020.

[82] GE GRID SOLUTIONS. “Flexible AC Transmission Systems”. 2016. Dispo-
nivel em: <https://www.gegridsolutions.com/products/brochures/

services/facts_gea32010-1r.pdf>. Accessed in July 11, 2020.

[83] GE GRID SOLUTIONS. “Static Synchronous Compensator (STATCOM) So-
lutions”. 2018. Disponivel em: <https://www.gegridsolutions.com/
products/brochures/powerd_vtf/statcom_gea31986_hr.pdf >. Acces-
sed in July 11, 2020.

[84] SIEMENS.  “FACTS: Solutions for industry”. 2016.  Disponivel em:
<https://assets.new.siemens.com/siemens/assets/api/uuid:
4f6acbb0e2524be50a5f6ac110297efdcf9a9108/version: 1490614184/
263-160099-db-svc-industry-o02e-161028.pdf >. Accessed in July 11,

2020.
[85] SIEMENS. “Parallel compensation: Comprehensive solutions for
safe and reliable grid operation”. 2016. Disponivel em:

<https://assets.new.siemens.com/siemens/assets/api/uuid:
d3e2a900-0b9b-4a55-9ccc-08db73063415/version: 1541584203/
emts-b10018-00-7600.pdf >. Accessed in July 11, 2020.

[86] VATANI, M., HOVD, M., SAEEDIFARD, M. “Control of the Modular Mul-
tilevel Converter Based on a Discrete-Time Bilinear Model Using the
Sum of Squares Decomposition Method”, IEEE Transactions on Power
Delivery, v. 30, n. 5, pp. 2179-2188, Oct 2015. ISSN: 0885-8977.
doi:10.1109/TPWRD.2015.2412151.

[87] KONSTANTINOU, G., ZHANG, J., CEBALLOS, S., et al. “Comparison and
evaluation of sub-module configurations in modular multilevel converters”.
In: 2015 IEEE 11th International Conference on Power Electronics and
Drive Systems, pp. 958-963, June 2015. doi:10.1109/PEDS.2015.7203440.

[88] MESHRAM, P. M., BORGHATE, V. B. “A Simplified Nearest Level Con-
trol (NLC) Voltage Balancing Method for Modular Multilevel Converter

163


https://library.e.abb.com/public/0cd6a99c795508fcc1256fda003b4cec/SVC%20Light_brochure.pdf
https://library.e.abb.com/public/0cd6a99c795508fcc1256fda003b4cec/SVC%20Light_brochure.pdf
https://library.e.abb.com/public/0cd6a99c795508fcc1256fda003b4cec/SVC%20Light_brochure.pdf
https://search.abb.com/library/Download.aspx?DocumentID=1JNS018770&LanguageCode=en&DocumentPartId=&Action=Launch
https://search.abb.com/library/Download.aspx?DocumentID=1JNS018770&LanguageCode=en&DocumentPartId=&Action=Launch
https://search.abb.com/library/Download.aspx?DocumentID=1JNS018770&LanguageCode=en&DocumentPartId=&Action=Launch
https://www.gegridsolutions.com/products/brochures/services/facts_gea32010-lr.pdf
https://www.gegridsolutions.com/products/brochures/services/facts_gea32010-lr.pdf
https://www.gegridsolutions.com/products/brochures/powerd_vtf/statcom_gea31986_hr.pdf
https://www.gegridsolutions.com/products/brochures/powerd_vtf/statcom_gea31986_hr.pdf
https://assets.new.siemens.com/siemens/assets/api/uuid:4f6acbb0e2524be50a5f6ac110297efdcf9a9108/version:1490614184/263-160099-db-svc-industry-o2e-161028.pdf
https://assets.new.siemens.com/siemens/assets/api/uuid:4f6acbb0e2524be50a5f6ac110297efdcf9a9108/version:1490614184/263-160099-db-svc-industry-o2e-161028.pdf
https://assets.new.siemens.com/siemens/assets/api/uuid:4f6acbb0e2524be50a5f6ac110297efdcf9a9108/version:1490614184/263-160099-db-svc-industry-o2e-161028.pdf
https://assets.new.siemens.com/siemens/assets/api/uuid:d3e2a900-0b9b-4a55-9ccc-08db73063415/version:1541584203/emts-b10018-00-7600.pdf
https://assets.new.siemens.com/siemens/assets/api/uuid:d3e2a900-0b9b-4a55-9ccc-08db73063415/version:1541584203/emts-b10018-00-7600.pdf
https://assets.new.siemens.com/siemens/assets/api/uuid:d3e2a900-0b9b-4a55-9ccc-08db73063415/version:1541584203/emts-b10018-00-7600.pdf
http://dx.doi.org/10.1109/TPWRD.2015.2412151
http://dx.doi.org/10.1109/PEDS.2015.7203440

(MMC)”, IEEE Transactions on Power Electronics, v. 30, n. 1, pp. 450
462, Jan 2015. ISSN: 1941-0107. doi:10.1109/TPEL.2014.2317705.

[89] DEBNATH, S., QIN, J., BAHRANI, B., et al. “Operation, Control, and Ap-
plications of the Modular Multilevel Converter: A Review”, IEEE Tran-
sactions on Power Electronics, v. 30, n. 1, pp. 37-53, Jan 2015. ISSN:
0885-8993. doi:10.1109/TPEL.2014.2309937.

[90] TU, Q., XU, Z., XU, L. “Reduced Switching-Frequency Modulation and Cir-
culating Current Suppression for Modular Multilevel Converters”, IEEE
Transactions on Power Delivery, v. 26, n. 3, pp. 2009-2017, July 2011.
ISSN: 1937-4208. doi:10.1109/TPWRD.2011.2115258.

[91] AKAGI, H., WATANABE, E., AREDES, M. Instantaneous Power The-
ory and Applications to Power Conditioning. IEEE Press Series on
Power Engineering. New Jersey, Wiley, 2017. ISBN: 9781118362105.
doi:10.1002/9781119307181.

[92] LI, B., XU, Z., SHI, S., et al. “Comparative Study of the Active and Passive
Circulating Current Suppression Methods for Modular Multilevel Conver-
ters”, IEEE Transactions on Power Electronics, v. 33, n. 3, pp. 1878-1883,
March 2018. ISSN: 0885-8993. doi:10.1109/TPEL.2017.2737541.

[93] KONSTANTINOU, G., POU, J., CEBALLOS, S., et al. “Control of Circulating
Currents in Modular Multilevel Converters Through Redundant Voltage
Levels”, IEEE Transactions on Power Electronics, v. 31, n. 11, pp. 7761—
7769, Nov 2016. ISSN: 0885-8993. doi:10.1109/TPEL.2015.2512842.

[94] DARUS, R., POU, J., KONSTANTINOU, G., et al. “Controllers for eliminating
the ac components in the circulating current of modular multilevel conver-
ters”, IE'T Power Electronics, v. 9, n. 1, pp. 1-8, 2016. ISSN: 1755-4535.
d0i:10.1049 /iet-pel.2014.0930.

[95] FERREIRA, J. R. B. L. Sistema HVDC multiterminal com  con-
versores comutados pela linha e conveersores multinivel modula-
res. Tese de Doutorado, COPPE/UFRJ, 2019. Disponivel
em: <http://www.pee.ufrj.br/index.php/pt/producao-academica/
teses-de-doutorado/2019/2016033350--167/file>.

[96] ANGQUIST, L., ANTONOPOULOS, A., SIEMASZKO, D., et al. “Open-
Loop Control of Modular Multilevel Converters Using Estima-
tion of Stored Emnergy”, IEEE Transactions on Industry Applicati-

164


http://dx.doi.org/10.1109/TPEL.2014.2317705
http://dx.doi.org/10.1109/TPEL.2014.2309937
http://dx.doi.org/10.1109/TPWRD.2011.2115258
http://dx.doi.org/10.1002/9781119307181
http://dx.doi.org/10.1109/TPEL.2017.2737541
http://dx.doi.org/10.1109/TPEL.2015.2512842
http://dx.doi.org/10.1049/iet-pel.2014.0930
http://www.pee.ufrj.br/index.php/pt/producao-academica/teses-de-doutorado/2019/2016033350--167/file
http://www.pee.ufrj.br/index.php/pt/producao-academica/teses-de-doutorado/2019/2016033350--167/file

ons, v. 47, n. 6, pp. 2516-2524, Nov 2011. ISSN: 0093-9994.
doi:10.1109/TTA.2011.2168593.

[97] MAHDAVI, J., EMAADI, A., BELLAR, M. D., et al. “Analysis of power
electronic converters using the generalized state-space averaging appro-
ach”, IEEFE Transactions on Circuits and Systems I: Fundamental Theory
and Applications, v. 44, n. 8, pp. 767-770, Aug 1997. ISSN: 1558-1268.
doi:10.1109/81.611275.

[98] DAVOUDI, A., JATSKEVICH, J., RYBEL, T. D. “Numerical state-space
average-value modeling of PWM DC-DC converters operating in DCM
and CCM”, IEEFE Transactions on Power Electronics, v. 21, n. 4, pp. 1003—
1012, July 2006. ISSN: 1941-0107. doi:10.1109/TPEL.2006.876848.

[99] BORDONAU, J., COSAN, M., BOROJEVIC, D., et al. “A state-space mo-
del for the comprehensive dynamic analysis of three-level voltage-source
inverters”. In: PESC97. Record 28th Annual IEEE Power Electronics Spe-
cialists Conference. Formerly Power Conditioning Specialists Conference

1970-71. Power Processing and FElectronic Specialists Conference 1972,
v. 2, pp. 942-948 vol.2, June 1997. doi:10.1109/PESC.1997.616837.

[100] KROUTIKOVA, N., A. HERNANDEZ-ARAMBURO, C., GREEN, T. C.
“State-space model of grid-connected inverters under current control
mode”, IET FElectric Power Applications, v. 1, n. 3, pp. 329-338, May
2007. ISSN: 1751-8679. doi:10.1049/iet-epa:20060276.

[101] LUDOIS, D. C., VENKATARAMANAN, G. “Simplified Terminal Beha-
vioral Model for a Modular Multilevel Converter”, IEEE Transac-
tions on Power FElectronics, v. 29, n. 4, pp. 1622-1631, 2014.
doi:10.1109/ TPEL.2013.2268856.

[102] LU, X., XIANG, W., LIN, W., et al. “State-space model and PQ operating
zone analysis of hybrid MMC”, Electric Power Systems Research, v. 162,
pp. 99 — 108, 2018. ISSN: 0378-7796. doi:10.1016/j.epsr.2018.05.003.

[103] BERGNA-DIAZ, G., FREYTES, J., GUILLAUD, X., et al. “Generalized
Voltage-Based State-Space Modeling of Modular Multilevel Converters
With Constant Equilibrium in Steady State”, IEEE Journal of Emerging

and Selected Topics in Power Electronics, v. 6, n. 2, pp. 707-725, June
2018. ISSN: 2168-6777. doi:10.1109/JESTPE.2018.2793159.

[104] MARZOUGHI, A., BURGOS, R., BOROYEVICH, D., et al. “Steady-state

analysis of voltages and currents in modular multilevel converter based

165


http://dx.doi.org/10.1109/TIA.2011.2168593
http://dx.doi.org/10.1109/81.611275
http://dx.doi.org/10.1109/TPEL.2006.876848
http://dx.doi.org/10.1109/PESC.1997.616837
http://dx.doi.org/10.1049/iet-epa:20060276
http://dx.doi.org/10.1109/TPEL.2013.2268856
http://dx.doi.org/10.1016/j.epsr.2018.05.003
http://dx.doi.org/10.1109/JESTPE.2018.2793159

on average model”. In: 2015 IEEE Energy Conversion Congress and Ez-
position (ECCE), pp. 3522-3528, 2015. doi:10.1109/ECCE.2015.7310158.

[105] ZHAO, F., XIAO, G., ZHAO, T. “Accurate Steady-State Mathematical Mo-
dels of Arm and Line Harmonic Characteristics for Modular Multilevel
Converter”, IEEFE Transactions on Power Delivery, v. 33, n. 3, pp. 1308~
1318, 2018. doi:10.1109/TPWRD.2017.2764950.

[106] NODA, T., SEMLYEN, A., IRAVANI, R. “Harmonic domain dynamic transfer
function of a nonlinear time-periodic network”, IEEE Transactions on
Power Delivery, v. 18, n. 4, pp. 1433-1441, Oct 2003. ISSN: 0885-8977.
do0i:10.1109/ TPWRD.2003.817788.

[107] LYU, J., ZHANG, X., CAI, X., et al. “Harmonic State-Space Ba-
sed Small-Signal Impedance Modeling of Modular Multilevel Conver-
ter with Consideration of Internal Harmonic Dynamics”, IEEE Tran-
sactions on Power FElectronics, pp. 1-1, 2018.  ISSN: 0885-8993.
doi:10.1109/ TPEL.2018.2842682.

[108] YUAN, X., MERK, W., STEMMLER, H., et al. “Stationary-frame generalized
integrators for current control of active power filters with zero steady-state
error for current harmonics of concern under unbalanced and distorted

operating conditions”, IEEE Transactions on Industry Applications, v. 38,
n. 2, pp. 523-532, March 2002. ISSN: 0093-9994. doi:10.1109/28.993175.

[109] ZMOOD, D. N., HOLMES, D. G. “Stationary frame current regula-
tion of PWM inverters with zero steady-state error”, IEEE Tran-
sactions on Power Flectronics, v. 18, n. 3, pp. 814-822, 2003.
doi:10.1109/TPEL.2003.810852.

[110] WANG, J., BURGOS, R., BOROYEVICH, D. “Switching-Cycle State-
Space Modeling and Control of the Modular Multilevel Converter”,
IEEE Journal of Emerging and Selected Topics in Power FElectro-
nics, v. 2, n. 4, pp. 1159-1170, Dec 2014. ISSN: 2168-6777.
doi:10.1109/JESTPE.2014.2354393.

[111] MATHWORKS. “Matlab”.  2020. Disponivel em:  <https://
nl.mathworks.com/products/matlab.html>. Accessed in August 14th,
2020.

[112] WANG, X., HARNEFORS, L., BLAABJERG, F. “Unified Impedance
Model of Grid-Connected Voltage-Source Converters”, IEEE Transac-

166


http://dx.doi.org/10.1109/ECCE.2015.7310158
http://dx.doi.org/10.1109/TPWRD.2017.2764950
http://dx.doi.org/10.1109/TPWRD.2003.817788
http://dx.doi.org/10.1109/TPEL.2018.2842682
http://dx.doi.org/10.1109/28.993175
http://dx.doi.org/10.1109/TPEL.2003.810852
http://dx.doi.org/10.1109/JESTPE.2014.2354393
https://nl.mathworks.com/products/matlab.html
https://nl.mathworks.com/products/matlab.html

[113]

114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

tions on Power FElectronics, v. 33, n. 2, pp. 1775-1787, Feb 2018.
doi:10.1109/TPEL.2017.2684906.

“GNU Octave”. 2020. Disponivel em: <https://www.gnu.org/software/
octave/>. Accessed in August 14th, 2020.

“Python”. 2020. Disponivel em: <https://www.python.org/>. Accessed in
August 14th, 2020.

FREITAS, C. M. “PhD-Theses Matlab Codes”. 2020. Disponivel em: <https:
//github.com/cleitoncmf/PhD-Thesis-Codes>.

MATHWORKS. “inv”. 2020. Disponivel em: <https://nl.mathworks.com/
help/matlab/ref/inv.html>. Accessed in July 20th, 2020.

MATHWORKS. “mtimes, *”. 2020. Disponivel em: <https://
www.mathworks.com/help/matlab/ref/mtimes.html>. Accessed in July
20th, 2020.

BEERTEN, J., DIAZ, G. B., D’ARCO, S., et al. “Comparison of small-signal
dynamics in MMC and two-level VSC HVDC transmission schemes”. In:
2016 IEEE International Energy Conference (ENERGYCON), pp. 1-6,
2016. doi:10.1109/ENERGYCON.2016.7514048.

DE CARVALHO, K. J. S. COMPORTAMENTO DE CONVERSO-
RES FONTE DE TENSAO E FILTRO LCL NA PRESENCA
DE HARMONICOS NA REDE. Tese de Doutorado, Uni-
versidade Federal do Rio de Janeiro, 2019. Disponivel em:
<http://www.pee.ufrj.br/index.php/pt/producao-academica/
teses-de-doutorado/2019/2016033337--158/file>>.

XIAOMING YUAN, MERK, W., STEMMLER, H., et al. “Stationary-frame
generalized integrators for current control of active power filters with
zero steady-state error for current harmonics of concern under unbalan-
ced and distorted operating conditions”, IEEE Transactions on Industry
Applications, v. 38, n. 2, pp. 523-532, March 2002. ISSN: 1939-9367.
doi:10.1109/28.993175.

PEREIRA, L. F. A., FLORES, J. V., BONAN, G., et al. “Multiple Reso-
nant Controllers for Uninterruptible Power Supplies—A Systematic Ro-
bust Control Design Approach”, IEEE Transactions on Industrial Elec-
tronics, v. 61, n. 3, pp. 1528-1538, March 2014. ISSN: 1557-9948.
doi:10.1109/TTE.2013.2259781.

167


http://dx.doi.org/10.1109/TPEL.2017.2684906
https://www.gnu.org/software/octave/
https://www.gnu.org/software/octave/
https://www.python.org/
https://github.com/cleitoncmf/PhD-Thesis-Codes
https://github.com/cleitoncmf/PhD-Thesis-Codes
https://nl.mathworks.com/help/matlab/ref/inv.html
https://nl.mathworks.com/help/matlab/ref/inv.html
https://www.mathworks.com/help/matlab/ref/mtimes.html
https://www.mathworks.com/help/matlab/ref/mtimes.html
http://dx.doi.org/10.1109/ENERGYCON.2016.7514048
http://www.pee.ufrj.br/index.php/pt/producao-academica/teses-de-doutorado/2019/2016033337--158/file
http://www.pee.ufrj.br/index.php/pt/producao-academica/teses-de-doutorado/2019/2016033337--158/file
http://dx.doi.org/10.1109/28.993175
http://dx.doi.org/10.1109/TIE.2013.2259781

[122] LISERRE, M., TEODORESCU, R., BLAABJERG, F. “Multiple harmonics
control for three-phase grid converter systems with the use of PI-RES
current controller in a rotating frame”, IEEE Transactions on Power
Electronics, v. 21, n. 3, pp. 836-841, May 2006. ISSN: 1941-0107.
doi:10.1109/TPEL.2006.875566.

[123] OCTAVE. “minreal”.  2020. Disponivel  em: <https://

octave.sourceforge.io/control/function/@lti/minreal.html>.

[124] MATHWORKS. “mineal: =~ Minimal realization or pole-zero cancel-
lation”. https://la.mathworks.com/help/control/ref/minreal.html,
2019. Accessed: 2020-02-05.

[125] SUN, J. “Impedance-Based Stability Criterion for Grid-Connected Inverters”,
IEEE Transactions on Power Electronics, v. 26, n. 11, pp. 3075-3078,
Nov 2011. ISSN: 0885-8993. doi:10.1109/TPEL.2011.2136439.

[126] KRAUSE, P., WASYNCZUK, O., SUDHOFF, S. D., et al. “Reference-
Frame Theory”. In:  Analysis of Electric Machinery and Drive
Systems, pp. 86-120, New Jersey, Wiley-IEEE Press, 2013.
doi:10.1002/9781118524336.ch3.

[127] FREITAS, C. M. “Jupyter notebook for computing the steady-state so-
lution of the modular multilevel converter”. mar. 2020.  Disponi-
vel em: <https://mybinder.org/v2/gh/cleitoncmf/Steady-State/
108debcfbbbd226ca7150704d3ca877d2bd155d3>.

168


http://dx.doi.org/10.1109/TPEL.2006.875566
https://octave.sourceforge.io/control/function/@lti/minreal.html
https://octave.sourceforge.io/control/function/@lti/minreal.html
https://la.mathworks.com/help/control/ref/minreal.html
http://dx.doi.org/10.1109/TPEL.2011.2136439
http://dx.doi.org/10.1002/9781118524336.ch3
https://mybinder.org/v2/gh/cleitoncmf/Steady-State/108debcfbbbd226ca7150704d3ca877d2bd155d3
https://mybinder.org/v2/gh/cleitoncmf/Steady-State/108debcfbbbd226ca7150704d3ca877d2bd155d3

Apéndice A

Relationships between natural and

synchronous reference frame

This appendix is focused on presenting a brief review of frame transformations and

its effects on mathematical models of three-phase systems.

A.1 Definition

To understand how frame transformation work, lets first consider a balanced three-

phase in which the bus voltage v and the current 7 can be represented as follows:

Vo (t) = Vipsin(wt)
vp(t) = Vipsin(wt — 2w/3) (A1)
ve(t) = Viypsin(wt + 2m/3)

iq(t) = Lysin(wt + ¢;)
ip(t) = Ipsin(wt — 2w/3 + ¢;) (A.2)
ic(t) = Ipsin(wt 4 2w /3 + ¢;)

where V,,, and [,,, are the amplitudes of voltage and current, w is the angular fre-
quency of the fundamental component, and ¢; is the displacement angle. This set
of equations is represented in Natural Reference Frame (NRF), that is, they did not

suffer any frame transformation.

To simplify some mathematical manipulations, it is defined the vector v**¢ and
i?¢ containing the three phase components of v and i as follows:
Vq
Vabc<t> = Vp s (A3)
Ve
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i“bc(t) = 1|14 |. (A.4)
le
The frame transformation defined in Section 4.2.1 and its inverse are rewritten

here for easier understanding:

2
Tago = 3 | sin (0) sin (0 —2) sin(0+2%) |, (A.5)
1 1 1
2 2 2
cos (0) sin (0) 1
Too= | cos (60— 2) sin(d—2) 1 |- (A.6)

coS (0+ %’r) sin (9—1— %’r) 1

In both cases, the angle 6 defines the frame transformation to be applied. If 6 is
constant, we have a static transformation[126]|. For instance, the abc to af0 trans-
formation (also known as Clark transformation) is obtained when 6 = 0. Here the
static means that there is no change in the frequencies of the harmonic/sequence
components of either v or i%¢ due to the transformation. When 6 rotates synchro-
nously with the fundamental frequency, that is, § = wt, the transformation in (A.5)
changes the variables into a Synchronous Reference Frame (SRF). The major effect

abc iabc

is that the positive-sequence fundamental components in v®¢ or are transformed

in dc quantities (frequency shift).
For a better understanding of the mathematical approach, here it is presented
the relationships between NRF and SRF variables:

vIO(t) = Tyeov™(t) <= v?(t) = T_qlovdqo(t), (A.7)

1999(1) = T gy0i"(t) = i"(t) = T;;Oidqo(t). (A.8)

A.2 Effects of SRF transformations into variables

with multiple harmonic/sequence components

The previous section mentioned that the SRF transformation changes fundamental-
frequency sinusoidal components into dc quantities. Here, we expand this analysis

considering different harmonic/sequence components. Let:
i°(t) = 17 () + 107 (1) + 1% (1) + 195 (8) + 12 (1) +1855(0), (A.9)

170



where the subscripts + and — indicate positive or negative sequence and the integer
following them represents the harmonic order.

Each component of order +h in (A.9) is represented by:

[ [+h sin (hwt + ¢+h)
19(t) = | Lpsin (hwt —21/3 + ¢in) (A.10)
L I+h Sin (h/wt -+ 27T/3 —+ ¢+h) i

[ 1_},sin (hwt + ¢_p,)
i%(t) = | I_psin (hwt +27/3 + ¢_p) (A.11)
| Iy sin (hwt —27/3 4+ ¢_p) |

In this case, the currents in SRF become:

i4(t) = Iy sin(py1) + Iy sin(2wt + ¢_1)
+ 1_5sin(6wt + ¢_5) + I 17 sin(6wt + ¢, 7)
+ [,11 Sln(12wt + ¢,11) + [+13 sm(12wt + (bJrlg), <A12)

i9(t) = Iy cos(¢pyq) — 11 cos(2wt + ¢_1)
— I_5cos(6wt + ¢_5) + 1,7 cos(6wt + ¢pi7)
— I 1 cos(12wt + ¢_11) + L1153 cos(12wt + ¢y13), (A.13)

i%(t) = 0. (A.14)

As it was already mentioned, the positive-sequence fundamental component
was turned into dc quantities I, sin(¢, 1) and I, cos(¢y1). Equations (A.11) and
(A.11) also show that negative-sequence fundamental component was shifted into
2w, being represented in SRF by the terms I_; sin(2wt+¢_;) and 1_; cos(2wt+¢_1).
The negative-sequence fifth-order and the positive-sequence seventh-order, on the
other hand, were shifted into 6w. Finally, the negative-sequence eleventh-order and
positive-sequence thirteenth-order harmonic components were shifted into 12w.

It is possible to generalize the previous results as follows:

+1_jsin {(h + 1wt + ¢h} , for negative sequence

id(t) = , (A.15)

+1,,sin [(h —Dwt+ gb+h] , for positive sequence
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—1_j, cos {(h + 1wt + gb_h] , for negative sequence
() = S (aa)

+1,, cos {(h —Dwt+ (b+h} , for positive sequence

In this case, h is the harmonic order (h = 1 for the fundamental component), and
(h £ 1)w is the frequency in which this component appears in SRF dq axes. It is
important to notice that, although the results were presented considering currents,

the same is also valid for voltages.

A.3 Effects of generic frame transformations into
variables with multiple harmonic/sequence

components

In some cases it necessary to use other reference frames for analyzing a system.
This is the case, for instance, of the analyzes in Section 4.2.2, where a D-SRF
(frame transformation considering # = 2w) transformation is considered. Thus,
the effects shown at the end of the previous sections are extended here for generic
transformations.

Considering a generic frame transformation where 6 = wgt, and wrp = +hw de-
pending on the frame transformation is aligned with the positive /negative sequence
of the hth-order harmonic component. In this case, the currents in (A.11) are re-

presented in this new reference frame as follows:

;

+1_sin [ (hw +wp)t+ ¢_p|, for negative sequence
id(t) = - : (A.17)

—I—I+h sin | (hw —wg)t+ ¢yp|, for positive sequence

- ) (A.18)

+]+h cos | (hw —wp)t+ ¢yp for positive sequence

—Lh cos [ (hw +wp)t+ ¢_p|, for negative sequence

A.4 Applying the transformation into algebraic

equations

Lets first consider a generic voltage-across-resistor matrix equation in NRF":

va(t) = R i%(t) (A.19)

T (s
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sabc

ab¢ and i are the voltage and current vectors, and R is the resistance.

where v

To change (A.19) into SRF, it necessary to substitute the following results in it:

ve(t) = Tap vi(t), (A.20)
i77°(t) = Ty 177(1). (A.21)

Thus,
T V(1) = R Ty i12°(2) (A.22)

Multiplying both sided by Ty, on the left side:
VIO () = R i90(¢) (A.23)

It is possible to observe that the SRF transformation does not change the pattern

of the equation. This is valid for any algebraic equation.

A.5 Applying the transformation into differential

equations

Let us consider in this time a generic voltage-across-inductor matrix equation in

NRF:
d

vabe(t) = L EiaLb(:(t) (A.24)
where v§¢ and i are the voltage and current vectors, and L is the inductance.
It is necessary, now, to follow the same steps presented in the previous section,
ie:
b 1 dq0
v (t) = Ty vil(t), (A.25)

i7°(t) = T 17 (1)- (A.26)

Making the substitution leads to:

d
T oo Vil (t) = L 7 {T;;o idLQO(t)} (A.27)

Considering the chain rule of calculus, it is possible to obtain the following result:

d d
T it - L G Tl s L ] )
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Multiplying both sides of the equation by T4y leads to:

vf%ﬂ::Lxlimi?%ﬂ—%L;%[ﬁ@@ﬂ. (A.29)
Q.(0) = quo% lT;qlo] (A.30)

Observe in (A.29) that, differently from the algebraic case, the pattern of the
differential equation is changed. In this case, the matrix term (2. represents the
coupling between the direct and quadrature axes. For the SRF transformation used

in Section 4.2, Q.(#) can be simplified as follows:

0 —Wwyp 0
Q=Qwt)=|w 0 0 (A.31)
0 0 0

where wyq is the angular frequency of the fundamental component.
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Apéndice B

Steady-state results of the
Section 3.5

This Appendix presents the results which did not fit in Section 3.5. The first section
presents the representation of the linear system used do compute the steady-state
result of the MMC, while the second presents part of the results. Due to the size
of the mathematical expressions, it was decided to provide a Jupyter notebook
containing the python code and any explanation necessary to use it in the following
reference [127]. It was wrapped in a Binder environment, which also can be assessed
clicking HERE, which allows the user to run the code without the need to install

anything on your computer.

B.1 Linear system

T
Xss = |: Xicir decp decn :| ) (B1>
Xicir = |: [C’L"r‘gs [cirzc Icims Icimc i| ) (BQ)
Xoaon = | Vi, Vit Vit Vi Véa Vi, Vi, Viw | (B3
decp - |: Vcilpcls Vdpclc Vj}CQs VdeQc VCfCSs VdeBc ‘/dpc4s VdZZMc i| ' (B4)
_ Bl -
04><1
Bss = Bgs (B5)
04><1
| 04><1 i
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o O o O

04><1 - (B6)
B Eg*lcir 1 T
——5 o
ES*ICiTO 1
B! — 2 oo (B.7)
58 IEC*I lEs*I
—5L0 dos — gL Loc
1 * 1 *
| —5EG oc + g EG os |
B Eg*lciro 1 ]
b 1
Zo feirg 1
B2 = il (B.8)
” —1E§ Io, — 1E§, '
80 10s 80 *0c
1 1 *
| _§E8*106+ gES ]05 ]

02><2 02><2 02><2 O2><2 Mucj‘eq 02><2 O2><2 02><2
02><2 02><2 02><2 02><2 02><2 2Mucj'€q 02><2 02><2
02><2 02><2 O2><2 O2><2 O2><2 02><2 3M°(‘§€q 02><2
02><2 02><2 O2><2 02><2 02><2 02><2 O2><2 4M‘éeq
UCJ’eq 02><2 02><2 02><2 02><2 02><2 02><2 02><2
02><2 QMOCJ'eq 02><2 O2><2 02><2 02><2 02><2 02><2
02><2 02><2 3Moéeq 02><2 02><2 02><2 O2><2 02><2
02><2 02><2 02><2 4MUCJ'eq 02><2 02><2 02><2 02><2

%Ecjjs %LI %Eqs 02><2 _%Egjs iI _%Ec,s 02><2
0252 0252 %Egs AllI 0252 0252 _%Egjs %I
(B.9)
00
O2x2 = [ 00 ] (B.10)
B By
oo = | b ot (B.11)
4 4
[ R —2wI]
M2 — ” (B.12)
2wl R
[ R —4wl]
M = ~ (B.13)
4wl R

176




M2, = (B.14)

wCeq 0

0 —wC’eq]

B.2 solution

Considering;:

A; = 37748736.0C,, L*w® + 11796480.0C;, L* R*w° + 589824.0C; R'w*

— 3538944.0C% (E§)*L°w® — 294912.0C7, (E§*)? LR?w* — 3538944.0C% (E§*)*LPw°
—294912.0C% (E§*)’LR*w* — 5898240.0C% L*w® — 589824.0C% LR*w*
+95232.0C2 (E§*) L*w* 4 4864.0C2 (E§)* R*w® 4 190464.0C2 (E§)*(Ey*)* LPw?
+9728.0C2, (E§*)* (B )? R*w® + 350208.0C2, (E§*)? L*w* + 13824.0C2 (E§*)? R*w?
+95232.0C2 (E§*)* L*w* + 4864.0C2 (ES)* R*w* + 350208.0C2 (Ey*)? LPw*
+13824.0C2,(E§*)? R*w® + 304128.0C%, L*w* + 11520.0C2, R*w?

— 576.0C,(E§*)° Lw® — 1728.0C,(E§) (E5*)? Lw? — 4416.0C.,(ES*)* Lw?

— 172800, (E§)*(E*)* Lw® — 8832.0C,(E§)*(Ey*)? Lw? — 9216.0C,(ES*)? Lw?
— 576.0C,(E5*)° Lw? — 4416.0C,,(ES*)* Lw? — 9216.0C.(E5*)? Lw?

— 5760.0C, Lw® + (ES)® + 4.0(ES)°(E5*)? + 12.0(E§*)°
+6.0(E5) (Eg")" + 36.0(E5") (E5")? + 48.0(Eg")* + 4.0(E§")? (E")°
+36.0(ES)2(ES)* + 96.0( ES)2(E5*)? + 72.0(E5)* + (E5*)®

+ 12.0(E5")® + 48.0(E5*)* + 72.0(Ey*)? + 36.0, (B.15)

The steady-state solution for /., is given by:

2.0E Ly, — Lo
2.0ES Liyy — Ioe
E§* 1o, — E§"1os
E§ 1os + Eg* Ioc

1

Lim, = 3 | AT A5 A5 a5 | (B.16)

In this case, we have the following results:

A" = 589824.0C2 E§*L* Rw® + 36864.0C%, E§* R3w?® — 1179648.0C3 E5* L3w® —
73728.0C% Eg* LR*w* — 6144.0C2 (E§")’ LRw® + 61440.0C2, (E§")* By L*w* +
3072.0C2, (E5*)? Ey* R%w® — 6144.0C% B (Eg)* LRw® — 18432.002 E§* LRW® +
61440.0C2, (E5*)’ L'+ 3072.0C2, (E3*)° R%w?  + 110592.0C2 Ey*L2w!  +
4608.0C2 Es*R%?  +  32.0C., (E$)’ Rw  —  480.0C. (E$)' EyLw® +
64.0C,, (ES)? (Fs*)’ Rw 4 96.0C,, (ES)® Rw — 960.0C., (E5*) (E5*)® Lw? —
2496.0C,, (ES)? ES* Lw® 4+ 32.0C,ES (ES) Rw  + 96.0C.,ES* (E5*)’ Rw  +
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144.0C,,E§* Rw — 480.0C,, (E5*)° Lw?® — 2496.0C,, (E5*)” Lw?® — 2592.0C,, Fs* Lw® +
(E67)° By +3.0 (EB57)" (E£57)+9.0 (Bf)" Eg+3.0 (BF")* (B*)”+18.0 (B5)” (B5*)*+
24.0 (ES ) Es* + (Eg*)" + 9.0 (E5*)° 4 24.0 (E5)® + 18.0E5

Az = 1179648‘OC§’qE§*L3w6 + 73728.OC'§’QE§*LR2w4 + 589824.OCSqE5*L2Rw5 +

36864.0C3 Eg*R*w®  —  61440.0C2, (E§*)* L%w'  —  3072.0C2, (ES)” R%W?
6144.0C2, (E§*)? Ey* LRw®—61440.0C2 E¢* (E5*)? L2 —3072.0C2, E§* (Eg)? R2w?—
110592.0C2 B LPw'  —  4608.0C%ESR%w®  —  6144.0C2 (E5*)’ LRw®  —

18432.0C2 Es*LRw®  +  480.0C., (E§")° Lw®  +  32.0C. (ES)'Ey'Rw  +
960.0C,, (ES)® (Eg)” Lw? + 2496.0C., (ES*) Lw® + 64.0C., (ES)? (ES*) Rw +
96.0C., (E§*)’ E*Rw  + 480.0C.,Es* (Fg*)* Lw? + 2496.0C.,ES* (E5*)” Lw? +
2592.00,, Eg* Lw? + 32.0C., (E5*)’ Rw + 96.0C., (E5*)* Rw + 144.0C. Ey* Rw —
(Eg)" — 3.0(E§)” (E5)* — 9.0(Eg)” — 3.0(E)* (By)" — 18.0(Eg) (EBy)* —
24.0 (ES*)® — Eg* (Eg*)° — 9.0E¢* (Es*)* — 24.0E¢* (Es*)* — 18.0E5*

A = —589824.0C3 L3¢ — 36864.003 LR*w' + 30720.0C2, (E5*)* L*w*' +
1536.0C2, (Eg")” R%w?  + 30720.0C2, (E§)* L' + 1536.0C2, (E§")* R%W® +
55296.0C2, L2 + 2304.0C2, R?w? - 240.0C,, (ES*)* Lw? -
480.0C,, (ES)? (Ey)” Lw® — 1248.0C,, (ES)® Lw? — 240.0C., (E5)* Lw? —
1248.0C,, (E$*)? Lw? — 1296.0C., Lw? + 0.5 (ES)® + 1.5 (ES)* (Es*)® + 4.5 (ES)* +
L5 (Eg)? (B + 9.0(ESH* (Ey)® + 12.0(E§)” + 05(Eg)° + 4.5(E5)" +
12.0 (E5*)* 4 9.0

AS™ = _8.0C,,Ruw {36864.003(1L2w4 + 2304.0C2, R?*w? — 384.0C, (E§*)? Lw? —
384.0C,, (Eg*)® Lw?® — 1152.0C. Lo + 2.0 (BS)" + 4.0 (E§)* (E5)” + 6.0 (B5)® +
2.0 (B§")" +6.0 (B5)” + 9.0}

All the constants and variables presented in this result were defined in Sec-
tion 3.5. The solution for the other components are omitted here due to the space
they were required, but the can be visualized running the Jupyter notebook hosted
HERE [127].
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Apéndice C

Methodology used to validate the

developed models

This appendix in focused on explaining how the validations of the models were
carried out. It is used as example the MMC in natural reference frame, but the idea

is easily adapted to the MMC in Synchronous reference frame.

C.1 Validation of the equivalent dc admittance

The equivalent dc admittance, Y., models the relationship between the voltage in
k

the dc link, v4., and the circulating currents, i,.. If a harmonic component v,
appears in the dc voltage, a harmonic component ¥, , is created in the circulating
currents. Thus, to validate the model, the dc admittance can be computed using a
detailed model (in this case, the non-linear model) by inserting a harmonic compo-
nent in vy, and observing the effect caused in the circulating currents, as shown in

Figure C.1.

el vl
Vdeh Zg Yy
MMC — " )
Ve g b i i = Rated
Len Zcp c
vg = Rated

I -
Leir = e + Leiro +I\:1’cirh)

-

Insertion
Indices

Amplitude (iif,[-,,,h )
Amplitude(vgep,)

Y;i(:h -

Current Loop

Figure C.1: Strategy for measuring the equivalent dc admittance of the MMC.
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In this case, the measured admittance at a given frequency is computed by:

Amplitude (vgen)
Yien =

Amplitude (igirn) (C1)

C.2 Validation of the Norton-equivalent admittance

When the MMC is under current control and connected to a power grid, the har-
monic content of the voltages can distort the output current. This distortion is
caused by the harmonic current which is drawn by the Norton-equivalent admit-
tance of the converter. Thus, this admittance can be measured in a detailed model
by adding harmonic components to the grid voltages and measuring the respective
harmonic components created in the output current. Figure C.2 presents a diagram

illustrating this approach.

@ = ef” Uf
S M|
F .| Zf Uh Ug
<—> Yde | MMC } S 7 O @
— >
d ,k
sM . 1. ok
@ o] i* Zlfp i"* = Rated
v;f' = Rated

Insertion
Indices

— . k
s s /%k\ V., — Amplztude(zCh>
’ ‘ch i ach Amplitude (1);‘5 )

Figure C.2: Strategy for measuring the Norton-equivalent admittance of the MMC.

In this case, the measured admittance at a given frequency is computed by:

Amplitude (i)

Y;u: = :
" Amplitude (Von)

(C.2)

C.3 Validation of the Closed-loop current gain

The closed-loop current gain measures the relationship between the reference cur-

kx
on are

rents and the produced currents. For measuring it, harmonic components
inserted in the reference signals and the effects on the output currents are measu-
red. Since the voltages are kept without distortion, the components ¥, are caused

directly by i*f. Figure C.3 presents an illustrative diagram for this procedure.

180



Zy Y

Ore | v | e
@ ik i* ' i"* = Rated
vé”" = Rated

Insertion
Indices
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Figure C.3: Strategy for measuring the closed-loop current gain of the MMC.

In this case, the measured closed-loop gain at a given frequency is computed by:

. Amplitude (i)
4 Amplitude (i%,)

(C.3)

C.4 Validation of the Thevenin-equivalent impe-

dance

To measure the Thévenin-equivalent impedance of the MMC, a harmonic component
i* is added to the load currents and the corresponding harmonic voltage v, is
observed. The Figure C.4 illustrated this process. Bear in mind that, despite the
fact the figure considers the single-loop voltage-controlled MMC, the approach also
used for the double-loop current/voltage-controlled MMC.

In this case, the measured closed-loop gain at a given frequency is computed by:

Amplitude (vp)
Amplitude (i%,)

(C.4)

Linh =

C.5 Validation of the Closed-loop voltage gain

Thevenin gain measures the relationship between the reference voltage and the out-
put voltage. Thus, it can be measured by adding a harmonic component v}, in
the reference signals and observing the corresponding component in the voltage.

Figure C.5 illustrates the process.
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Figure C.4: Strategy for measuring the Thévenin-equivalent impedance of the MMC.

In this case, the measured Thévenin gain at a given frequency is computed by:

_ Amplitude (vop)
Zinh = Amplitude (v,) (C-5)
e Vg
-k
l Z
— :fli i* = Rated
" . || | |Cf 'U]g = Rated
I —

S O

Amplitude(vffﬁ
Amplitude (vlg;)

Insertion
Indices

sl
Gy, =

Voltage Loop UO

Figure C.5: Strategy for measuring the Thévenin gain of the MMC.
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Apéndice D

Step by Step obtaining of the
feed-forward terms to produce the

virtual impedances

Figure D.1: Step-by-step obtaining the feed-forward term for generating the virtual
impedance of the NRF single-loop voltage-controlled MMC.
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Figure D.2: Step-by-step obtaining the feed-forward term for generating the virtual
impedance of the NRF double-loop voltage-controlled MMC.
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Step 3

Figure D.3: Step-by-step obtaining the feed-forward term for generating the virtual
impedance of the SRF single-loop voltage-controlled MMC.
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Figure D.4: Step-by-step obtaining the feed-forward term for generating the virtual
impedance of the SRF double-loop voltage-controlled MMC.
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