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Abstract
Modular multilevel converters (MMCs) have recently become the state-ofthe-art solution for various grid-connected applications, such as high-voltage
direct current (HVDC) systems and flexible alternating current transmission
systems (FACTS). Modularity, scalability, low power losses, and low harmonic
distortion are the outstanding properties that make MMCs a key technology
for a sustainable future.
The main objective of this thesis is the modeling of grid-connected MMCs
for stability analysis. The stability of the interconnected system, formed by
the converter and the ac grid, can be assessed by analyzing the converter
ac-side admittance in relation to the grid impedance. Therefore, a method
for the calculation of the ac-side admittance of MMCs is developed. This
method overcomes the nonlinearities of the converter dynamics and it can
be easily adapted to different applications. Moreover, the effects of different
control schemes on the MMC ac-side admittance are studied, showing how the
converter admittance can be reshaped. This is a useful tool for system design,
because it shows how control parameters can be selected to avoid undesired
grid-converter interactions.
This thesis also studies ac/ac MMCs for railway power supplies, which
are used in countries with a low-frequency railway grid, such as Germany
(16.7 Hz) and Sweden (16 2/3 Hz). A hierarchical control scheme for these
converters is devised and evaluated, considering the requirements and the
operating conditions specific to this application. Furthermore, admittance
models of the ac/ac MMC are developed, showing how the suggested hierarchical control scheme affects the three-phase and the single-phase side
admittances of the converter. For computing the insertion indices, an openloop scheme with sum capacitor voltage estimation is applied to the ac/ac
MMC. Lyapunov stability theory is used to prove the asymptotic stability
of the converter operated with the proposed control method. This specific
open-loop scheme is also adapted to a modular multilevel matrix converter,
which performs three-to-three phase direct conversion.
Finally, this thesis presents the design of a down-scaled MMC prototype
for experimental verification, rated at 10 kW with 30 full-bridge submodules.
The hardware and the software are designed to be easily reconfigurable, which
makes the converter suitable for different research projects focused on MMCs.
Experiments on this down-scaled MMC are used to support and validate the
key results presented throughout the thesis.
Keywords: Modular multilevel converters (MMCs), stability, admittance, frequency-domain analysis, linearization techniques, current control,
voltage control, ac/ac converters, railway engineering.

v
Sammanfattning
Modulära multinivåomvandlare (MMC) har under senare år utvecklats
till den mest relevanta lösningen för olika tillämpningar där kraftelektroniska
omriktare är anslutna till växelströmsnät, såsom system för högspänd likströmsöverföring (HVDC) och flexibla system för överföring av växelström
(FACTS). Den modulära uppbyggnaden, skalbarhet, låga förluster och låga
övertoner är egenskaperna som gör MMC omriktare till en central komponent
för framtida hållbara elenergisystem.
Huvudsyftet med denna avhandling är modellering av nätanslutna omvandlare av typ MMC för stabilitetsanalys. Stabiliteten för systemet omvandlare och nät, kan bedömas genom att analysera omvandlarens växelströmssidiga admittans i förhållande till nätimpedansen. En metod har därför utvecklats
för att beräkna den modulära multinivåomvandlarens admittans. Metoden tar
hänsyn till olinjäriteter i omvandlarens dynamik och kan enkelt anpassas till
olika tillämpningar. Därutöver studeras effekterna av hur olika reglersystem
påverkar omvandlarens admittans och hur omvandlarens admittans kan omformas. Denna möjlighet är användbar vid utformning av en systemlösning,
eftersom reglerparametrarna kan väljas för att undvika oönskade störningar
mellan nät och omriktare.
I avhandlingen undersöks även modulära ac/ac-omvandlare för järnvägsbanmatning. Dessa används i länder med lågfrekvensbanmatning såsom Tyskland med 16, 7 Hz och Sverige med 16 2/3 Hz. Ett hierarkiskt reglersystem har
utvecklats och utvärderats med avseende på järnvägstillämpningens specifika
krav och dess driftsförhållanden. Admittansmodeller har utvecklats, för dessa
modulära ac/ac-omvandlare, som visar hur det föreslagna hierarkiska reglersystemet påverkar omvandlarens admittans på både trefas- och enfassidan. För
att beräkna ac/ac-omvandlarens inkopplingsförhållande appliceras en öppen
styrning som estimerar summan av submodulernas kondensatorspänningar.
Lyapunovs stabilitetsteori har använts för att bevisa den asymptotiska stabiliteten hos omvandlaren. Den föreslagna öppna styrningen kan också anpassas
till en modulär multinivåomvandlare för direkt trefas till trefas omformning.
För att kunna verifiera resultaten experimentellt har en nedskalad prototyp utvecklats. Prototypens märkeffekt är 10 kW och den är uppbyggd av 30
submoduler med helbryggor. Hårdvaran och mjukvaran är utformade så att
omvandlaren på ett enkelt sätt kan konfigureras för olika tillämpningar vilket
gör den lämplig för olika forskningsprojekt som inkluderar modulära multinivåomriktare. Experiment på den nedskalade MMC:n har genomförts för att
validera de resultat och slutsatser som presenteras i avhandlingen.
Nyckelord: Modulära multinivåomvandlare (MMC), stabilitet, admittans, frekvensanalys, linjäriseringsmetoder, strömreglering, spänningsreglering, ac/ac omvandlare, järnvägsteknik.
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Chapter 1

Introduction
1.1

Background

High-voltage direct current (HVDC) and flexible alternating current transmission
systems (FACTS) are modern technologies used to satisfy the increasing global demand for electricity. These technologies feature high power transmission efficiency
and facilitate the integration of renewable energy sources into the power system,
making them pivotal for a sustainable future.
Modular multilevel converters (MMCs) have recently become the state-of-theart solution for HVDC and FACTS applications due to their outstanding properties,
such as modularity, scalability, low power losses, and low harmonic distortion [1,2].
The advantages offered by MMCs come at the expense of an inherently complex
behavior, which has motivated research on several aspects of these converters.
A topic on which research is still growing is the stability analysis of the interconnected system, formed by the MMC and the ac grid. This analysis can be performed
using the impedance-based stability criterion, which is based on the expression of
the converter ac-side admittance [3]. Modeling the MMC ac-side admittance is a
challenging task due to the converter dynamic behavior, which is highly nonlinear.
Another aspect of MMCs where literature is scarce is their application as railway power supplies, which is a relatively niche subject. MMCs can be configured
to perform ac/ac conversion, which makes them suitable as railway power supplies,
especially in European countries with a low-frequency railway grid, e.g., Germany
(16.7 Hz) and Sweden (16 2/3 Hz) [4,5]. AC/AC MMCs can nonetheless adopt solutions originally proposed for ac/dc MMCs, provided that the necessary adjustments
are made.

1.2

Main Objectives

This thesis focuses on the modeling of grid-connected MMCs for stability analysis
and on the effects of control on the stability of the interconnected system. The
1
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studied applications are HVDC transmission systems, which use ac/dc MMCs, and
railway power supplies, which employ ac/ac MMCs. Moreover, a suitable MMC
control scheme for the railway power supply application is investigated.

1.3

Methodology

In this thesis, linear analytical models of the analyzed MMCs are developed using
the MMC averaged dynamic model as foundation. Suitable linearization techniques,
combined with frequency domain analysis, are used to tackle the nonlinearities of
the converter dynamics and the control scheme. Different control schemes are
studied and evaluated, assessing their effects on stability, steady-state operation,
and dynamic situations.
The verification of the theoretical analysis is performed in two steps. Firstly,
time-domain simulations of the MMC averaged dynamic model are used for validation in a controlled environment, which nonetheless includes the system nonlinearities. Secondly, experiments on a down-scaled MMC are used for validation
in the presence of switching operation, distinct capacitor voltages, and nonideal
characteristics (e.g., parasitic components, asymmetries, measurement noise, etc.).

1.4

Original Contributions

The novelty in this thesis and its original contributions are summarized as follows.
• A method for the calculation the ac-side admittance of MMCs is developed.
This method overcomes the nonlinearities of the converter dynamics and it
can be easily adapted to different applications [Publication I].
• The effects of different control schemes on the MMC ac-side admittance are
studied, showing how the converter admittance can be reshaped. This is a
useful tool for system design, because it shows how control parameters can
be selected to avoid undesired grid-converter interactions [Publication II].
• A hierarchical control scheme for ac/ac MMCs for railway power supplies is
devised and evaluated, considering the requirements and the operating conditions specific to this application. Furthermore, admittance models of the
ac/ac MMC are developed, showing how the suggested hierarchical control
scheme affects the three-phase and the single-phase side admittances of the
converter [Publication III].
• An open-loop scheme with sum capacitor voltage estimation is applied to
the ac/ac MMC for railway power supplies. Lyapunov stability theory is
used to prove the asymptotic stability of the converter operated with the
proposed control method. This specific open-loop scheme is also adapted to
a modular multilevel matrix converter, which performs three-to-three phase
direct conversion. [Publication IV, Publication V].

1.5. LIST OF APPENDED PUBLICATIONS
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• A down-scaled MMC prototype for experimental verification, rated at 10 kW
with 30 full-bridge submodules, is designed and built. The hardware and the
software are designed to be easily reconfigurable, which makes the converter
suitable for different research projects focused on MMCs [Publication VII].

1.5

List of Appended Publications

Journal publications:
I. L. Bessegato, L. Harnefors, K. Ilves, and S. Norrga, “A method for the
calculation of the ac-side admittance of a modular multilevel converter,” IEEE
Trans. Power Electron., to be published, doi: 10.1109/TPEL.2018.2862254.
II. L. Bessegato, K. Ilves, L. Harnefors, and S. Norrga, “Effects of control
on the ac-side admittance of a modular multilevel converter,” IEEE Trans.
Power Electron., to be published, doi: 10.1109/TPEL.2018.2878600.
III. L. Bessegato, K. Ilves, L. Harnefors, S. Norrga, and S. Östlund “Control
and admittance modeling of an ac/ac modular multilevel converter for railway
supplies,” IEEE Trans. Power Electron., in review process.
Conference publications:
IV. L. Bessegato, S. Norrga, K. Ilves, and L. Harnefors, “Control of modular
multilevel matrix converters based on capacitor voltage estimation,” in Proc.
IEEE 8th Int. Power Electron. Motion Control Conf. (IPEMC - ECCE
Asia), May 2016, pp. 3447–3452.
V. L. Bessegato, L. Harnefors, K. Ilves, S. Norrga, and S. Östlund “Control
of direct ac/ac modular multilevel converters using capacitor voltage estimation,” in Proc. 18th Eur. Conf. Power Electron. Appl. (EPE’16 ECCE
Europe), Sep. 2016.
VI. L. Bessegato, S. Norrga, K. Ilves, and L. Harnefors, “AC-side admittance
calculation for modular multilevel converters,” in Proc. IEEE 3rd Int. Future
Energy Electron. Conf. (IFEEC 2017 - ECCE Asia), Jun. 2017, pp. 308–312.
VII. L. Bessegato, A. Narula, P. Bakas, and S. Norrga, “Design of a modular
multilevel converter prototype for research purposes,” in Proc. 20th Eur.
Conf. Power Electron. Appl. (EPE’18 ECCE Europe), Sep. 2018.

Related Publications
• S. Heinig, K. Jacobs, K. Ilves, L. Bessegato, P. Bakas, S. Norrga, and H.–
P. Nee, “Implications of capacitor voltage imbalance on the operation of the
semi-full-bridge submodule,” IEEE Trans. Power Electron., to be published,
doi: 10.1109/TPEL.2018.2890622.
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• K. Ilves, L. Bessegato, L. Harnefors, S. Norrga, and H.–P. Nee, “Semi-fullbridge submodule for modular multilevel converters,” in Proc. 9th Int. Conf.
Power Electron. (ICPE - ECCE Asia), Jun. 2015, pp. 1067–1074.
• K. Ilves, L. Bessegato, and S. Norrga, “Comparison of cascaded multilevel
converter topologies for ac/ac conversion,” in Proc. Int. Power Electron.
Conf. (IPEC 2014 - ECCE Asia), May 2014, pp. 1087–1094.
• L. Bessegato, T. Modeer, and S. Norrga, “Modeling and control of a tappedinductor buck converter with pulse frequency modulation,” in Proc. IEEE
Energy Convers. Congr. and Expo. (ECCE), Sep. 2014, pp. 3672–3678.

Chapter 2

Modular Multilevel Converters
This chapter describes the basics of the MMC, serving as foundation for this thesis
and its original contribution. The content of this chapter can also be found in most
of the appended publications, notably in Publications I, II, and III.

2.1

Background

High-voltage direct current (HVDC) is an electric power transmission technology
that modern society is using to counteract the serious climatological problems related to greenhouse-gas emissions, while satisfying the increasing global demand
for electricity. Compared with conventional ac systems, HVDC features higher
power transmission efficiency, especially over long distances, and facilitates the integration of renewable energy sources into the power systems. Being at the core
of HVDC transmission systems, power electronics converters are key technologies
for a sustainable future. Notably, modular multilevel converters (MMCs) have
become the state-of-the-art solution for voltage source converter (VSC) HVDC systems [1, 2, 6–10]. Compared with traditional converter topologies (e.g., two-level
VSCs), MMCs feature several outstanding properties, such as:
• modularity, given its submodule-based structure, which gives built-in redundancy and simplifies maintenance;
• scalability, i.e., increasing the number of submodules increases the ratings of
the converter;
• higher efficiency, as the switching frequency of the power semiconductors is
relatively low;
• significantly lower harmonics, due to the multilevel waveforms, meaning that
harmonic filters are no longer required.
Because of their modular structure, MMCs can be reconfigured and adapted
to other applications. Notably, flexible alternating current transmission systems
5
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Figure 2.1: Modular multilevel converter topology; a half-bridge submodule is
shown as example of submodule implementation.

(FACTS) technologies increase the transmission capacity and improve the stability
of existing ac transmission systems. Here, MMCs can be used as static compensators (STATCOMs), making the ac grids more robust and thus facilitating the
integration of renewable energy sources.

2.2

Operating Principle and Averaged Dynamic Model

Figure 2.1 shows an MMC configured for three-phase ac to dc conversion, or vice
versa [2, 6]. The MMC consists of three upper arms and three lower arms, each
comprising N submodules, typically half-bridge or full-bridge submodules. Each
submodule comprise an energy storage element (e.g., a capacitor) and two control-
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lable semiconductor valves (e.g., insulated-gate bipolar transistors and anti-parallel
diodes). During operation, the switching elements are used either to insert or to
bypass the submodules, producing a multilevel voltage waveforms in each arm. The
number of levels is N +1 for half-bridge submodules and 2N +1 for full-bridge submodules. Every arm includes an arm inductor, with inductance L, that is used for
limiting the switching harmonics in the arm current. In addition, a resistance R is
included to account for the losses in the arm.
Being a relatively complex converter topology, a detailed dynamic model of the
MMC would inevitably be burdensome and difficult to use. Instead, an averaged
dynamic model can be formulated using the following constraints [11]:
1. the switching operations are neglected using time averaging;
2. for each arm, the capacitor voltages are assumed to be balanced, i.e., equal
in every submodule within the arm.
The averaged dynamic model describes the converter arms as a whole, instead of the
individual submodules, resulting in a compact dynamic model of the converter. In
the following, the converter is modeled on a per-phase basis, using the subscripts
u and l for the upper- and lower-arm quantities, respectively, and dropping the
subscript denoting the phase when not needed.
The arm voltages are expressed as
Σ
vu = nu vCu

Σ
vl = nl vCl

(2.1)

Σ
Σ
and vCl
are the sum capacitor
where nu and nl are the insertion indices, and vCu
voltages, i.e., the total voltages of the submodule capacitors of each arm. The
insertion indices are the control signals of the converter, which indicate the portion
Σ
of vC
to be inserted at a given time.
The sum capacitor voltages are obtained as described in [11], i.e.,

Σ
vCu
=

1
C

Z

Σ
nu iu dt + vC0

Σ
vCl
=

1
C

Z

Σ
nl il dt + vC0

(2.2)

Σ
where vC0
is the average sum capacitor voltage and C is the arm capacitance,
defined as the submodule capacitance divided by N .
The arm-current dynamics are described using Kirchhoff’s voltage law as follows:

diu
vd
+ Riu =
− vu − e
dt
2
dil
vd
L
+ Ril =
− vl + e
dt
2
L

(2.3)
(2.4)
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Figure 2.2: Block diagram of a typical MMC control system for grid-connected
application.

where vd is the dc-side voltage and e is the point-of-common-coupling (PCC) voltage

ea = e1 cos(ω1 t)

eb = e1 cos ω1 t −

ec = e1 cos ω1 t −

(2.5a)


2
π
3

4
π .
3

(2.5b)
(2.5c)

Equations (2.1)–(2.4) form the MMC averaged dynamic model, which constitutes the basis for the control system design.

2.3

Control System Overview

Figure 2.2 shows an overview of a typical MMC control system [9, 12], which can
be divided into two main parts:
1. the high-level control, responsible for controlling the converter variables described by the MMC averaged dynamic model, e.g., arm currents and sum
capacitor voltages;
2. the low-level control, which translates the insertion indices into the submodule
switching signals, while ensuring that the submodule capacitor voltages are
balanced within the arms.
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9

The work presented in this thesis is based on the MMC averaged dynamic model,
which does not describe the operation of the individual submodules. Therefore,
examining the low-level control is not needed.
In the following, a description of a typical MMC control system for grid connected application is given, including the current control loops and the internal
control. Additional control loops (e.g., active- and reactive-power control, dc-link
voltage control, etc.) are not covered in this thesis. An in depth description of an
MMC control system is presented in [Publication II].

Current Control
The arm currents comprise a portion of the ac-side current, which splits equally
between the upper and the lower arms, and a portion of the dc-side current, which
splits equally among the three phases. In order to control the ac and the dc components of the arm currents separately, the following transformation is used [8, 11]:
is = iu − il

ic =

iu + il
2

(2.6)

where is is the ac-side current and ic is the circulating current. This transformation
allows to rewrite (2.3) and (2.4) as
R
L dis
+ is = vs − e
2 dt
2
dic
vd
L
+ Ric =
− vc
dt
2
with

(2.7)
(2.8)

−vu + vl
vu + vl
vc =
(2.9)
2
2
where vs is the voltage driving is and vc is the voltage driving ic .
Equation (2.7) can be used in its space vector form to design an ac-side current
controller in synchronous coordinates, i.e., in the dq frame. The controller includes
a proportional part, which sets the closed-loop-system bandwidth to the desired
value, and an integral part, which allows for tracking the current reference i?s .
Moreover, a feedforward of the PCC voltage can be added to improve the dynamic
performance of the system. The angle of the PCC voltage space vector, needed for
the abc/dq transformation and its inverse, can be estimated using a phase-locked
loop (PLL).
Similarly, (2.8) can be used to design a circulating current controller, typically
on a per-phase basis. This controller comprises a reference term vd? /2, which sets the
dc component of the arm voltages, and a proportional part, which sets the closedloop-system bandwidth to αc and increases the damping of the current dynamics
from R/L to αc +R/L. If needed, resonant controllers can be added to suppress the
second-order harmonic and other undesired harmonic components in the circulating
current [13].
vs =

10
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Internal Control
The voltage references resulting from the current controllers, vs? and vc? , are used
for computing the insertion indices. Two solutions are normally used: an open-loop
or a closed-loop scheme.
In the first alternative, the voltage references are divided by the average sum
Σ
capacitor voltage vC0
, i.e.,
nu =

vc? − vs?
vu?
=
Σ
Σ
vC0
vC0

nl =

vl?
vc? + vs?
=
.
Σ
Σ
vC0
vC0

(2.10)

This scheme is simple and inherently gives asymptotically stable sum capacitor
voltages, meaning that an arm-balancing controller is not required [12]. However,
it also gives rise to undesired harmonics in the arm currents, e.g., the secondorder harmonic. These harmonics arise from the multiplication in (2.1), as the
capacitor voltage ripple is not taken into account during the computation of the
insertion indices. These harmonics can be suppressed using resonant controllers in
the current controllers [13].
In the closed-loop scheme, the voltage references are divided by the measured
sum capacitor voltages, i.e.,
nu =

vu?
v? − v?
= c Σ s
Σ
vCu
vCu

nl =

vl?
v? + v?
= c Σ s.
Σ
vCl
vCl

(2.11)

Substituting (2.11) into (2.1) shows that this scheme computes ideal insertion inΣ
Σ
and vCl
cancel out and the arm voltages match their references.
dices, as vCu
However, with this scheme the sum-capacitor voltages are marginally stable and an
arm-balancing controller is required [14].
The arm-balancing controller is designed to drive additional terms in the circulating current, in order to control the average and the imbalance sum capacitor
voltages, defined as
Σ
vC
=

Σ
Σ
vCu
+ vCl
2

∆
Σ
Σ
vC
= vCu
− vCl

(2.12)

Σ
to vC0
and 0, respectively. A dc term in the circulating current multiplies the dc
component of nu and nl in (2.2), thus controlling the average sum capacitor voltage.
Similarly, a fundamental-frequency term in the circulating current multiplies the
fundamental-frequency component of nu and nl in (2.2), which are in antiphase,
resulting in a dc term that controls the imbalance sum capacitor voltage.

Chapter 3

AC-Side Admittance of MMCs
The content of this chapter is based on Publications I, II, and VI.

3.1

Background and State-of-the-Art

Grid-connected converters designed for operating with an infinite bus may function
incorrectly when connected to an actual ac grid, potentially causing instability.
The stability of the interconnected system can be analyzed using the impedancebased stability criterion [3] or the passivity-based stability assessment [15], which
are based on the expression of the converter impedance, or admittance, measured
at its ac terminals.
For instance, when using the impedance-based stability criterion, the ac grid is
modeled by its Thevenin equivalent circuit, Vgrid and Zgrid , while the converter is
modeled by its Norton equivalent circuit, Iconv and Zconv , as shown in Fig. 3.1.
Using this linear representation, valid only for small-signal analysis, the current Iac
flowing from the converter to the grid can be expressed as


Vgrid (s)
1
Iac (s) = Iconv (s) −
.
(3.1)
Zconv (s) 1 + Zgrid (s)/Zconv (s)
Assuming that Iconv , Vgrid , and 1/Zconv are stable, the stability of the interconnected system depends on the stability of the second term on the right-hand side of
(3.1), which can be expressed as a negative feedback system, shown in Fig. 3.1. By
linear control theory, this feedback system is stable if and only if Zgrid (s)/Zconv (s)
satisfies the Nyquist stability criterion. Thus, the expression of the converter ac-side
impedance, or admittance, can be used for stability analysis.
The ac-side admittance of a power converter has been extensively documented
for several topologies, including the two-level VSC [16,17]. Still, these results cannot
be directly extended to MMCs, due to their nonlinear dynamic behavior. When applying a small-signal perturbation for obtaining the admittance, the multiplications
in (2.1) and (2.2) cause different frequency components of the converter variables
11
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ac grid

Vgrid

Zgrid

Iac

converter

Zconv

Iconv
Iconv

Vgrid
Zconv

Iac
Zgrid
Zconv

Figure 3.1: Small-signal representation of the system formed by the ac grid and the
power converter (left) and its expression as a negative feedback system (right).

to combine through addition and subtraction, which complicates the admittance
derivation. Calculating the major frequency components generated by the smallsignal perturbation offers an useful insight, as it allows the converter admittance
to be obtained, and it shows how the perturbation term impacts the spectra of the
converter variables.
The state-of-the-art in MMC ac-side admittance modeling is summarized as
follows. Beza et al. [18] and Khazaei et al. [19] derive an analytical model of the
MMC ac-side admittance by using small-signal analysis, solving the resulting equations analytically by elimination of variables. However, the proposed derivation
does not explicitly describe how the frequency components generated by the smallsignal perturbation are produced and interact. Lyu et al. [20] presents an MMC
impedance model based on harmonic linearization, considering three perturbation
frequency components and solving the resulting equations analytically by elimination of variables; yet, the derivation is mathematically intricate and cannot be easily
adjusted to include additional frequency components, different control schemes, or
the PLL. Later in [21] and [22], Lyu et al. derive an MMC impedance model based
on harmonic state-space modeling; still, the proposed method cannot easily tackle
the nonlinearities of the MMC dynamics and the ac-side current control and the
PLL are not incorporated into the analysis. Sun and Liu [23] proposes a sequence
impedance model for MMCs, based on multiharmonic linearization. Among the existing literature, this work is the most thorough and complete; however, it involves
significant matrix manipulation as it is not designed for keeping the complexity to
a minimum.
Given the state-of-the-art in MMC ac-side admittance modeling, a method for
calculating the MMC ac-side admittance has been developed in [Publication I].
In the study, a linear model is obtained by analyzing the main perturbation frequency components of the converter variables individually. The proposed method
is aimed at achieving good accuracy while keeping the complexity to a minimum
level; furthermore, it is designed for being easily adjustable for analyzing different
control schemes and different frequency components. A description of the proposed
method is presented in the following section. An early version of this study can be
found in [Publication VI].

3.2. PROPOSED METHOD

3.2
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Proposed Method

In order to calculate the MMC ac-side admittance, a positive-sequence small-signal
perturbation is superimposed on the PCC voltage
ea = e1 cos(ω1 t) + ep cos(ωp t)



2
eb = e1 cos ω1 t − π + ep cos ωp t −
3



4
ec = e1 cos ω1 t − π + ep cos ωp t −
3

(3.2a)

2
π
3

4
π
3

(3.2b)
(3.2c)

with E(fp )  E(f1 ), where E(f1 ) = e1 /2 denotes the complex Fourier coefficient
of E at f1 . Then, the admittance is calculated in the stationary frame as the ratio
between the current response to the applied voltage perturbation, expressed using
the Fourier coefficients at perturbation frequency, i.e.,
Yac (fp ) = −

Is (fp )
.
E(fp )

(3.3)

Calculating the current response Is (fp ) is not straightforward, due to the nonlinear behavior of the MMC, caused by the multiplications in (2.1) and (2.2). Applying
the perturbation E(fp ) affects the frequency spectra of the converter variables, generating new frequency components. For example, multiplying a variable at fp with
a variable at f1 results in the two new components fp − f1 and fp + f1 , i.e.,
x · y = [xp cos(ωp t + ϕp )][y1 cos(ω1 t + ϕ1 )]
1
= xp y1 {cos[(ωp − ω1 )t + ϕp − ϕ1 ] + cos[(ωp + ω1 )t + ϕp + ϕ1 ]}.
2

(3.4)

Because of this, the current response Is (fp ) cannot be calculated using the classic
linearization method, where all the frequency components except fp are discarded,
as it would lead to a highly inaccurate result. Instead, an extension of the classic
linearization method, called harmonic linearization [24], is used for tackling the
problem. Here, a linear model is built not only using the components at fp , but
including a whole set of frequency components. Specifically, combinations of fp
with steady-state components are taken into account, whereas harmonics of fp are
neglected, due to the assumption that E(fp ) is small.
The converter variables, summarized in Table 3.1, are analyzed in the frequency
domain to obtain a linear analytical model of the MMC ac-side admittance. These
variables are related to each other as illustrated in Figure 3.2, which shows several loops containing nonlinearities. This justifies the need for analyzing several
frequency components, which are chosen as the minimum amount necessary to
achieve the desired accuracy in the results. The optimal choice of frequency components must be adjusted on the specific case study, because factors such as control
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Table 3.1: Converter Variables

Symbol

Variable

Obtainable from

iu,l

arm currents

Kirchhoff’s voltage law

vu,l

arm voltages

time averaging of the switching operations

Σ
vCu,l

sum capacitor voltages

arm-capacitance energy and instantaneous
arm-power, assuming balanced capacitor
voltages

nu,l

insertion indices

output of the control algorithm

e
iu,l

nu,l
vu,l

vΣCu,l

Figure 3.2: Illustration of the relationships between the converter variables, based
on (2.1)–(2.4). The arrows denote the causality (e.g., vu,l affects iu,l ) and the color
denotes whether the relationship is linear (blue) or nonlinear (red).

scheme, RLC parameters, and operating point impact the magnitude of the frequency components. For example, two steady-state values and five perturbation
values can be chosen, i.e.,
f = (0, f1 , fp , fp ± f1 , fp ± 2f1 ).

(3.5)

The analysis can be further simplified by exploiting the inherent symmetries of the
MMC topology. Hence, only the upper arm of phase a is analyzed.
In the following, the expressions at fp are given as an example. The complete
derivation of the analyzed frequency components is presented in [Publication I]
and [Publication II].

Upper-Arm Current
The Kirchhoff’s voltage law (2.3) is expressed at fp , giving
Iu (fp ) = −

Vu (fp )
E(fp )
−
.
jωp L + R jωp L + R

(3.6)
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Table 3.2: Frequency Components Resulting from a Multiplication: the Perturbation Frequency Components (First Column) Combine with the Steady-State Components (First Row) Through Addition and Subtraction (Expressed Using −f1 )
−f1

0

f1

fp − 2f1 fp − 3f1 fp − 2f1 fp − f1
fp − f1 fp − 2f1 fp − f1

fp

fp

fp − f1

fp + f1

fp + f1

fp

fp

fp + f1 fp + 2f1

fp + 2f1 fp + f1 fp + 2f1 fp + 3f1

Upper-Arm Voltage
In the frequency domain, the multiplication in (2.1) causes the frequency comΣ
to combine through addition and subtraction. Since the
ponents of nu and vCu
analysis is restricted to the frequency components listed in (3.5), Table 3.2 is used
to identify the combinations that result in the frequencies of interest. For instance,
fp is obtained from (fp − f1 ) + f1 , fp + 0, and (f1 + fp ) − f1 . When using the
negative counterpart of a frequency component (e.g., −f1 ), the complex conjugate of the Fourier coefficient is used, due to the Hermitian symmetry property of
the frequency components of real-valued functions, i.e., X(−f ) = X(f ). Hence,
expressing (2.1) at fp results in
Σ
Σ
Σ
Vu (fp ) =VCu
(fp )Nu (0) + VCu
(fp − f1 )Nu (f1 ) + VCu
(fp + f1 )Nu (f1 )
Σ
Σ
Σ (f ).
(0) + Nu (fp − f1 )VCu
(f1 ) + Nu (fp + f1 )VCu
+ Nu (fp )VCu
1

(3.7)

Σ
The steady-state values of nu and vCu
are calculated beforehand; therefore, they
appear in (3.7) as coefficients, meaning that (3.7) is linear.

Upper-Arm Sum Capacitor Voltage
Equation (2.2) contains a multiplication between nu and iu , which causes the two
frequency spectra to combine. The reasoning used to obtain (3.7) can also be
applied here, leading to
Σ
VCu
(fp ) =

1 
Iu (fp )Nu (0) + Iu (fp − f1 )Nu (f1 ) + Iu (fp + f1 )Nu (f1 )
jωp C

+ Nu (fp )Iu (0) + Nu (fp − f1 )Iu (f1 ) + Nu (fp + f1 )Iu (f1 ) .
(3.8)
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Upper-Arm Insertion Index
For the open-loop scheme, equation (2.10) is expressed at fp as
Nu (fp ) =

Vc? (fp ) − Vs? (fp )
Σ
vC0

(3.9)

where Vs? (fp ) and Vc? (fp ) result from the current controllers. Notably, the ac-side
current controller links is and e to the reference vs? , meaning that the converter
admittance can be shaped through the controller design. Moreover, vs? is a nonlinear
function of e due to the presence of the PLL, which must be modeled with care, as
it has a noticeable impact on the ac-side admittance. A detailed description of the
frequency components of vs? and vc? , including the current control schemes and the
PLL, is presented in [Publication II].
If needed, the control system time delay Td can be accounted for by adding the
factor e−j2πfp Td to (3.9).

Solution
The expressions describing the perturbation frequency components of the converter
variables at f = (fp , fp ± f1 , fp ± 2f1 ) are used to build a linear system of the form
Ax = B

(3.10)

where the matrix A contains the coefficients of the linear system, the vector B
contains the constant terms, and the vector x contains the system variables. Since
the steady-state values of the converter variables are calculated beforehand, they
appear as coefficients into A and B.
The linear system (3.10) is solved to obtain x (e.g., in Matlab using the operation “x = A\B”). Due to the symmetries of the MMC topology Is (fp ) = 2Iu (fp );
therefore, the newly-found Iu (fp ) is used to obtain the MMC ac-side admittance
using (3.3) as
2Iu (fp )
Yac (fp ) = −
.
(3.11)
E(fp )

3.3

Verification

The validation of the presented admittance model is made in [Publication I], operating the converter with fixed references, which exposes how the MMC internal
dynamics shape the admittance in absence of feedback control. Firstly, Simulink
simulations are used to evaluate the accuracy of the linearized analytical model,
outlined in Section 3.2, in relation to the nonlinear averaged dynamic model, described in Section 2.2. In order to measure the ac-side admittance, the system is
simulated multiple times, sweeping the perturbation frequency through the desired
range. At every iteration, e and is are measured and their component at fp is
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Figure 3.3: Bode diagram of the MMC ac-side admittance: Simulink simulations
(blue dots); lowest-order analytical model, i.e., no PLL impact and two perturbation
frequency components (green line); mid-order analytical model, i.e., no PLL impact
and three perturbation frequency components (yellow line); highest-order analytical
model, i.e., including PLL impact and seven perturbation frequency components
(red line).

extracted using the Matlab fast Fourier transform algorithm. These components
are then used to calculate the converter admittance as in (3.3).
The admittance plot resulting from simulations is compared with the linearized
analytical model (3.10), which is evaluated for different degrees of accuracy. The
result of this comparison is presented in Fig. 3.3, which shows that the accuracy of
the analytical model improves as more perturbation terms are added. As previously
discussed, judging which order is the most appropriate ultimately depends on the
application for which the admittance model is required. Nevertheless, a comparison
similar to Fig. 3.3 can be done for any specific case study, showing whether the
chosen set of frequency components achieves the desired degree of accuracy.
The second verification made in [Publication I] uses experiments on a downscaled MMC prototype to assess the validity of the admittance model, and the
simplifications on which it is based, in relation to a real MMC. The experimental
setup used to validate the admittance model is shown in Fig. 3.4. The downscaled MMC is connected at the PCC to a two-level inverter, which generates a
small-signal perturbation superimposed on the fundamental-frequency three-phase
voltage, as defined in (3.2). The perturbation frequency is programmable, therefore several measurements are made to obtain the frequency-domain plot of the
admittance. The down-scaled MMC, described in detail in [Publication VII],
has five full-bridge submodules per arm and is operated with phase-shifted carrier
pulsewidth modulation, which ensures the balancing of the individual capacitor
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Figure 3.4: Configuration of the experimental setup for measuring the MMC ac-side
admittance.
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Figure 3.5: Bode diagram of the MMC ac-side admittance: measurements on a
MMC down-scaled prototype, phase a (blue dots), phase b (yellow dots), and phase
c (green dots); analytical model (red line).

voltages and symmetrical operating conditions between the arms, given that the
carrier frequency is a noninteger multiple of f1 [25].
The admittance plot resulting from experiments is compared with the analytical
model derived in Section 3.2. The result of this comparison, presented in Fig. 3.5,
shows remarkable agreement between the two curves in the whole frequency range.
This agreement validates the developed analytical model and allows to conclude
that using the MMC averaged dynamic model, which neglects the switching operations and assumes balanced capacitor voltages, does not compromise the validity
of the result.
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Effects of Control on the Admittance

The admittance-shaping effect produced by different control schemes is analyzed
analytically and verified experimentally in [Publication II]. Equation (3.9) and the
other analyzed frequency components of nu are updated according to the analyzed
control scheme, thereby shaping the admittance. This attests that the proposed
method for admittance calculation can be easily adjusted depending on the chosen
control scheme.
The different control schemes analyzed in [Publication II] are: per-phase acside current control; dq frame ac-side current control; circulating current control;
open-loop and closed-loop schemes for computing the insertion indices. Moreover,
the effects of the PLL are accounted for in every analyzed scheme.

Admittance with the Closed-Loop Scheme
As discussed in Section 2.3, when computing the insertion indices with the closedΣ
Σ
and vCl
in (2.1) and (2.11) cancel out, leading to
loop scheme vCu
vs = vs? e−sTd .

(3.12)

This greatly simplifies the admittance calculation, as (3.12) links the currentcontroller dynamics with the current dynamics (2.7) and the sum-capacitor voltages
no longer appear in the calculation. Effectively, the MMC ac-side admittance now
coincides with the ac-side admittance of a two-level VSC [17], with a VSC phase
inductance of L/2.
An analytical expression of the ac-side admittance of the MMC operated with
the closed-loop scheme is obtained as described in [Publication II], i.e.,
Yac (fp ) =

1 + (HPLL − Hdq [j(ωp −ω1 )]) e−jωp Td


jωp L+R
jω1 L
+
F
[j(ω
−ω
)]
−
e−jωp Td
dq
p
1
2
2

(3.13)

where Fdq and Hdq are the proportional-integral controller and the low-pass filter
used in the dq frame ac-side current controller, respectively, and HPLL groups the
effects of the PLL on the admittance, introduced by the dq transformation and its
inverse.
A noteworthy implication of (3.12) is that neither the circulating current nor
the circulating current controller influence the ac-side admittance, meaning that
the closed-loop scheme effectively decouples the ac side from the dc side of the
converter.

Verification and Discussion
Figure 3.6 shows that, in comparison to the fixed references case (blue), using
current control (yellow and red) radically reshapes the admittance, lowering the
magnitude and increasing the phase rotation in the analyzed frequency range. The

20

CHAPTER 3. AC-SIDE ADMITTANCE OF MMCS

M a gnitude [dB ]

10
0
−10
−20
−30

Phase [deg ]

180
90
0
−90

−180
1

10

2

10
Frequency [Hz]

3

10

Figure 3.6: Bode diagrams of the MMC ac-side admittance for different current
control schemes: fixed references (blue); per-phase ac-side current control and circulating current control (yellow); dq frame ac-side current control and circulating
current control (red). In all cases the the insertion indices are computed using the
open-loop scheme. Results from the measurements (dots) and the analytical model
(lines) are shown.

observed admittance-shaping phenomena are the result of a series of contributions,
caused by the single elements forming the current controllers (e.g., αs , αc , etc.).
The impact of these elements is assessed as follows. Starting from the converter
operated with fixed references (blue), the different control elements are added progressively, evaluating their individual impact at every stage, until the converter is
operated with per-phase current control and circulating current control (yellow).
The resulting Bode diagrams are presented and discussed in [Publication II].
Typically, low magnitude and limited phase rotation are desired features in the
converter admittance, as they improve the stability margin of the interconnected
system. Therefore, it is concluded that:
1. the ac-side current proportional controller, and thus, the closed-loop-system
bandwidth αs , are highly beneficial, as they lower the admittance magnitude
without degrading the phase;
2. the circulating current controller has a limited impact on the admittance;
3. the ac-side current resonant controller and the PCC voltage feedforward are
double-edged swords, as they lower the admittance magnitude but also increase the phase rotation around fundamental frequency, meaning that they
must be designed with care.

M a gnitude [dB ]
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Figure 3.7: Bode diagrams of the MMC ac-side admittance for different computations of insertion indices: open-loop scheme (red) and closed-loop scheme (black).
In both cases the converter is operated with dq frame ac-side current control and
circulating current control; in the closed-loop scheme case the arm-balancing controller is used. Results from the measurements (dots) and the analytical model
(lines) are shown.

Analogous conclusions can be drawn for the converter operated with dq frame acside current control (red curves in Fig. 3.6).
The Bode diagrams of the MMC ac-side admittance for different computations
of insertion indices, i.e., the open-loop and the closed-loop scheme, obtained from
the measurements and from the analytical model, are shown in Fig. 3.7. From these
results, it is observed that:
1. above fundamental frequency the two cases overlap, meaning that the closedform expression (3.13) can also be used for the open-loop scheme case, serving
as a useful simplification (provided that current control is used);
2. below fundamental frequency there is a noticeable difference between the two
cases, both in the admittance magnitude and phase; therefore, when using
the open-loop scheme, it is recommended to obtain the admittance using the
detailed model presented in Section 3.2.

Experimental Case Study
In [Publication II] an experimental case study is designed to use the impedancebased stability criterion in presence of nonideal characteristics, which are not included in the analytical model (e.g., parasitic components, switching operation,
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Figure 3.8: Nyquist plot of Zg (s)Yac (s) for αs = 1200 rad/s (blue) and for
αs = 600 rad/s (red). The unit circle and the point (−1 + j0) are drawn in black.

measurement noise, etc.). A two-level inverter and three inductors are used to emulate an ac grid with inductive impedance, which is connected to the down-scaled
MMC, operated with current control. Then, the ac-side current closed-loop-system
bandwidth αs is changed to transition between stable and unstable conditions.
The system stability can be predicted using the Nyquist plot of Zg (s)Yac (s),
presented in Fig. 3.8, which shows a stable system for αs = 1200 rad/s and an
unstable system for αs = 600 rad/s, due to the clockwise encirclement of the point
(−1 + j0). The experimental setup is then operated with the two values of αs ,
in order to validate the theoretical analysis. Fig. 3.9 displays the measured dq
frame PCC voltage and ac-side current, which show nearly constant waveforms
for αs = 1200 rad/s and oscillating waveforms for αs = 600 rad/s, meaning that
the system is unstable. The diverging trend, visible at t = 2 s, is constrained
by the insertion indices, which saturate at 0 and 1, limiting the amplitude of the
oscillations. Given the agreement between the theoretical analysis and the measured
waveforms, it is concluded that the stability of the interconnected system can be
predicted using the developed admittance model and the impedance-based stability
criterion.
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Figure 3.9: Measured d (blue) and q (red) components of the PCC voltage (top)
and the ac-side current (bottom) during the stability assessment test. αs is lowered
from 1200 rad/s to 600 rad/s after 2 s and restored to 1200 rad/s after 7 s.

Chapter 4

AC/AC MMC for Railway
Supplies
The content of this chapter is based on Publications III, IV, and V.

4.1

Background and Proposed Control Scheme

MMCs can be configured to perform ac/ac conversion, which makes them suitable
as railway power supplies [4, 5, 26, 27], especially in European countries with a lowfrequency railway grid, e.g., Germany (16.7 Hz) and Sweden (16 2/3 Hz). Direct
ac/ac conversion, i.e., without dc link, can be achieved by using an MMC with
full-bridge submodules, which allow for inserting bipolar arm voltages.
In the Swedish railway power supplies, the converters act as an energy interface
between the three-phase 50-Hz utility grid, given as in (2.5), and the single-phase
16 2/3 -Hz railway grid, with voltage
ω

1
t+ψ
(4.1)
vr = v 1/3 cos
3
which is tuned at strictly one third of the utility fundamental frequency [4, 26].
In this application, the railway-side voltage vr replaces the dc-side voltage vd of a
typical ac/dc MMC. Consequently, ic and vc also become 16 2/3 Hz quantities.
Fig. 4.1 shows a typical interface point between the two grids, which features
several converters operated in parallel [28]. Three main types of converters are
typically used: 1) rotary converters, consisting of a 12-pole synchronous motor
connected to a 4-pole synchronous generator through a common shaft; 2) cycloconverters, based on thyristors; and 3) voltage-source converters (VSCs), such as
two-level VSCs and MMCs.
Being a relatively recent and unconventional subject, the existing literature
on ac/ac MMCs for railway power supplies and similar applications is somewhat
scarce [5, 29–32]. Nonetheless, the literature on ac/dc MMCs is extensive, as they
25
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Figure 4.1: Interface point between the three-phase grid and the Swedish railway
grid, featuring several converters operated in parallel.

have been widely studied in recent years. Notably, a hierarchical control scheme
is now a well-established and mature solution [9, 12], which allows for a decoupled
control of the ac-side, the dc-side, and the internal quantities. In [Publication III]
this scheme is adapted to the ac/ac MMC for railway power supplies, resulting in
a thorough design that improves the existing literature on control of ac/ac MMCs.
The control scheme of the converter is divided into three parts: 1) three-phase
side control; 2) single-phase side control; and 3) internal control. Similarly to
the ac/dc MMC, the current controllers are designed using the following dynamic
equations
L dis
R
+ i s = vs − e
2 dt
2
dic
vr
+ Ric =
− vc .
L
dt
2

(4.2)
(4.3)

The different parts of the control scheme of the converter are described in the
following and shown in Fig. 4.2.

Three-Phase Side Control
Since the converter is connected to the 50 Hz utility grid, which can be assumed
strong, current control is a suitable choice for controlling the transferred power
and the current dynamics. Synchronous-frame vector current control can be used,
which is a well established control scheme often applied to grid-connected inverters,
including ac/dc MMCs [12].
The synchronization with the three-phase grid is achieved using a PLL, which
outputs an estimate ϑ̂(t) of the three-phase side voltage angle ϑ(t).
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Figure 4.2: Block diagram of the MMC control scheme. (a) Three-phase side
control. (b) PLL. (c) Single-phase side control. (d) Internal control. (e) Insertion
indices selection. For the block diagrams c), d), and e), only one phase is shown.

Single-Phase Side Control
The frequency of the single-phase side voltage is strictly one third of the fundamental frequency, as defined in (4.1). On the other hand, the voltage amplitude v 1/3
and the phase shift ψ represent two degrees of freedom which are used for operating the parallel-connected converters in synergy, as shown in Fig. 4.1. The voltage
amplitude v 1/3 is set as a function of the reactive power using a droop controller [4],
while the phase shift ψ is used to emulate the behavior of the rotary converters,
where ψ is a function of the active power [28].
In order to operate the parallel-connected converters in synergy, the single-phase
side controller is designed for providing a stiff voltage in a grid-forming fashion.
In addition, the controller can improve the circulating current dynamic response
by including a proportional current controller, which sets the closed-loop-system
bandwidth to αc , i.e.,
vc? =

vr?
− αc L(i?c − ic )
2

(4.4)
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where vr? and i?c are the single-phase side voltage reference and the circulating
current reference, respectively. The parameter αc increases the damping of the
circulating current dynamics from R/L to αc + R/L. However, excessively high
values of αc should be avoided, as that would cause the single-phase side to be
current stiff, rather than voltage stiff, hindering the synergetic operation of the
parallel-connected converters (cf. Fig. 4.1). For the same reason, the circulating
current controller does not include a resonant part, meaning that a steady-state
error in ic is allowed.
It can be observed that the proposed controller does not require the actual
value of the single-phase voltage vr , since neither a single-phase PLL, nor a voltage
controller, nor a feedforward of vr are used in (4.4). This is an useful feature,
which makes the controller immune to disturbances in vr and improves the passivity
properties of the single-phase side admittance [15, 33].

Internal Control
The last step in the control scheme is the computation of the insertion indices, which
are obtained by normalizing the voltage references vs? and vc? with respect to the
sum capacitor voltage. Two solutions are typically used [12]: an open-loop scheme,
Σ
is used in the division; and a closed-loop
where the constant reference value vC0
scheme, where the measured sum capacitor voltages are used instead.
The open-loop scheme inherently gives asymptotically stable sum capacitor
voltages, meaning that an arm-balancing controller is not required. However,
this scheme also gives rise to numerous undesired harmonics in the arm currents,
Σ
which arise by the multiplication in (2.1), as the frequency components of vCu,l
at
1
2
33 /3 Hz, 66 /3 Hz, and 100 Hz are not taken into account during the computation
of the insertion indices. Given that the undesired harmonics are difficult to suppress
effectively, using the open-loop scheme is not recommended for this application.
The closed-loop scheme computes ideal insertion indices, which generate arm
voltages that match their references, except for the control system time delay.
However, this also produces marginally stable sum capacitor voltages, meaning that
an arm-balancing controller is required. The arm-balancing controller is designed
to drive two additional terms in ic , one at 16 2/3 Hz and one at 50 Hz, which
control the average and the imbalance sum capacitor voltages, respectively, defined
as in (2.12). An approximate closed-loop-system transfer function of the average
capacitor voltage is derived in [Publication III], considering the combined effects
of the arm-balancing controller, the circulating current dynamics, and the sum
capacitor voltage dynamics.
Although effective, the proposed arm-balancing controller presents a drawback.
Σ
Since the corrective terms are computed using vCu,l
, the capacitor voltage ripple tends to introduce undesired harmonics in ic . This effect is mitigated using
band-pass filters in the controller; however, these filters also impact the dynamic
performance of the controller, causing a malfunction if the filter bandwidths are ex-
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Figure 4.4: Measured waveforms during steady-state operation: phase a (blue);
phase b (red); phase c (yellow); and single-phase side current (green).

cessively low. Ultimately, the undesired harmonics in ic cannot be entirely removed
when this control scheme is used.

Verification and Discussion
The proposed control scheme is used to operate a down-scaled MMC prototype, described in detail in [Publication VII]. The experimental setup, shown in Fig. 3.4,
consists of: 1) a three-phase inverter, which produces a 50 Hz voltage and, if needed,
a small-signal perturbation; 2) a down-scaled MMC with five full-bridge submodules
per arm; 3) a resistive-inductive load, connected to the single-phase terminals of
the MMC; and 4) a single-phase inverter, which produces, if needed, a small-signal
perturbation at the single-phase side of the converter.
The measured waveforms, presented in Fig. 4.4, show that the conversion from
three-phase 50 Hz to single-phase 16 2/3 Hz is successfully achieved. The current
waveforms are then analyzed in the frequency domain, comparing the different

30

CHAPTER 4. AC/AC MMC FOR RAILWAY SUPPLIES

Circulating Current [p.u.]

Three−Ph. Current [p.u.]

0

10

−1

10

−2

10

−3

10
0
10

−1

10

−2

10

−3

10

16.7

33.3

50
66.7
83.3
Frequency [Hz]

100

116.7

Figure 4.5: Measured spectra of the converter currents for different insertion index
selection methods: closed-loop scheme (blue) and open-loop scheme (red).

insertion index selection methods. Fig. 4.5 clearly shows that the 16 2/3 Hz and the
83 1/3 Hz components of is are greatly reduced when the closed-loop scheme is used
instead of the open-loop scheme, which agrees with the theoretical analysis. On the
contrary, undesired harmonics still appear in ic as a side effect of the arm-balancing
controller.
The arm-balancing controller is tested by means of a step change in the reference
Σ
vC0
; Fig. 4.6 shows that the sum capacitor voltages converge to the new reference
value and that the approximated closed-loop-system transfer function effectively
models the average capacitor voltage dynamics.
A detailed description of the experimental verification and additional tests can
be found in [Publication III].

4.2

Admittance Modeling

Admittance modeling of ac/dc MMCs is an increasingly studied subject [18–23],
since it allows for analyzing the stability of the grid-converter interconnected system using the impedance-based stability criterion [3] and the passivity-based stability assessment [15]. So far, admittance models for ac/ac MMCs have not been
investigated, meaning that an adaptation of the models proposed for ac/dc MMCs
is a timely task. Moreover, this subject combines well with the design of the control system, which has a significant shaping effect on the converter admittances
[Publication II].
Admittance models of the converter, both for the three-phase and the singlephase sides, are developed in [Publication III] and described in the following.

Low.Arm Cap.Volt.[V]

Upp.Arm Cap.Volt.[V]
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average sum capacitor voltage reference (grey-dashed), which is increased by 20%
at t = 1 s. The response of the average capacitor voltage is calculated analytically
and plotted in black.

Three-Phase Side Admittance
Similarly to the ac/dc MMC, the closed-loop scheme computes ideal insertion indices, producing
vs = vs? e−sTd .
(4.5)
Equation (4.5) links vs? to is through (4.2), meaning that neither the sum capacitor
voltages nor the single-phase side quantities appear in the admittance calculation.
Effectively, the admittance of the ac/ac MMC coincides with the admittance of an
ac/dc MMC with analogous settings [Publication II], and also with the admittance of a two-level VSC [17], with a VSC phase inductance of L/2. Therefore,
(3.13) can be used also for the ac/ac MMC.
The three-phase side admittance model is verified experimentally using the experimental setup described in Section 4.1, using the three-phase inverter shown in
Fig. 4.3 to superimpose a small-signal perturbation on the 50 Hz voltage. Fig. 4.7
shows the result of this experiment, comparing the measured values with the analytical expression (3.13). The two curves are in agreement, which validates the
proposed analytical model.

Single-Phase Side Admittance
The closed-loop scheme produces a voltage vc that matches its reference, i.e.,
vc = (vc? − ∆vc? )e−sTd

(4.6)
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Figure 4.7: Bode diagram of the MMC three-phase side admittance: measured
values (blue dots) and analytical model (red line).
Table 4.1: Analyzed Frequency Components
Variable

Steady-State

Perturbation

i u , v u , nu

f1 /3

fp − 2f1

f1

fp − 2f1 /3
fp

Σ
vCu

0

fp − f1
fp − f1 /3
fp + f1 /3
fp + f1

which links vc? and ∆vc? to ic through (4.3). However, ∆vc? is a function of the
sum capacitor voltages, which complicates the calculation of the single-phase side
admittance.
The method presented in [Publication I] is adapted to the present application by adjusting the choice of frequency components and by including the armbalancing controller. Table 4.1 lists the analyzed frequency components, which are
selected as the minimum amount necessary to achieve an accurate result. This selection is optimized as described in Section 3.3, validating the resulting analytical
model using Simulink simulations.
The frequency components listed in Table 4.1, derived in [Publication III],
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Figure 4.8: Bode diagram of the MMC single-phase side admittance: measured
values (blue dots); accurate analytical model (red line); and simplified analytical
model (yellow line).

are used to build a linear system of the form Ax = B, which is solved to obtain an
accurate model of the single-phase side admittance.
A simplified expression of the single-phase side admittance can be obtained by
neglecting ∆vc? in (4.6), which allows to substitute (4.4) into (4.3), leading to
Ŷ1ph (fp ) =

3
.
2(jωp L + R + αc Le−jωp Td )

(4.7)

Although this expression is not correct in the whole frequency range, it serves as a
useful approximation of the aforementioned accurate model.
The single-phase side admittance model is verified experimentally using the
experimental setup described in Section 4.1, using the single-phase inverter shown in
Fig. 4.3 to perturb the single-phase side of the converter. Fig. 4.8 shows the result of
this experiment, comparing the measured values with the accurate analytical model,
derived in [Publication III], and with the simplified expression (4.7). The accurate
analytical model is in agreement with the measured values in the whole frequency
range, which validates the proposed derivation. The simplified expression, which
neglects the arm-balancing controller, does not capture the admittance profile in the
8–100 Hz range. Nonetheless, it can be used outside this range as an approximation
of the accurate model. Furthermore, comparing the two models shows how the armbalancing controller shapes the admittance in the 8–100 Hz range.
From Fig. 4.8, it is observed that the single-phase side admittance has a nonnegative real part in the whole frequency range, i.e., it has a passive behavior. This
is a highly beneficial feature, which generally allows for preventing destabilization
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of critical grid resonances [15,33]. The passivity of the single-phase side admittance
is achieved through the controller design (4.4). In comparison, Fig. 4.7 shows that
the three-phase side admittance has a negative real part for some frequencies, as a
result of the more aggressive current control scheme and the presence of the PLL
[Publication II].

4.3

Sum Capacitor Voltage Estimation Scheme

As discussed in Section 4.1, the open-loop scheme and the closed-loop scheme are
two typical solutions for computing the insertion indices of an MMC [12]. The openloop scheme ensures asymptotically stable sum capacitor voltages, while the closedloop scheme prevents the generation of undesired harmonics in the arm currents.
Clearly, combining these two features in a single scheme would be an attractive
solution.
Ängquist et al. [34] propose a modified open-loop scheme for ac/dc MMCs,
which includes an estimation of the sum capacitor voltages ripple. This scheme
prevents the generation of undesired harmonics in the arm currents, while ensuring
asymptotically stable sum capacitor voltages without the need for an additional
controller. Later in [35], Antonopoulos et al. use Lyapunov stability theory to prove
that the sum capacitor voltages are asymptotically stable when this control scheme
is used. Harnefors et al. [36] extend the proposed scheme to current controlled
ac/dc MMCs, performing the sum capacitor voltage estimation by filtering the
arm-current and the arm-voltage references, instead of using explicit formulas.
Given its attractive features, the open-loop scheme with sum capacitor voltage estimation is adapted to the direct ac/ac MMC for railway power supplies in
[Publication V]. In this publication, the stability of the converter operated with
the proposed control method is proven using Lyapunov stability theory and verified
using time-domain simulations.
The sum capacitor voltages are estimated as follows. The voltage and current
references are used to estimate the instantaneous arm power
dWu?
= vu? i?u
dt

dWl?
= vl? i?l
dt

(4.8)

which can be integrated and filtered to estimate the capacitor energy ripple as




1 ? ?
1 ??
?
?
∆Wu = BPF
v i
∆Wl = BPF
v i
(4.9)
s uu
s l l
where BPF is a filter bank employing four band-pass filters, centered at 2ω1 , 2ω1 /3,
ω1 + ω1 /3, and ω1 − ω1 /3, respectively. The average capacitor energy is computed
using the average sum capacitor voltage reference as
W0? =

C Σ 2
(v ) .
2 C0

(4.10)
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The estimated sum capacitor voltages are obtained using (4.10) and (4.9) as follows:
r
r
2
2
Σ?
Σ?
?
vCu =
(W0 + ∆Wu? )
vCl =
(W0? + ∆Wl? ).
(4.11)
C
C
Finally, these values are used to compute the insertion indices as
nu =

vu?
Σ?
vCu

nl =

vl?
.
Σ?
vCl

(4.12)

Similarly to the open-loop scheme (2.10), the average sum capacitor voltage
Σ
can be controlled by varying vC0
in (4.10), without any additional control loop.
Σ
Figure 4.9 presents a Simulink simulation of a step change in vC0
, showing that
the sum capacitor voltage converges to its updated reference.

Stability Proof
In order to study the stability of the converter, a state-space model of the converter
and the control method is developed, using the error vector x̃ = x − x? as follows:
 Σ
ṽ
˙x̃ = Ax̃
x̃ = C
(4.13)
ĩ
Σ
where ṽC
comprises the sum capacitor voltage errors and ĩ is comprised of the
converter current errors. The matrix A is built using the averaged dynamic model
and the control laws, assuming the converter to operate in steady state. The
resulting system is time varying, because matrix A contains the terms nu and
nl .
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Figure 4.10: Modular multilevel matrix converter topology.

The stability of the system (4.13) is studied using Lyapunov stability theory [37].
The goal is to prove that the system is globally asymptotically stable about x̃ = 0.
The following Lyapunov function candidate is chosen
V = x̃T P x̃

(4.14)

where P is a constant diagonal matrix, whose elements are proportional to L and C.
The chosen Lyapunov function candidate is unbounded, i.e., V (∞) = ∞, meaning
that V is a global Lyapunov function. As P is constant, the time derivative of
(4.14) is
V̇ = x̃˙ T P x̃ + x̃T P x̃˙ = −x̃T Qx̃.
(4.15)
With P positive definite and Q positive semidefinite, it is concluded that the system
(4.13) is globally stable about x̃ = 0. Then, LaSalle’s invariance principle is used
to prove asymptotic stability, showing that x̃ = 0 is the only possible state [37].
A detailed description of the converter modeling and the stability proof, complemented by verification with simulation, can be found in [Publication V].

Application to the Modular Multilevel Matrix Converter
MMCs can be configured as a matrix, forming a modular multilevel matrix converter (M3C), also called triple-star bridge cells converter [38–42]. The M3C topology, shown in Fig. 4.10, performs three-to-three phase direct conversion and is
particularly suitable for high-power low-speed motor drives and high-power wind
energy conversion systems [43–45].
Similarly to the MMC, a critical part of the M3C control is the computation
of the insertion indices, which affects the stability of the sum capacitor voltages
and the steady-state harmonics of the arm currents. As previously discussed,
the open-loop scheme with sum capacitor voltage estimation is an attractive solution due to its beneficial features. This control scheme is adapted to the M3C
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in [Publication IV], using Lyapunov stability theory to prove the stability of the
converter operated with the proposed control method.
Differently from the railway power supply case, typical M3C applications require
changes in the output frequency, which affects the sum capacitor voltage estimation
scheme. In particular, the band-pass filters used in (4.9) must adapt to changes
in the output frequency without compromising the converter operation. This phenomenon is analyzed in [Publication IV], showing that the proposed method can
adapt to variations in the load frequency, provided that the variation is not faster
than a threshold value (found to be 30 Hz/s in the analyzed case study, shown in
Fig. 4.11).

Chapter 5

Design of a Down-Scaled MMC
Prototype
This chapter, based on [Publication VII], describes the MMC prototype used for
the experimental verifications in [Publication I]–[Publication III]. This downscaled MMC is designed to be a long-lasting prototype platform, which could prove
useful in a number of projects. Therefore, its design is focused on safety, flexibility, and compactness. Flexibility is achieved through a modular organization of
the hardware and by having abundant computational capability; this makes the
prototype easy to reconfigure, both hardware- and software-wise.
Figures 5.1 shows the structure of the prototype, while Fig. 5.2 illustrates its
implementation. The converter is organized in a standard 19-inch rack, having the
MMC arms located in 3U subracks. The converter submodules are implemented on
printed circuit boards (PCBs), which are inserted into the subracks and connected
to a backplane. The auxiliary power supply and the control signals are provided to
the submodules through the backplane, whereas the power connections are located
on the front side of the submodules. Routing the control signals into the backplane
greatly improves the orderliness of the prototype when compared with, e.g., optical fibers. Furthermore, the card-subrack structure facilitates the replacement of a
faulty unit, the reconfiguration of the topology (e.g., into matrix MMC or hybrid
topologies), and the reconfiguration of the converter using a different type of submodules (e.g., semi-full bridge submodules). Table 5.1 summarizes the ratings of
the prototype.

Control Structure
The control structure is organized into two layers: main controller and submodule
controllers. Both layers are based on Xilinx Zynq system-on-chip (SoC), which
integrates programmable logic and processing system. This control structure with
one central unit and several local units offers great computational capability and
flexibility, making the prototype a powerful platform suitable for research.
39
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Figure 5.1: Structure of the down-scaled MMC prototype.

Table 5.1: Down-Scaled MMC Ratings
Rated power

PN

10 kW

DC-bus voltage

vd

500 V

Arm inductance

L

5 mH

Submodule capacitance

Csm

2.7 mF

Submodules per arm

N

5

The Xilinx Zynq SoC integrates two computational units on the same chip: an
ARM processor, termed processing system (PS); and a field-programmable gate
array (FPGA), termed programmable logic (PL). The computational tasks can be
distributed among the PL and PS, depending on certain criteria, such as complexity
and speed. Simple and time critical tasks can be executed by the PL, such as
the phase-shifted carrier pulsewidth modulation, the generation of the sampling
clock, the measurement data logging, and the communication with the submodule
controllers. Complex tasks are executed in the PS instead, such as the high-level
control (cf. Fig. 2.2) and the interfacing with a Matlab-based graphical user
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Figure 5.2: Photograph of the down-scaled MMC prototype.

interface.
The various processes executed in the different parts of the SoC, i.e., the PS and
the PL, need to be synchronized by a suitable timing scheme, which is illustrated
in Fig. 5.3. The core of the timing scheme is a 100 MHz clock, used for generating
the five triangular phase-shifted carriers. Once a high or low peak of a carrier
is reached, the sampling processes are triggered. Once the measurement data is
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Figure 5.3: Timing scheme of sampling, control, and modulation processes. The
time scale is not consistent, as it serves illustrative purposes.

stored, the PS executes the control routine, which generates the updated insertion
indices. Finally, these signals are transmitted to the PL and used in the pulsewidth
modulator.

Communication Between Controllers
The communication between the main controller and the submodule controllers is
implemented using the RS485 (TIA/EIA-485) standard, which offers a robust solution for transmitting data in a noisy environment. The RS485 communication uses
one dedicated channel (half-duplex) for each submodule controller, establishing an
end-to-end connection between the two units. This communication scheme is asynchronous and the two units must set the same bit length in order to communicate.

Submodule Design
The converter employs full-bridge submodules, which can be inserted with positive polarity, with negative polarity, or bypassed. This allows for extending the
operating region of the MMC, enabling ac/ac conversion.
Figure 5.4 shows the conceptual schematic of the proposed submodule and
Fig. 5.5 illustrates the submodule implementation. The nominal ratings of the
submodule are 100 V and 20 A and the maximum ratings are 250 V and 30 A.
Given these ratings, and due to their simple driver circuit, MOSFETs are chosen
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Figure 5.4: Conceptual schematic of the full-bridge submodule.

Figure 5.5: Photograph of the full-bridge submodule.

as switching devices. In order to limit the power losses, MOSFETs with low RDSon
are used for the two half-bridges (Infineon IRFP4768PbF ).
Implementing the submodule capacitance, set to 2.7 mF, while conforming with
the current ratings, poses a challenge due to the limited space available on the PCB.
In the proposed implementation, a parallel connection of ten electrolytic capacitors
with outstanding ripple current capability is used (TDK B43547E2277 ).
Extremely important for the safety of the prototype is the isolation barrier,
which separates the low-voltage side, connected to the user interface, from the
high-voltage side, where switching and energy storage elements are located. The
proposed design uses a 1 kV reinforced isolation barrier, which consists of 14 mm
clearance, according to the standard IEC 611010-1. Two components cross the
isolation barrier: an isolated dc/dc converter for auxiliary power supply (Recom
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Figure 5.6: MATLAB graphical user interface displaying: ac-side and circulating
currents (top); upper- and lower-arm sum capacitor voltages (center); upper- and
lower-arm insertion indices (bottom).

REC6-2412SRW/R10 ) and a digital isolator for the communication (Texas Instruments ISO7841DWW ). For safety reasons, the components crossing the isolation
barrier must be certified for 1 kV reinforced isolation as well.

Matlab Graphic User Interface
During operation, the converter can be monitored through a graphic user interface
(GUI) built using Matlab, which allows for visualizing measured variables (i.e.,
arm currents, capacitor voltages, and grid voltages) and control variables, as shown
in Fig. 5.6. The displayed variables are stored in the Matlab workspace for further
manipulation, which is a useful feature. Furthermore, the GUI allows for entering
inputs, which can be used for controlling the converter.

Chapter 6

Conclusions and Future Work
In this thesis, a method for calculating ac-side admittance of MMCs is presented.
The MMC averaged dynamic model is nonlinear, which complicates the admittance
derivation. The nonlinearities are linearized in the frequency domain, considering
a set of frequency components of the converter variables. This method can be
easily adjusted for analyzing different control schemes and different frequency components. The selection of frequency components is optimized using simulations,
choosing the minimum amount necessary to achieve the desired accuracy in the
results. The optimal choice depends on the control scheme, the RLC parameters, and the operating point, because they impact the magnitude of the frequency
components.
The control scheme of the converter radically reshapes its ac-side admittance.
Controlling this admittance-shaping effect is a useful tool for system design, because
it can avoid undesired grid-converter interactions. The ac-side current controller
and the PLL have the strongest impact on the ac-side admittance, meaning that
they must be modeled with care. An analysis of the individual terms of the current
controller shows that the ac-side current closed-loop-system bandwidth reduces
the admittance magnitude without degrading the phase, making it beneficial for
the stability of the grid-converter system. On the other hand, the resonant term
in the per-phase controller, the integral term in the dq-frame controller, and the
PCC voltage feedforward term have mixed effects, as they lower the admittance
magnitude but also increase the phase rotation around the fundamental frequency.
Computing the insertion indices using a closed-loop scheme drastically simplifies
the ac-side admittance calculation, as the sum-capacitor voltages and the circulating current no longer appear as state variables. As a result, the MMC ac-side
admittance coincides with the ac-side admittance of a two-level VSC.
The ac/ac MMC for railway power supplies is studied in this thesis, focusing on
its control scheme and admittance models. The three-phase side control can adopt
standard solutions used for grid-connected inverters, while the single-phase side
must provide a stiff voltage, in a grid-forming fashion. The closed-loop scheme is
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the recommended choice for computing the insertion indices, as it prevents the generation of undesired harmonic components in the arm currents. An arm-balancing
controller is however required, which causes harmonics to appear in the circulating
current as a drawback of its design.
The three-phase side admittance of the ac/ac MMC coincides with the admittance of other grid-connected inverters, given that the closed-loop scheme is used.
The single-phase side admittance is obtained using the proposed admittance calculation method, adjusting the choice of frequency components to the studied application. As a result of the recommended control scheme, passivity of the single-phase
side is achieved in the whole frequency range.
The open-loop scheme with sum capacitor voltage estimation combines the benefits of the open-loop and the closed-loop schemes, i.e., it ensures asymptotically
stable sum capacitor voltages and it prevents the generation of undesired harmonics
in the arm currents. This scheme is adapted to the ac/ac MMC for railway power
supplies, using Lyapunov stability theory to prove the asymptotic stability of the
converter operated with the analyzed control scheme. The sum capacitor voltage
estimation scheme is also applied to the M3C, which performs three-to-three phase
direct conversion. This scheme can adapt to variation in the load frequency, which
can occur in M3C applications.

6.1

Future Work

The work on MMC admittance modeling presented in this thesis can be deepened
and broadened. The derived admittance models are based on the averaged dynamic model, which neglects the switching operations. Still, the implications of the
modulation scheme on the admittance should also be investigated. Moreover, only
the positive-sequence admittance has been studied so far. Negative-sequence and
zero-sequence impedance can also be derived.
Knowing the grid impedance and the converter admittance is a prerequisite
of the impedance-based stability criterion. However, in practical situations, the
converter model is unknown to the transmission system operator, as the vendors
do not disclose it. A possible solution is the division of the converter model into
two parts, one proprietary to the vendor and one openly accessible. The latter
can contain the elements that have the greatest impact on the external behavior
of the converter. This could facilitate the analysis of grid-converter interactions,
especially in multiterminal and multivendor grids.
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