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Abstract (eng)

This thesis work reports the results of three years of activities carried out during
the XXXVI cycle of the doctoral course in Electrical and Information Engineer-
ing at Bari Polytechnic University. The PhD is funded by Isotta Fraschini Motori
S.p.A., a company of Fincantieri S.p.A. The title of the PhD research activity pro-
gram is "Hybrid-electric propulsion systems for naval applications”. Indeed, Isotta
Fraschini Motori S.p.A. has the aim to develop a naval propulsion system based on
innovative technologies to minimize operating costs, fuel consumption, and green-
house gas emissions into the atmosphere as required by the objectives set by the
European Union. Therefore, during the three years of the Ph.D. program, short-
term research activities with a high level of Technology Readiness Level ( TRL) are
carried out for company work, and research activities with a low TRL have been
developed at the Power Electronics laboratory of the Politecnico di Bari. The activ-
ities carried out at the company during the three years of the Ph.D. program include
design optimization of a new diesel generator for Medium Voltage Direct Current
marine applications, preliminary design of a shipboard hybrid propulsion system,
and sizing of a shipboard power generation system consisting of batteries and fuel
cells. The latter project is carried out abroad at the Norwegian University of Sci-
ence and Technology NTNU in Aalesund in collaboration with Vard Electro S.r.1, a
company of Fincantieri S.p.A.

The main objective of this work is to study the control techniques of Modular

Multilevel Converter in DC Medium Voltage for marine applications. Modular Mul-



tilevel Converters are becoming increasingly attractive for many high-voltage and
high-power applications. However, due to their topology and operation, they present
technical challenges in control system implementation, such as balancing submod-
ule capacitor voltages and suppressing circulating currents. The circulating current
introduces additional power losses, increases the current stress on power devices,
and reduces their lifetime. Specifically, in this thesis work, a novel control tech-
nique is proposed for eliminating circulating current by injecting a low-frequency
alternating signal into a single submodule of each converter arm, to also achieve a
reduction in voltage ripple across capacitors, benefiting their lifetime.

The proposed control technique will be described in detail both through the
analytical model of the circular interactions governing the operation of the MMC
and through simulations and experimental tests on the set-up present at the Power
Electronics Laboratory of the Politecnico di Bari. The entire prototype of the three-
phase modular multilevel converter was designed, implemented, and tested during
the research activity carried out at the university. The analytical steady-state model
of the Modular Multilevel Converter is intended to describe mathematically the ex-
pressions of the harmonics of the electrical quantities present in the converter so
that the effects of the injection signal on converter performance can be investigated
and guidelines for calibration of the proposed control can be defined. Experimental
results performed on a seven-level converter are presented to validate the proposed
technique and compare its performance over techniques already present in the lit-
erature. The proposed control can suppress the circulating current flowing in the
converter and reduce the voltage ripple, improving the efficiency of the converter
and reducing the overall power losses. Eventually, the same technique is extended
to pursue another control objective, namely, balancing the voltages of the submod-
ule capacitors. The proposed technique has been validated through experimental

results showing good performance.
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Abstract (it)

Questo lavoro di tesi riporta i risultati di tre anni di attivita svolte durante il XXXVI
ciclo del corso di dottorato in Ingegneria Elettrica e dell’Informazione del Politec-
nico di Bari. La borsa di studio ¢ finanziata da Isotta Fraschini Motori S.p.A., un
Azienda del gruppo Fincantieri S.p.A., dal titolo ”Sistemi di propulsione ibridi-
elettrici per applicazioni navali”. Isotta Fraschini Motori S.p.A ha come obiet-
tivo di sviluppare un sistema di propulsione navale basato su tecnologie innovative
per minimizzare i costi operativi, il consumo di carburante e le emissioni di gas
serra nell’atmosfera come richiesto dagli obiettivi fissati dall’Unione Europea. Per-
tanto, durante 1 tre anni di dottorato sono state svolte attivita di ricerca a breve ter-
mine con un livello di maturita tecnologica, Technology Readiness Level ( TRL),
alta per lavori aziendali e attivita di ricerca sviluppate in laboratorio con un TRL
basso. Le attivita svolte in Azienda durante i tre anni di dottorato comprendono
I’ottimizzazione della progettazione di un nuovo generatore diesel per applicazioni
marine in Media Tensione in Corrente Continua, la progettazione preliminare di un
sistema di propulsione ibrido a bordo nave e il dimensionamento di un sistema di
generazione dell’energia elettrica a bordo nave composto da batterie e celle a com-
bustibile. Quest’ultimo progetto ¢ stato svolto all’estero presso I’universita norveg-
ese di scienza e tecnologia NTNU ad Alesund in collaborazione con Vard Electro
S.r.l Azienda del gruppo di Fincantieri S.p.A.

L’obiettivo principale di questo lavoro ¢ lo studio delle tecniche di controllo

del Convertitore Modulare Multilivello in media tensione in corrente continua per
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applicazioni marine. I convertitori modulari multilivello stanno diventando sem-
pre piu interessanti per molte applicazioni ad alta tensione e ad alta potenza. Tut-
tavia, a causa della loro topologia e del loro funzionamento, presentano sfide tec-
niche nell’implementazione del sistema di controllo, come il bilanciamento delle
tensioni dei condensatori dei sottomoduli e la soppressione delle correnti di cir-
colazione. La corrente di circolazione introduce ulteriori perdite di potenza, au-
menta la sollecitazione di corrente sui dispositivi di potenza e ne riduce la durata.
In particolare, in questo lavoro viene proposta una tecnica di controllo innovativa
per ’eliminazione della corrente di circolazione iniettando un segnale alternato a
bassa frequenza in un singolo sottomodulo di ciascun braccio del convertitore, per
ottenere anche una riduzione del ripple di tensione attraverso i condensatori, a van-
taggio della loro durata.

La tecnica di controllo proposta sara descritta dettagliatamente sia attraverso
I’analisi analitica delle interazioni circolari che governano il funzionamento del
MMC che attraverso simulazioni e test sperimentali sul set-up presente presso il
laboratorio di Elettronica di Potenza del Politecnico di Bari. L’intero prototipo del
convertitore modulare multilivello trifase ¢ stato progettato, implementato e testato
durante I’attivita di ricerca svolta in Universita. Il modello analitico dello stato
stazionario del convertitore modulare multilivello ha lo scopo di esprimere analiti-
camente le espressioni delle armoniche delle grandezze elettriche tensione e cor-
rente presenti nel convertitore in modo da poter approfondire gli effetti del seganle
di iniezione sulle performance del convertitore e definire delle linee guida per la
taratura del controllo proposto. I risultati sperimentali eseguiti su un convertitore
a sette livelli sono presentati per convalidare la tecnica proposta e confrontare le
prestazioni rispetto agli approcci gia presenti in letteratura. Il controllo proposto
¢ in grado di sopprimere la corrente circolante che scorre nella maglia interna del
convertitore e ridurre il ripple di tensione, migliorando I’efficienza del convertitore

e riducendo le perdite di potenza complessive. In fine, la stessa tecnica ¢ stata estesa

Y



per perseguire un altro obiettivo di controllo, ovvero il bilanciamento delle tensioni
dei condensatori dei sottomoduli del convertitore. La tecnica proposta ¢ stata vali-

data attaverso i risultati sperimentali mostrando delle buone performance.



”Non e elettronica di potenza se non esplode !”

vi



Ringraziamenti

Il Iavoro di tesi di Dottorato ¢ uno dei pitt impegnativi, perche ¢ frutto di un percorso
formativo e di crescita personale nel quale si sceglie di mettersi personalmente in
gioco. Pertanto desidero ringraziare il Politecnico di Bari e Isotta Fraschini Motori
S.p.A per avermi offerto I’opportunita di intraprendere il Dottorato di Ricerca e di
avermi accolto in Azienda.

Ringrazio sinceramente il mio Tutor, Prof. Vito Giuseppe Monopoli per avermi
dato I’opportunita di entrare a contatto con il mondo della ricerca, per la sua guida
instancabile, il suo costante sostegno, per i suoi preziosi consigli ed insegnamenti.
Collaborare al suo fianco ¢ stato un privilegio, arricchendo il mio bagaglio tecnico
e umano. Grazie, Prof. per avermi offerto I’opportunita di contribuire alla crescita
del gruppo di Elettronica di Potenza del Politecnico di Bari.

Un ringraziamento speciale va a Rinaldo Consoletti, il "Boss” del laboratorio, il
cui contributo & stato fondamentale. Le sue maniere burbere, animalesche e brutali
nascondono saggezza ed esperienza, hanno sicuramente contribuito a plasmare il
mio percorso accademico e personale.

Grazie Riccardo, che nel corso dell’ultimo anno di dottorato hai dimostrato una
dedizione straordinaria nel seguirmi e nell’aiutarmi a migliorare tecnicamente.

Un ringraziamento affettuoso a Lara e a Gianmarco, compagni di avventure di
dottorato. Grazie per la vostra compagnia, il vostro sostegno morale e le risate
condivise che hanno reso pil leggero questo percorso impegnativo.

Desidero inoltre esprimere la mia gratitudine ai ragazzi e alle ragazze che ho

vii



avuto ’onore di seguire per il loro lavoro di tesi durante i tre anni di dottorato:
Carmen, Michelangelo, Valentina, Michele, Caterina, Luca e Nicoletta. Ognuno di
voi ha contribuito in modo unico al mio percorso, trasmettendo esperienze preziose.
Il vostro impegno e la vostra dedizione sono stati fonte di ispirazione.

Desidero ringraziare la mia famiglia, mio padre Vito, mia madre Annamaria e i
miei due fratelli Giuseppe e Diego per avermi sopportato e supportato durante tutto
questo percorso. Mi sento incredibilmente fortunato ad aver incontrato Simona, la
mia straordinaria ragazza. La sua presenza nella mia vita ha portato gioia, amore
e una leggerezza che ha reso ogni momento speciale. Grazie per tutti i bellissimi
momenti condivisi, per il coraggio che mi hai trasmesso e per il continuo sostegno
che mi offri, rendendo questo percorso piu facile da affrontare. Sono grato per la

tua presenza costante nella mia vita.

viii



Contents

Abstract (eng) i
Abstract (it) iii
Acknowledgments vii
Contents ix
List of Figures xiii
1 Introduction 1
1.1  Energy Transition in Marine Transportation . . . . ... ... ... 2
1.1.1 Medium Voltage Direct Current System . . . . .. ... .. 4

1.1.2  Role of Power Electronics . . . . .. ... ......... 6

1.2 Motivations and Goals of the Thesis . . . . . . ... ... ... .. 8

1.3 Structureofthe Thesis . . . . ... ... ... ........... 9

1.4 List of Scientific Publications . . . . . . ... ... ......... 11
1.4.1 Journals . . . . . .. ... .. .. ... 11

1.4.2 Conference Proceedings . . . .. ... ........... 11

2 Industrial company project 13

2.1 Modeling and design optimization of a hybrid power generator for

full-electric naval propulsion . . . . . ... ... ... ....... 13

X



211 Result . . ... ... ...
2.2 Hybrid/Electric propulsion system . . . . . . ... ... ... ...
2.2.1 Mathematical Modelling . . . .. ... ...........
222 Results . .. ... oo
2.3 Hybrid Fuel-Cell/Battery Ferry Power System Retrofit Design
2.3.1 Fuel Cell in Marine Applications . . . . . .. ... .. ...
2.3.2 TheDigital Model . . ... ... ... ...........
2.3.3  The Optimization Framework . . . . ... ... ... ...
234 TheCaseStudy . . . . . . .. ... .. .. .. ...
235 Results . ... .. .

3 Modular Multilevel Converter

3.1 Structure and topology . . . . . . ... ... Lo
3.1.1 Configuration of Submodules . . ... ... ........
3.1.2 Arminductance project . . . . . . . .. ...
3.2 Fundamental operation of the MMC . . . . . . .. ... ... ...
3.2.1 Mathematical Model . . . ... ... ... ....... ..
3.2.2 Modulation Techniques . . . . . . ... ... .. ......
3.2.3 Technical Challenges . . . .. ... ... ..........

Conventional Control Techniques

4.1 Output Current Control . . . . . . .. .. ... ... ... .....
4.1.1 Proportional Resonant Controller . . . .. ... ... ...
4.1.2 Discrete PR Controller . . . . .. ... ... ... .....

4.2 Voltage Balancing Strategy . . . . . . .. .. ... ... ......
4.2.1 Voltage Balancing Sensor Techniques . . . . . . . ... ..
4.2.2 Sensorless or Few-Sensor Techniques . . . . . .. ... ..

4.3 Circulating CurrentControl . . . . . . ... ... ... .......

43.1 DirectMethods . . . . . . . . . . ... ... ...

38
39
42
44
46
47
50
54



432 Indirect Methods . . . . . . . . . . . ... ... ... .. 72

4.3.3 Injection-Based Methods . . . . . .. ... ... ... ... 73

5 Sigle-Cell-Based Injection Method 75
5.1 Proposed Injection Method . . . . . ... ... ... ... ..., 76
5.1.1 Definitionof gainK . . ... ... ... ... ....... 77

5.2 Steady State Analysis . . . . . .. ... oo 79
5.2.1 Circular Interactions . . . . . .. ... .. ... ... ... 81

5.2.2 Total Ripple Voltage Across the Phase . . . . . .. ... .. 87

5.2.3 Circulating Current Expression. . . . . . ... ... .... 88

5.3 SCBI Techniques Effects on MMC Performance . . . . . . ... .. 91
5.3.1 Second-Harmonic Circulating Current Amplitude . . . . . . 91

5.3.2 Capacitor Voltage Ripple Ratio . . . . .. ... ... ... 93

5.3.3 Simulation and Analytical waveforms . . . ... ... ... 94

5.3.4 Tuning of Injection Signal . . . . . .. ... ... .. ... 98

6 Experimental Results 102
6.1 Modular Multilevel Converter Prototype . . . . . . ... ... ... 103

6.2 ControlBoard . . . . . .. ... ... 105

6.3 PR circulating currentcontrol . . . . . . .. ... L., 107

6.4 SCBI-Circulating Current Reduction . . . . . ... ... ... ... 109

6.5 Comparison among circulating current control . . . . . . . . . . .. 111

7 Single-Cell-Based-Injection Method for Voltage Balancing 117
7.1 Selection Mechanism for SMs . . . . . ... ... .. .. ..... 118
7.2 Proposed Voltage Balance Injection Method . . . . . ... ... .. 120

7.3 Experimentalresults . . ... ... ... ... ... 123
7.3.1 Conventional Voltage Balance Algorithm . . . .. ... .. 124

7.3.2 SCBI-Voltage Balance . . .. ... .. ........... 127

xi



8 Conclusions and Discussion 131

8.1 Outlook . . .. ... ... 132
A Appendix 133
A.1 Capacitor CurrentRipple . . . . . .. ... ... ... ... ... 133
A.2 Capacitor Ripple Voltage . . . . ... ... ... ... ....... 135

A.3  The voltage ripple on submodule terminal of the upper and lower arm138

Bibliography 141

Xii



List of Figures

1.1
1.2

2.1

2.2

2.3

24

2.5

2.6

2.7

2.8

29
2.10

Generic layout of MVDC distribution system. . . . . . .. ... ..

The motivation and goals of the thesis. . . . . .. .. .. ... ..

General scheme of variable speed diesel generator, electrical gener-
ator and power converteronboard. . . . . . .. ... ...
Engine delivered torque map with SFOC [g/kWh] by the proposed
calculation, showing the relative error in percent for some of the
experimental validationdata. . . . . . ... ... ... .......
Resulting speed response of the engine, in blue, following the opti-
mal speed reference, in red, to reach the applied load. . . . . . . ..
Power demanded at the generator, in red, and the engine response,
inblue. . .. ...
Simulation results in term of SFOC [g/kWh] for variable and fixed
speedmodes. . . ...
The mechanical characteristic and efficiency curves of the designed
electric motor. . . . . . . . . ...
General scheme of hybrid propulsion system on board. . . . . . . .
Block diagram of the implemented forward model. . . . . . .. ..
Converter efficiency map. . . . . .. ... ... ... ... ....
The mechanical characteristic and efficiency curves of the designed

electricmotor. . . . . . . . .

6

15

16



2.11

2.12

2.13

2.14
2.15

2.16
2.17

2.18
2.19

2.20

3.1
3.2
33
34
3.5

3.6
3.7

Schematic diagram of the battery model. . . . . . . ... ... ... 24
Comparison of the voltage-discharge curve values obtained from

the model with the values carried out during the experimental tests

onthebattery. . . . . . . . ... 25
Ship speed and torques of the proposed hybrid propulsion system

during a generic mission. . . . . . . ... ... 26
Caption . . . . . .. . . 29
a) Results of fuel cell model calibration; b) Model validation through

experimental data and technical literature [46]. . . .. ... .. .. 30
Prescriptive digital twin control framework. . . . . ... ... ... 32
General scheme of hybrid Fuel-Cell/Battery for power generator on

ferry. . . . . 34
Mission hotel/propulsive load profiles and the shore power available. 35

a) Mission power profiles of the FC system and battery gross power
output and the amount of power taken from the harbor grid; b) En-
ergy storage capacity and FC system efficiency along the first mission. 36
a) PEMFC Ballard FCvelocity™ HD®6 limits potential degradation

along the test cycle; b) Total hydrogen consumed in a single mission

alongthetestcycle. . . . . . ... .. ... ... ... . ... ... 36
Configuration of modular multilevel converter. . . . . . . . ... .. 41
Half-bridge submodule and output voltage waveform. . . . . . . .. 42
Equivalent circuit of the MMC phase. . . . . . .. ... ... ... 45
Choice of arm inductance. . . . . . ... ... ... ... ... 46

Modular multilevel configuration: (a) MMC grid-connected, (b)

connection diagram of HB submodule within the arm. . . . . . . . . 47
Per-phase equivalent circuitof MMC. . . . .. ... ... ... .. 48
The Phase-Shift PWM strategy. . . . . . ... .. .. ... .... 51

X1V



3.8 The Level-Shift PWM strategy. . . . . ... ... ... ......

3.9 The output voltage waveform generated by a Modular Multilevel
Converter using the Phase-Shift modulation technique. . . . . . . .

3.10 The output voltage waveform generated by a Modular Multilevel

Converter using the Level-Shift modulation technique . . . . . . . .

4.1 Block diagram of MMC control system. . . . . ... ... .....
4.2 Bode diagram of Ideal PR Controller. . . . . ... ... ... ...
4.3 Bode diagram of Real PR Controller response by varying crossover
frequency we. . .. oL Lo o
4.4 Bode diagram of PR Trigonometric Controller response by varying
phaseangled. . . . . . . ... ..
4.5 The figure shows the capacitor voltage of SMs with and without the
voltage balancing strategy activation. . . . . . . ... .. .. ...
4.6 Classification of circulating current control techniques for an MMC
4.7 The block diagrams of the convetional non-ideal PR controller. . . .
4.8 Performance of direct control for reducing circulating current through
a PR controller, where V,,; is the output voltage, 7,,; is the output
current, i,,, 40, are the upper and lower arm currents and ¢.;,.1s the

circulatingcurrent. . . . . .. ... Lo

5.1 Simplified block diagram of the proposed circulating current sup-
pression injection scheme. . . . . . .. ... ... ... ... ...

5.2 Interaction among the voltage and current quantities of a submod-
ule divided into five steps: capacitor current, ripple capacitor volt-
age, ripple voltage of the submodule terminal, ripple voltage of the
phase, and circulating current. . . . . . ... ... oL

5.3 Amplitude of the second harmonic of the circulating current I, 5 as

K and (3 change when the single cell based method is applied.

XV

57

71

92



54

5.5

5.6

5.7

5.8

59

5.10

5.11

6.1
6.2

6.3

Variation of the amplitude of the second harmonic of the circulating
current varying by /K with the phase of the injected signal equal
to # = 180 for the case in which injection is made only for one
submodule per arm (SCBI) and for the case in which injection is
applied to all submodules. . . . . ... ... ... ... ... 93
Submodules voltage ripple V;.,; as K and 3 change when the single
cell based method isapplied. . . . . ... .. ... ... ...... 94
Comparison of analytical and simulations result for different wave-
formwith K =0and 5 =0. . ... .. ... ... ... ...... 96
Comparison of analytical and simulations result for different wave-
form with K =0.02and 5 =180. . . . . ... ... ... ..... 96
Comparison of analytical and simulations result for different wave-

form with K = 0.06 and 8 = 180. Minimize Circulating Current.

.................................... 97
Comparison of analytical and simulations result for different wave-
form setting K = 0.108 and § = 180. Reverse Circulating Current
condition. . . . . . ... 97
Relationship among the circulating current, the capacitor voltage
ripple ratio, the rms, and peak of arm current. . . . . . . . .. . .. 101
Comparisons between the experimental waveform and the calcu-
lated result, using gain K =0.09 . .. ... ... ... ..., . 101
Picture of the experimental setup of the MMC. . . .. .. ... .. 103
Pictures of the Half-bridge board (a) and the MMC arm imple-
mentedinthelab(b). . . . . . . .. ... ... ... ... 104
The deadtime generation board developed at the Power Electronics
laboratory of the PolitecnicodiBari. . . . . . ... ... ... ... 105

XVvi



6.4 Voltage and current measurement board developed at the Power
Electronics laboratory of the Politecnicodi Bari. . . . . . ... .. 106
6.5 Experimental waveform of the output voltage, output current, the
arm currents, and the circulating current with the PR control active. 107
6.6 Experimental waveform of upper- and lower-arm currents and the
circulating current before and after the application of the conven-
tional PR control technique. . . . . .. ... ... .. ... .. .. 108
6.7 Spectrum of the upper arm current with and without the conven-
tional PR circulating current control. . . . . . . . ... .. ... .. 108
6.8 Experimental waveform of the output voltage, output current, the
arm currents, and the circulating current with the SCBI active. . . . 109
6.9 Experimental waveform of upper- and lower-arm currents and the
circulating current before and after the application of the Single-
Cell-Based-Injection. . . . . .. ... ... ... .......... 110
6.10 Harmonic spectrum of the upper arm current with and without the
Single-Cell-Based-Injection technique. . . . . . . . ... ... ... 110
6.11 Harmonic spectrum of the upper arm current in three different cases:
without any control, with PR Control, and SCBI method. . . . . . . 112
6.12 Voltage, current, and circulating current in comparison between the
PR circulating control and Single-Cell-Based-Injection method. . . 112
6.13 Experimental waveform of the capacitor voltages of the upper arm
before and after the action of PR circulating current control. . . . . 113
6.14 Experimental waveform of the capacitor voltages of the upper arm
before and after the action of SCBI method whit gain K = 0.09. . . 113
6.15 Comparison of the submodule voltage ripple between conventional
PR control and SCBI method. . . . . . ... ... ... ...... 114
6.16 Histogram of conduction and switching losses for each submodlues

of the upper arm in three differentcases. . . . . . . . ... ... .. 115

Xvii



6.17

7.1
7.2

7.3

7.4

7.5

7.6

7.7

7.8

7.9

7.10

Efficiencies of the two techniques in comparison: On the left is
shown the efficiency related to the conventional PR control; on the
right is shown the efficiency related to the SCBI technique proposed

inthisthesiswork. . . . . . . . . . . .

Simplified flow chart of submodule selection for injection method.
Simplified block diagram of the proposed voltage balance injection
scheme. . . . . .. ...
Variation of balancing time as gain changes K when the DOU is 20
Po. .« o e
Comparison of the power and energy stored by the submodule ca-
pacitor both when the injection signal is applied and without. . . . .
Voltage across of the submodule capacitors before and after activat-
ing the voltage balancing strategy witha DOU of 20% . . . . . . .
Voltage across of the submodule capacitors before and after activat-
ing the voltage balancing strategy witha DOU of 30% . . . . . ..
Voltage across the submodule capacitors before and after activating
the voltage balancing strategy with a DOU of 40% . . . . . .. ..
The experimental waveforms of the voltage at the ends of the sub-
module capacitors before and after activating the SCBI voltage bal-
ancing strategy withaDOU of 20% . . . .. ... ... ... ...
The experimental waveforms of the voltage at the ends of the sub-
module capacitors before and after activating the SCBI voltage bal-
ancing strategy withaDOU of 30% . . . .. ... ... ... ...
The experimental waveforms of the voltage at the ends of the sub-
module capacitors before and after activating the SCBI voltage bal-
ancing strategy with a DOU of 40%. The graph below shows the

zoom of the voltages at time 1.38 seconds. . . . . ... ... ...

xXviii

. 121

121

122



7.11 Efficiencies of the two techniques in comparison: On the left is
shown the performance related to the conventional balancing strat-
egy proposed in [65], on the right is shown the performance related

to the proposed balancing strategy in this thesis work. . . . . . . ..

Xix



Chapter 1

Introduction

New generations of ships face new challenges, especially in terms of energy effi-
ciency, environmental impact, and increased reliability. One of the future goals of
shipbuilding is to reduce the impact of ship emissions to satisfy the existing and
future International Maritime Organization (IMO) regulations on greenhouse gas
emissions and pollution. Today, the trend to design more efficient and versatile
ships leads to the development of hybrid propulsion systems and new power gener-
ation systems using thermal engines, electric motors, battery and fuel cell storage
systems. In this context, Isotta Fraschini Motori S.p.A. funded my doctoral research
project entitled "Hybrid-electric propulsion systems for marine applications” with
the objective of developing a marine propulsion system based on innovative tech-
nologies to minimize operating costs, fuel consumption and greenhouse gas emis-
sions to the atmosphere as required by the targets set by the European Union.
During the three years of my doctoral research project, I carried out various
activities both in the company and in the research laboratory of Power Elettronics at
the Politecnico di Bari. These works can be split into short-term research activities
with a high level of technological maturity, Technology Readiness Level ( TRL),
for company works and research activities developed in the laboratory with a low

TRL.



1.1. ENERGY TRANSITION IN MARINE TRANSPORTATION

This thesis work described all the activities that I conducted during my indus-
trial PhD work, as well as the results that I developed on the experimental set-up
reflected in research papers published and submitted to scientific journals in the

field of Power Electronics.

1.1 Energy Transition in Marine Transportation

Since the XVIII century, with the first industrial revolution, to the present day, the
use of energy resources has greatly improved the living conditions of human be-
ings. The industrialisation has made energy widely accessible and usable through
the development of new and advanced distribution systems. However, this inten-
sive exploitation of non-renewable resources has caused environmental problems
such as pollution. Today, the main challenge is to find sustainable ways to meet
the growing global demand for energy through the energy transition to renewable
energy sources [1]. Renewable energy sources (RES) are playing an increasingly
important role in the formulation of many governments’ sustainable development
strategies [2, 3]. However, the transition from traditional fossil fuels to RES is a
complex task that requires effective coordination of resource management, techno-
logical innovation and policy advocacy [4]. The directives proposed by the Euro-
pean Commission in 2008 concerning climate and energy, within the framework of
Horizon 2020 [5], focus on two main objectives: the reduction of greenhouse gas
emissions and the increase of renewable energy production. One of the central el-
ements is the electrification of transport, which is regarded as one of the first goals
to be achieved. The transport sector is a major source of greenhouse gas emissions,
contributing 25% of total CO2 emissions in Europe. Consequently, the electrifi-
cation of means of transport has become one of the central objectives in interna-
tional treaties to reduce CO2 emissions and promote the use of renewable energy

sources [5—8]. Although the rail sector is considered an environmentally friendly



1.1. ENERGY TRANSITION IN MARINE TRANSPORTATION

option due to its low greenhouse gas emissions per passenger transported, it still
contributes 4.2 % (336 million tons of C'O,) to total global transport emissions [8].
Maritime transport has seen an increase in greenhouse gas emissions in recent years
and the need for stricter regulations to reduce pollution has arisen. The International
Maritime Organisation (IMO) [9], a specialised agency of the United Nations, plays
a crucial role in establishing international regulations to tackle marine pollution and
greenhouse gas emissions from ships. Its primary function is to establish a fair and
effective regulatory framework for the shipping industry and to promote the univer-
sal adoption of these rules. The Marine Environment Protection Committee at its
75th session (MEPC 75), held from 30 March to 3 April 2020, deliberated on im-
portant amendments to MARPOL Annex VI [10]. These amendments concern the
implementation of a maximum limit of 0.50 % sulphur in fuels used on board ships.
The strict enforcement of this standard, which entered into force on 1 January 2020,
plays a key role in promoting a cohesive and effective implementation of this global
sulphur limit. The aim of these changes is to significantly reduce emissions of air
pollutants containing SO, and particulate matter from ships’ combustion engines,
protecting both human health and the marine environment. A further parameter to
be considered is the maximum permissible sulphur content of marine fuels in so-
called Emission Control Areas (ECAs), or sulfur emission control areas (SECASs),
set at 0.1 % [11]. Dealing with current and future IMO regulations on greenhouse
gas emissions and pollutants requires considerable effort for all industries and com-
panies working in this sector. Indeed, the design of new generations of ships is
focused on minimising fuel consumption and reducing C'O- emissions. The electri-
fication of propulsion systems and the integration of renewable energy sources into
the on-board power distribution network emerge as key solutions for developing

more efficient and environmentally friendly ships.
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1.1.1 Medium Voltage Direct Current System

Strict regulations have introduced new challenges for ship designers and owners,
leading to the development of new generations of ships with both hybrid diesel/electric
and fully electric propulsion systems [12] and with the possibility of interconnect-
ing to new sources of low-emission electricity generation such as fuel cells [13].
However, it is well to clarify that electric propulsion is not a new concept, but is a
propulsion configuration that has been widely used since the early 20th century for
different types of vessels such as cruise ships, icebreakers, research vessels and sub-
marines have implemented electrical motors for flexible manoeuvring during their
operations and low emissions [14-16]. Today, the majority of full-electric ships
utilize alternating current (AC) distribution systems [17]. However, in recent years,
there has been a growing interest in high and medium voltage direct current (DC)
electrical transmission systems on board ships, driven by advancements in power
electronics and the integration of new renewable energy sources [18-20].

These DC systems offer several advantages, including the ability to transmit
power with minimal losses, interconnect various sources of generation, and reduce
transmission losses compared to conventional alternating current systems [21]. As
a result, they enhance energy flow management within shipboard power systems
and contribute to overall system stability. In fact, the concept of DC distribution on

ships is gaining traction due to the following reasons:

* No need for phase angle synchronization of the generation units, simplifying

connection and disconnection for energy generation and storage devices.

* Reduction in the size of power panels, onboard cables, and elimination of

bulky low-frequency transformers.

* Decreased volume and weight through the use of high-speed rotating genera-

tors interfaced with the DC network through one or more rectifiers.
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* Allows for reconfiguration after faults occur.

* Enables primary motors to operate at their optimal speeds, resulting in signif-

icant fuel savings.

* Facilitates interconnection with energy storage systems, reducing the number

of conversion stages.

In recent years, a technical guideline, IEEE Stand 1709, has been developed
[22]. It defines two main types of MVDC distribution: Radial and Zonal. The first
is characterised by the obvious simplicity of the system and low implementation
costs. Zonal distribution on the other hand has the advantage of maintaining a good
continuity of service even if it is more complicated to design.

The MVDC distribution system can be simplified in the diagram [23] in Fig.
1.1. In general, the MVDC distribution system of a ship is made up of three sub-
systems,each dedicated to a specific operation: production (energy sources), distri-
bution (network) and utilisation of electrical energy (loads).

The benefits that a DC medium-voltage distribution system can bring are ob-
vious, but these distribution systems present many technical challenges [24], such
as network stability, system protection and fault location. In fact, one of the most
compelling technical challenges concerns the interruption of DC faults; DC short-
circuit currents are generally limited by power converters and DC circuit breakers,
but as yet there are no suitable and standardised MVDC protection devices on the
market for the grid’s operating DC voltages. Furthermore, as can be seen, in a
medium-voltage DC power transmission system, the intensive use of power con-
verters is required for the conversion of different DC/AC, AC/DC or DC/DC stages
necessary to connect equipment to the MVDC bus. For this reason, power electron-
ics plays a primary role in the realisation of DC distribution systems [25], and the

research and development of new, increasingly reliable and efficient power convert-
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Figure 1.1: Generic layout of MVDC distribution system.

ers will be fundamental to the proper functioning of these new power transmission

systems.

1.1.2 Role of Power Electronics

Renewable energy sources cannot be directly integrated into current distribution
grids either because these grids are not designed to be able to meet the total demand
for electricity or because there is a need for power electronic converters whose task
is to manage the energy flows between RES and the distribution grid [25]. Power
converters enable the conversion of electrical energy and the efficient interconnec-
tion of energy sources, storage systems and loads. The most common and widely
used are conventional two-stage power converters, so called because the voltage at
the output on the AC side of each phase is divided into two stages corresponding to
the electrical potentials of the terminals on the DC side. These converters enable the

conversion of electrical energy from DC to AC and are driven through pulse-width
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modulation (PWM) producing quasi-sinusoidal waveforms of the output voltage.

However, as the world’s energy demand increases, power converters must han-
dle higher powers and/or voltages, requiring advances in semiconductor technology
or new converter topologies [26]. Indeed, the integration and utilisation of RES
leads to an increasingly distributed energy network in the current and future elec-
tricity grid, involving multiple energy sources, energy storage and loads.

In this context to meet the growing needs for power conversion and integration
of renewable energy sources into the power grid, multilevel converters are consid-
ered a promising solution compared to conventional two-level converters due to
their ability to reach medium and high voltages with a mature technology of low-
rated power devices and high-quality output waveforms [27-30].

Several multilevel converter topologies exist in the literature and on the mar-
ket, including the neutral point converter (NPC), the cascaded H-bridge converter
(CHB) and the flying capacitor converter (FC) [31,32]. All these topologies have
been commercialised in industrial applications, each of which possesses unique
characteristics and is therefore suitable for different application scenarios [33].

The Modular Multilevel Converter (MMC), introduced in 2003 [34], has emerged
as a highly suitable choice for HVDC - MVDC applications [35-38], attracting
significant attention from both the academic community and the power electron-
ics industry. The MMC is characterized by a series of independent power cells,
commonly referred to as submodules (SMs), connected in cascade. This modular
structure imparts the MMC with the following features and properties.

The MMC offers scalability in terms of voltage and power with minimal dv/dt
stress. This allows for achieving very high voltages and powers by simply adding
lower-power SMs connected in series. When a sufficient number of SMs is em-
ployed, the MMC ensures excellent and nearly perfect sinusoidal waveform quality
for voltage and current at the terminals. This eliminates the need for bulky in-

put/output filters to mitigate low-order harmonics, resulting in a compact design.

7
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The modularity of the MMC imparts robustness against fault conditions and facil-
itates fault-tolerant operation, increasing system reliability. The modular structure

and adopted standards simplify system manufacturing and maintenance.

1.2 Motivations and Goals of the Thesis

Isotta Fraschini Motori S.p.A is a Fincantieri company specializing in the design of
disel engines and generator sets for marine applications. In recent years due to reg-
ulations introduced for the reduction of polluting gases and C'O,, Isotta Frsachini
Motori S.p.A. has undertaken a project to develop modern marine propulsion sys-
tems in the near future by implementing hybrid architectures in which the potential
of internal combustion engines and electric motors will be integrated. Innovative en-
ergy sources such as fuel cells and battery storage systems for efficient energy man-
agement will be used in the project. In this context Isotta Fraschini Motori funded
my Ph.D. fellowship with the aim of developing the modular multilevel converter
capable of integrating new renewable energy sources on board ship, minimising
operating costs, consumption and greenhouse gas emission into the atmosphere.
Fig. 1.2 shows in synthesis the case study to be analysed in this thesis work,
in which the central topic is the modular multilevel converter. The objective of
this thesis work is to investigate and develop innovative control techniques for the
Modular Multilevel Converter, addressing the latest technical challenges that this
converter presents, such as circulating current reduction, output current control, and
voltage balance techniques. After describing the converter topology structure, com-
ponent sizing and MMC operation, an overview of the MMC control techniques
already developed in the literature is given, followed by a description of the innova-
tive techniques implemented in the experimental setup during the research activity.
The techniques proposed in this thesis work are based on injecting a signal pro-

portional to the circulating current into one of the submodules of the MMC in order
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to develop an innovative circulating current reduction control. In addition, the same
technique is explored for another control objective, namely, to balance capacitor

voltages at the same time that the circulating current is reduced.
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Figure 1.2: The motivation and goals of the thesis.

1.3 Structure of the Thesis

The thesis has been organized as follows.

* The second chapter is dedicated to a description of the main projects and
activities I have developed at Isotta Fraschini Motori S.p.A. These research
activities are aimed at short-term implementation with a high level of techno-
logical maturity and are of fundamental importance for the electrification of

the company.

* The third chapter deals with the Modular Multilevel Converter. After a de-
scription of the topology and structure of this converter, its operation, its tech-
nical challenges, the most common modulation techniques and the mathemat-

ical model are shown.
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* Conventional MMC control techniques are analysed in the fourth chapter,
where a distinction is made between primary and secondary control tech-
niques. The description start with the techniques of phase current control,

capacitor voltage balancing strategies and circulating current control.

* The circulating current reduction technique proposed in this work is described
in detail in Chapter 5. The chapter begins with an analysis of the steady-state
model implemented for the definition of the circular iterations in the con-
verter, then the control method implemented to reduce the circulating current

based on the injection of a signal is shown.

* The experimental set-up of the Modular Multilevel Converter that is imple-
mented during the PhD course, is described in Chapter 6. Then the results of
the proposed control technique are reported. A comparison between the im-
plemented and conventional technique is also shown, highlighting the main
performance differences in terms of circulating current reduction and control

complexity.

* An interesting extension of the proposed technique based on injections is pre-
sented in the Chapter 7, where, in addition to reducing the circulating current,
it was used to pursue a second control target based on the balancing of capac-

itor voltages.

* Finally, the main conclusion are drawn in the final chapter.
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Chapter 2

Industrial company project

Isotta Fraschini Motori S.p.A is a Fincantieri company specializing in the design
of diesel engines and generators for marine applications. In recent years due to
regulations introduced to reduce polluting gases and C'O,, Isotta Fraschini Mo-
tori S.p.A. has undertaken a project to develop in the near future modern marine
propulsion systems by implementing hybrid architectures in which the potential of
internal combustion engines and electric motors will be integrated. This chapter
has described the main projects and activities carried out during the three years of

doctoral studies at the company.

2.1 Modeling and design optimization of a hybrid power
generator for full-electric naval propulsion

A major advantage for a DC power transmission network over a conventional AC
power transmission grid is that it is possible to develop new diesel generators with
variable frequency so that the size can be reduced at the same power and the fre-
quency can be adjustable according to the type of load. Therefore, one of the

projects developed during the PhD program is to develop a mathematical model
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FOR FULL-ELECTRIC NAVAL PROPULSION

of a variable-speed diesel generator for optimizing fuel consumption and power
transmission system efficiency.

There are average-value models (AVMs) of generators in the literature, but these
have not been developed and designed to be able to simulate the behavior of the
generator at different frequencies other than the design ones (50Hz or 60 Hz), so the
purpose of this work is to provide the company Isotta Fraschini Motori S.p.A with
an average model capable of simulating both the dynamic behavior of the genset at
variable revolutions and its relative fuel consumption during the operating cycle. In
addition, a procedure is developed to minimize the specific fuel consumption for a
given load by making the variable-rpm generator work optimally. The idea for this
project arose from being able to provide the company with a qualitative tool to test
its engines for new networks in MVDC and to be able to start a new project toward
smaller size and higher speed generators with higher efficiency. The generic layout
of the system studied in this project is shown in Figure 2.1.

The following tasks were performed during the project:

* A set of bench tests is conducted using Isotta Fraschini Motori S.p.A.’s VL1716C2-
MLL engine to acquire experimental data on engine behavior under various

load and speed conditions.

* Based on the experimental data collected, an average-value model of variable-
speed diesel engine is developed that takes into account the dynamic behavior

of the engine and fuel consumption during the operating cycle.

* The model is validated in the basis of the acquired experimental data.

* Once the optimization procedure is completed, the improvement in specific
fuel consumption compared with fixed-speed operation under different load

conditions will be evaluated.

14
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| 0ad

Variable Speed Diesel
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Figure 2.1: General scheme of variable speed diesel generator, electrical generator
and power converter on board.

In Figure 2.2 shows the engine map, where it was possible to identify for each

power required the correct speed in order to minimize the specific fuel consumption

(SFOO).
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Figure 2.2: Engine delivered torque map with SFOC [g/kWh] by the proposed cal-
culation, showing the relative error in percent for some of the experimental valida-

tion data.

2.1.1 Result

The simulation results were obtained by implementing the optimal speed, woy;, as
reference speed for the model. This optimal speed was calculated in order to opti-

mize the specific fuel consumption for each load connected to the system. Figure

15



2.1. MODELING AND DESIGN OPTIMIZATION OF A HYBRID POWER GENERATOR
FOR FULL-ELECTRIC NAVAL PROPULSION

2.3 illustrates the engine speed w,., follows the reference speed, w,,;. Neverthe-
less, many factors, such as fuel quality, temperature, engine installation altitude and
others, may cause the selected optimal speed to not perfectly match the load power
and the minimum SFOC for a given power demand is not achieved.

The load profile required to the generator and the power delivered are shown
in figure 2.4. In the first part, every five seconds the required power increases by
10% up to 90%, of the maximum deliverable power. After that, once the engine is
brought to deliver the minimum power, it is required to take two more steps, one up
to 20% and then up to 90% of the maximum power, respectively. Then the required

power will be gradually reduced to 30%.
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Figure 2.3: Resulting speed response of the engine, in blue, following the optimal
speed reference, in red, to reach the applied load.
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Figure 2.4: Power demanded at the generator, in red, and the engine response, in
blue.
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Figure 2.5: Simulation results in term of SFOC [g/kWh] for variable and fixed speed
modes.

In Figure 2.5 are shown the results regarding the specific fuel consumption,
calculated for the described duty cycle, for both the variable and fixed speed model.
Working at variable speed, the engine follows the optimal speed reference w;.
Whereas, the chosen fixed speed was 1800 rpm to match the operating speed of a
4-pole electric machine working at 60 Hz. Table 2.1 shows the SFOC values at
different loads for both VSDEG and FSDEG modes with the relative improvement
in percentage. The considerable fuel savings at partial loads is a significant result
since, for several naval applications, most of the operating time the power demand
is less than 40% of the power installed.

Table 2.1: SFOC improvement according to the applied load for both variable (VS-
DEG) and fixed speed (FSDEG) modes.

Power Load [%] [g/kWh] VSDEG (w.y) [g/kWh] FSDEG SFOC [%]

10 249 366
20 221 292
30 211 265
40 206 251
50 204 243
60 204 237
70 204 233
80 206 230
90 210 227
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2.2 Hybrid/Electric propulsion system

In response to climate change, governments around the world have committed to
reducing greenhouse gas emissions, which contribute to global warming, through
the energy transition from fossil fuels to renewable energy sources and the electri-
fication of transportation. This company project outlines the design procedure for
the electrification of a ship, and this approach can be applied to any other means
of transportation. The methodology consists of the design of both an all-electric
propulsion system and a storage system with the aim of zero emissions when the
ship is operating. After highlighting the characteristics of the ship under considera-
tion, a simulation model of the propulsion and generation system was developed to
calculate the energy consumption of the entire ship system. The design procedure,
summarised in Figure 2.6, was based on the implementation in MATLAB/Simulink
of the mathematical model of the entire ship from which the technical solutions
of the storage system and the propulsion system can be simulated. The proposed
model was able to estimate the energy consumption of the entire storage system and
the power that the propulsion system would have to provide to ensure the proper
operation of the ship. Through the simulation results, it was possible to size the
electric motor, converters, battery. This approach, based on mathematical model-
ing, has allowed the preliminary sizing of a propulsion system for various boats and
the development of solutions for a hybrid propulsion system with electric and in-
ternal combustion motors developed by the company Isotta Fraschini Motori S.p.A.

the generic layout is shown in Figure 2.7.
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Definition of the Case of Study

* Main characteristics,
* Operating modes,
* Architecture of the vehicle

Mathematical Modelling

* Model of the vehicle dynamics,
* Model of the propulsion system,
* Model of the energy storage system

Sizing and Component selection

* Electric Motor, Converters, Battery, Breaking
Resistor

Prototype development

* Validation of the proposed methodology
through experimental test

Figure 2.6: The mechanical characteristic and efficiency curves of the designed
electric motor.
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Figure 2.7: General scheme of hybrid propulsion system on board.
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2.2.1 Mathematical Modelling

In this project work, the simulation aimed to model the dynamics of the ship/vehicle,
the entire propulsion system, and the storage system to obtain an estimate of the en-
ergy consumption of the ship system required for the sizing of the entire power train.
The proposed design procedure consisted of identifying the optimal technical solu-
tions for the electric motor, inverter, and battery. The software used to develop the
simulation models was MATLAB/Simulink because it allows the entire ship system
to be implemented in a very simple and intuitive manner using a block diagram
language. The dynamics of the various components were implemented through
subsystems so that they could be easily modified and replaced. In addition, the im-
plemented simulation provided acceptable results, and allowed even very long work
cycles to be simulated in a few seconds.

The study of the electrical power required by the ship can be conducted by
adopting different analysis methods; two different simulation approaches can be
distinguished according to the “direction” of the calculation method adopted: for-
ward or backward. In a forward simulation approach, there is a control block that
sends control actions such as acceleration or braking commands to the different
components of the system to follow the desired speed of the vehicle. The driving
model will then modify its command according to the proximity of the track. In
contrast, in the backward method, the controller is not present and the analysis is
made starting from the desired driving cycle of the vehicle, i.e., the time evolution
of the vehicle speed. The value of the desired speed is transferred from the ship’s
dynamic model to the transmission and the motor to analyse the performance of the
components and derive the required power for the power system.

In this work, the model was based on the forward approach. Figure 2.8 shows
the block diagram of the model. Indeed, an integral proportional speed control was

implemented in order to reduce the difference between the actual speed of the ve-
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Figure 2.8: Block diagram of the implemented forward model.

hicle and the reference profile. From the output of the control block comes the
command that influences the operation of the electric motor, which then receives
the torque reference from the motor. In addition, isoefficiency curves were imple-
mented for both the electric motor and the inverter to take into account the internal
power losses that need to be considered when performing an energy analysis of the
drive system.

Therefore, using the overall efficiency of the drive system at various values of
torque and rotational speed, it is possible to derive the electrical power required to
power the system from the mechanical power required at the axis. This electrical
power will be drawn from the storage system. By varying the voltage at the ends
of the accumulator system, it is possible to know the electric current required to
power the system and provide the desired torque. The model of the storage system
incorporates the value of the current to know the discharged capacity and estimate

its state of charge.

a. Hull Ship Model

The ship model essentially represents the longitudinal dynamics such as the resis-
tances to motion present when the ship moves with a given velocity profile, then the

model of the ship’s hull can be described through Newton’s equation, as follows:
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av
(m‘f—ma)XE:T—Rt (21)

where m is the mass of the ship, m, is the mass of water that the ship moves
during its operation, V' is the speed of the ship, 7' is the thrust provided by the

propeller, and R; is instead the thrust required by the hull.

b. Electric Drive Model

To create the electric motor model, the mechanical characteristics of the motor, i.e.,
the angular torque—velocity curve, were taken into account. The study conducted
was an energy analysis, and therefore, it was sufficient to assess the overall effi-
ciency of the electric drive. To do this, the efficiencies of the inverter and motor
were considered, which made it possible to determine the power absorbed and, con-
sequently, the power supplied by the batteries. The electrical machine was subject to
various types of losses during its operation, both losses in the conductors that make
up the windings, typically copper, and losses in the iron and mechanical losses, due
to friction and ventilation, which must be taken into due account. Through the cal-
culation of internal motor losses, it is possible to trace the electrical power supplied
to the input of the electric motor by knowing the mechanical power supplied to the
shaft. The behavior of the electric motor can be effectively described using the me-
chanical characteristic and isoefficiency curves, as show in Figure 2.10. Even about
the inverter, it is possible to model the losses that occur inside it more accurately,
since the objective is to obtain the electrical power supplied by the storage system.
The total losses of the inverter are therefore related to the conduction and switching
losses in all the devices, both in the IGBTs or MOSFETsS, and in the freewheeling
diodes. In this work, these losses were taken into account through the inverter ef-
ficiency 7;,,,, which is usually made available by the manufacturer. The efficiency

of the inverter depends on the power supply concerning the rated power data of the
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inverter itself. The following Figure 2.9, purely indicative, represents the variation
in efficiency with respect to the percentage of output power normalized with respect

to the nominal power.
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Figure 2.10: The mechanical characteristic and efficiency curves of the designed
electric motor.
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Figure 2.11: Schematic diagram of the battery model.

c. Battery Model

In the literature, there are mainly three categories of battery models, depending
on the type of approach with which they are implemented and the kind of battery.
These models are divided into electrochemical models, electrical circuit models,
and mathematical models. However, the battery models proposed for sizing the
storage system for all types of vehicle systems are based on mathematical models
or equivalent circuit models. In this work, the battery model available in MAT-
LAB/Simulink software for a lithium-ion battery was used. The circuit in this model
consists of a controlled voltage generator, which allows the open-circuit voltage of
the battery and its variation as a function of the state of charge (SOC) to be modeled,
and a series resistor R, which allows internal voltage drops to be taken into account.
In order to better represent the non-linear behavior of the open-circuit voltage, the
polarisation parameter /X was added. The battery current 7x was filtered through a
low-pass filter to avoid the algebraic loop during the simulation. Fig. 2.11 shows the
schematic of the proposed model. The proposed model was validated at a steady
state through the experimental data of the dynamic performance provided by the

battery manufacturer. Experimental tests were performed on the battery and com-
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pared with those obtained through the simulation to prove the validity of the model,

as shown in Figure 2.12.
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Figure 2.12: Comparison of the voltage-discharge curve values obtained from the
model with the values carried out during the experimental tests on the battery.
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2.2.2 Results

The model is validated following the performance specifications given by the com-
pany Isotta Fraschini Motori S.p.A. in order to develop a hybrid propulsion system
for various vessels. Figure 2.13 shows the trend of the reference speeds and the
speed simulated by the model. The second graph shows the trend in torques of the
designed electric motor and the company’s internal combustion engine. It can be
seen that the electric motor is only used for speed transients and to reach steady

state speed.
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Figure 2.13: Ship speed and torques of the proposed hybrid propulsion system dur-
ing a generic mission.
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2.3 Hybrid Fuel-Cell/Battery Ferry Power System Retrofit
Design

The use of hydrogen-based technologies for onboard power generation is having a
significant impact on the shipping industry due to their potential to support decar-
bonization. In this context, Isotta Fraschini Motori S.p.A. wanted to develop the
retrofit design of a diesel-battery power generation system for a ferry, using a fuel
cell and battery layout. This project is carried out abroad at the Norwegian Uni-
versity of Science and Technology (NTNU) in Aalesund in cooperation with Vard
Electro S.r.I a company in the Fincantieri S.p.A. group. The research aims to im-
prove the efficiency of the power generation system by implementing a prescriptive
digital twin. Simulations will take into account the power distribution among com-
ponents, proposing an energy management strategy during the preliminary design
phase. By sizing components to meet the energy demand of a real mission, this
work aims to propose a solution that takes into account energy efficiency and op-
erational costs. The results of this study are valuable for the future development of
fuel cell technology for the maritime industry and provide an effective tool in sizing

the power generation system on board all-electric propulsion vessels.

2.3.1 Fuel Cell in Marine Applications

The challenge of achieving zero pollution emissions in maritime transport cannot
be met by relying solely on batteries to power ships. Batteries, due to their limited
energy density, aren’t suitable for medium and long distances, resulting in excessive
weight, bulk, and time lost during recharging stops. A more efficient and cost-
effective approach is to use a hybrid configuration, combining batteries with other
power sources like fuel cells or internal combustion engines [39].

Proton Exchange Membrane Fuel Cells (PEMFCs), powered by hydrogen, have
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seen rapid development in recent decades, offering better power density and tran-
sient performance compared to other fuel cell types [13]. However, they have lower
efficiency and face constraints related to fuel. In transport applications, PEMFCs
are typically used in conjunction with batteries or supercapacitors to enhance over-
all efficiency and transient power handling capability [40]

The degradation of the PEMFC system is a current research topic, with scientific
and especially economic implications. PEMFC residual life prediction method, val-
idated via experiment, and economic lifetime is studied in [41]. In [42] the method
of predicting the lifetime of PEMFCs using the current degradation law enhances
the use of degradation information in current density. In the maritime transport sec-
tor, PEMFCs can be effectively utilized in ferries, either as alternatives to batteries
or in combination with them [13,39,40]. The authors in [40] suggest a holistic de-
sign approach to designing coastal hybrid ships, focusing on optimizing a plug-in
hybrid system that combines fuel cells and batteries. This optimization is based
on two case studies and considers the degradation of power sources and the opti-
mal management of energy from multiple sources. In [43], the research assesses
the economic feasibility of a fuel cell-powered ferry in comparison to diesel and
biodiesel, considering both current and future scenarios, and utilizing real-world
operational data. Furthermore, in [44], the authors tackle the complex task of con-
currently optimizing energy management and component sizing for emissions-free
ferry vessels.

The primary aim of this company project is to create a predictive digital twin,
which offers a comprehensive design for the fuel cell system. This is intended to
maximize the performance and minimize stack degradation over the vessel’s exper-
imental missions. The PEMFC system illustrated in Figure 2.14, includes a simpli-
fied model of the fuel cell stack, the oxidizer humidification system, the hydrogen
supply, the oxidizer supply line, and the efficiency of the DC/DC converter.

The proposed numerical model, developed within the Matlab/Simulink environ-
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ment, adds complexity to the power system and introduces design optimization as
discussed earlier. This holistic design study of the PEMFC takes into consideration
its interaction with the fuel cell’s auxiliary components, the battery’s energy stor-
age system, and the shore grid. It offers an energy management strategy for optimal
operation. Finally, the initial design optimization employs a genetic algorithm pro-
vided by the GA Matlab function to determine the right number of fuel cell stacks,
batteries, and the optimal time constant for managing the fuel cell to minimize stack

degradation.

H, pressure
reducing valve H, purge

(o )—5%

0
) ‘ ‘
T W 2o
Oxidizer Intercooler Oxidizer
compressor humidification

Exhaust

Figure 2.14: Caption

2.3.2 The Digital Model

The numerical model used in this work simulates the electrochemical and thermo-
dynamic perspective of the PEMFC system [45] and it is tuned on the characteris-
tic curves of the PEMFC Ballard FCvelocity™ HD6 (150 kW) and then validated
through experimental results found in the technical literature [46]. The Figure 2.15
shows the results obtained by model calibration and validation through dynamic
step experimental test (from 14kW to 140 kW).

The model provides also an evaluation of the power absorbed by the oxidizer

compressor and auxiliaries. The thermal management strategy applied for the pre-
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sented PEMFC system is based on the oxidizer stoichiometric excess ratio and the
liquid water injected into the oxidizer. The latter is fundamental to ensure the cell
membrane humidity. PEMFCs typically have a shorter operational lifetime due
to various factors affecting the degradation rate. To achieve cost-effective perfor-
mance, it is crucial to account for the degradation characteristics of PEMFCs during
both the design and operational phases of a ship. Reasonable estimates of voltage
degradation rates under different operating conditions can be derived by referencing

the manufacturer’s data sheet and existing literature.

In this study, a degradation estimation model is implemented. Estimating the
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Figure 2.15: a) Results of fuel cell model calibration; b) Model validation through
experimental data and technical literature [46].
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degradation of individual fuel cells over a complete load cycle involves an equa-
tion that takes into account factors such as voltage degradation during low-power
operation, high-power operation, power transients, and start/stop cycling. Table 2.2
provides information on the degradation rates of single PEMFC cells used in this
research. It is important to note that these parameters can vary across different types

of fuel cells, depending on their design and actual operating conditions.

Table 2.2: PEMFC Degradation Rates (Per Cell).

Operating Conditions Deg. Rate

Low power (0 — 80% rated power) 10.17[uV/h]

High power (> 80% rated power)  11.74 [V/h]
Transient loading 441E =2 [uV/AEW]
Start/stop 23.91[uV/cycle]

2.3.3 The Optimization Framework

According to [47], the concept of “prescriptive digital twin” refers to an intelli-
gent digital entity that enhances real-life objects by providing recommendations for
corrective and preventive actions. Typically, these recommendations are derived
from optimisation algorithms. The prescriptive digital twins exploit data acquired
through monitoring and predictive twins as input in order to generate appropriate
actions with a view to achieving favorable outcomes. Decisions regarding recom-
mended actions are still made by humans, who trigger both remote and on-site ex-
ecution of interventions. Figure 2.16 shows the model of the prescriptive digital
twin” that is developed. The Physical Object represents the existing ferry, which is
characterized by its actual power system and operational mission data, such as per-
formance and efficiency. The Digital Asset simulates a new layout for the ferry’s
power system, using PEMFC fuel cell technology and a battery, in order to meet
the power requirements of the Physical Object. The optimization open variables

include the number of PEMFC Ballard FCvelocity™ HD6 units Np¢, the number
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of battery packs /V,, and the low-pass filter time constant 7z¢. In this work, the
capacity of a single battery pack is 124 kWh and the C-rate is up to 3 (C-max rate
). The numerical model takes into account the efficiency of the storage related to
the actual State of Charge (SOC), n, for a Li-ion battery [48] and the efficiency of
the bi-directional DC/DC converter as function of the battery power output (charg-
ing/discharging), 7., taken from [40]. The overall power demand profile, P, is
obtained by the sum of the hotel load L and the propulsion load Lp. The PC{ iter jg
the total power demand, limited to the maximum PEMFC net power P, passed
through a low pass filter. The latter is characterized by a customized time constant
Trc greater than or equal to the stack dynamic time constant. Higher 7 means

lower cut-off frequency which makes the demand power signal smoother. Hence,

the /™" can be obtained as

faif 0 < Py < PRE.,

Pfilter o 14+7pcs (2 2)
d - max .
PFC Net 2 max
14+7rcs lf Pd > FC,NGt

The actual battery state of charge, SOC, and Pj iter are calculated in the model

and used as input for the Energy Management System (EMS). The EMS considers

DIGITAL OBJECT
COST FUNCTION <«—— (FC Hybrid system performance

/\ for the missions cycle)
Optimization Algorithm
DIGITAL ASSET
Virtual Interventions (FC Hybrid system set-up)
OPTIMIZED DIGITAL
OBIJECT

(Designed for optimum DATA

performance) ACQUISITION

PHYSICAL OBJECT
(Vessel Requirements and Mission Power Demand)

Figure 2.16: Prescriptive digital twin control framework.
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the SOC of the battery, the power output for the PEMFC and its degradation, and
the electrical energy taken from the harbor when the ship is docked.
The constraints implemented are shown in equation 2.3, where Pgity ., is the

limit net power output of a stack of the PEMFC Ballard FCvelocity™ HD6, and

P 1s the maximum power of the single battery pack.

NFCaNb
3 < Npc <15
1< N, <4
(2.3)
0.947 < 7pc < 50

NrcPggennee + 08Ny Pogy > Py

S

| Nrc Py — NoPjis > 0

The simulation results as power system configuration and performance deter-
mine the Digital Object. The Matlab GA optimization algorithm evaluates the best
solution, referred to as the Optimized Digital Object. The output of the prescriptive
digital twin provides recommendations for the size and preliminary design of the
ferry’s hybrid fuel system. The main objective function of this work is the reduc-

tion of PEM fuel cell degradation, a crucial aspect in all stages of design, from size

analysis to operational cost assessment.

2.3.4 The Case Study

Figure 2.17 shows the general scheme of the ferry studied in this work. The vessel
under investigation in this work is a ferry operating in Norway. Currently, the ship
has a full-electric propulsion system, whereas two battery packs and two diesel gen-
erators, as backup, are connected to a DC switchboard as energy sources. The case
study is characterized starting from the experimental data relatives to 8.5 h ferry’s

mission and the sample time of the data set is of 6 seconds, shown in Figure 2.18.
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Figure 2.17: General scheme of hybrid Fuel-Cell/Battery for power generator on
ferry.

The power demand profiles of the two propulsive electric motors and the ferry’s
hotel load are crucial for starting the analysis. The ferry’s mission is interrupted for
2.5 hours after 3.5 hours of operation. During this stop, the fuel cell is switched off
and only Cold Ironing mode is allowed. The presented model performs the simula-
tion with a time step of one second. The detailed sampling rate of experimental data
offers the opportunity to investigate the fuel cell system’s dynamic performance and
to study its coupling capabilities with energy storage such as batteries or superca-
pacitors. However, the objective of this work is to investigate the feasibility of the
PEMEFC system to power a long-haul ferry during its entire lifecycle considering the
cell degradation rate. The expected average lifetime for a PEM fuel cell system for
transport is around 5000 hours [40], so the effects of the degradation of the PEMFC
system are studied through the model described above, by simulating a cycle of
600 missions, equivalent to 5100 working hours. At the beginning of each mission,
the polarization curve is updated to take into account the potential lost during the
operations. Py, is updated according to the estimated degradation, in order to

improve the robustness of the EMS strategy.
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Figure 2.18: Mission hotel/propulsive load profiles and the shore power available.

2.3.5 Results

The optimization algorithm found the best energy source sizing and fuel cell time
constant that minimize the stack degradation. The proposed solution consists of
8 PEMFC Ballard FCvelocity™ HD6 (150 kW), 3 Battery packs (124 kWh per
pack), and set the low pass filter time constant 7r¢ equal to the natural FC system
time constant 0.947. A sensitivity analysis is performed on the effect of 77~ on
different feasible plant solutions. Indeed, the PEMFC system had to meet a signifi-
cantly more stable load than a solution where most of the power is delivered by the
fuel cell, and thus higher 7z¢ values (20-50) can have a positive impact on reducing
degradation. The first proposed results are related to the individual mission carried
out over a 8.5-hour period, to provide a clear benchmark for assessing the effects
of degradation on the system. Fig. 2.19 shows the power output of the hybrid
system, where the negative values of battery power correspond to storage charg-
ing. Moreover, the energy that the EMS chooses to take from the shore grid. The
battery ends the mission by storing energy, and the efficiency of the PEMFC sys-
tem remains stable between 43.7% and 53.7%. The PEMFC degradation increases
the energy storage exploitation, the reason why the time spent in default navigation
mode and cold ironing mode significantly increases after the 400th mission. Finally,

the degradation of the single PEMFC limit potential from the rated value of 730 V
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Figure 2.19: a) Mission power profiles of the FC system and battery gross power
output and the amount of power taken from the harbor grid; b) Energy storage
capacity and FC system efficiency along the first mission.

to 677 V. The total H, consumption for a single mission increases from 0.001918

kg to 0.002071 kg, as shown in Figure 2.20.
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Figure 2.20: a) PEMFC Ballard FCvelocity™ HD6 limits potential degradation
along the test cycle; b) Total hydrogen consumed in a single mission along the test

cycle.

36



2.3. HYBRID FUEL-CELL/BATTERY FERRY POWER SYSTEM RETROFIT DESIGN

Finally, this work presents a prescriptive digital twin to provide a holistic design
of the fuel cell system. The preliminary design optimization exploits the genetic
algorithm provided by the GA Matlab function in order to find the correct number
of FC stacks, batteries, and FC’s management time constant value to achieve the
minimum stack degradation. By sizing the components to meet the energy demand
of a real mission, a feasible powertrain solution for the ferry under investigation is
described. The evaluation of the fuel cell degradation, due the ferry’s operations,
studies 600 missions for a total of 5100 operating hours. During the test cycle,
the software updates the cell polarization curve in the power system model and in
the EMS, taking into account the potential lost. The results of this study could be
valuable for the further implementation of fuel cell technology in the maritime in-
dustry and provide an effective tool in the sizing of the power generation system
on board full electric propulsion vessels. The methodology presented in this doc-
ument is relevant for the study of more complex power systems, which also take
into account technologies such as internal combustion engines and different types
of storage (e.g., flywheel energy storage). The minimized cost function, used in this
project, is equal to the stack potential degradation, but in future work will be im-
proved to provide more solid results in terms of operational cost and power system
performance. In future work, it is planned to upgrade the proposed fuel cell model
to achieve higher flexibility by simulating different types of fuel cells and auxiliary

systems.
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Chapter 3

Modular Multilevel Converter

The Modular Multilevel Converter (MMC) is considered as a promising candidate
for many high- and medium-voltage applications due to its numerous features, in-
cluding improved quality of the output waveforms, modularity, and scalability to
different voltage and power levels, fault-tolerant operation, etc. [49, 50]. Today, the
modular multilevel converter is widely used for electric drive applications and grid-
connected especially for MVDC and HVDC applications. The MMC eliminates the
requirement for an isolated DC source and the transformer for the high-voltage op-
eration. Instead, it utilizes a cascade connection of SMs to reach the desired system
voltage while producing a high-quality multilevel output voltage waveform.

This chapter first describes the structure of the Modular Multilevel Converter,
considering its circuit diagram and the configurations of its submodules. It then
describes the characteristics and operation of the converter from the most widely
used modulation techniques found in the literature to the mathematical equations

that govern the operation of the converter.
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3.1 Structure and topology

The main success of the MMC can be attributed to its scalability and modularity
characteristics because its structure consists of a series of building blocks also called
submodules. The sub-module can be configured in various forms and consists of
capacitors and semiconductor devices such as IGBT or SiC MOSFET these are
used for particular applications [51, 52]. The number of sub-modules (SM) used
in the MMC can vary greatly depending on several factors, including the specific
application, the required operating voltage, and the power of the semiconductor
devices. For electrical driver applications the required number of sub-modules can
vary from 3 to a maximum of 10 sub-modules per arm [53-55].

In high-voltage direct current (HVDC) transmission systems with voltages of
around 300 kV, the MMC is composed of more sub-modules, which can range from
100 to 400 sub-modules per arm [49, 56]. This configuration is necessary to ef-
ficiently handle the conversion and transmission of high-voltage energy [57, 58].
Static synchronous compensators (STACOM), used to regulate voltage in electrical
networks, require a certain number of sub-modules, depending on the desired op-
erating voltage. When an MMC is used in STACOM application it has to improve
voltage stability and quality in the electrical infrastructure.

In general, the number of sub-modules used in the MMC is directly related to
the power and voltage required by the specific application. The higher the voltage
or power required, the greater the number of sub-modules needed to handle the
energy conversion and control. This flexibility in sub-module configuration makes
the MMC suitable for a wide range of energy and power electronics applications.

In terms of the SM topology, it is important to note that, in addition to the com-
mon half-bridge SM, the full-bridge (FB) SM configuration has become widespread.
Indeed, the FB submodule allows both positive and negative voltage values to be

generated at the output of the sub-module. This enables the MMC to operate in
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overmodulation and consequently make better use of the DC-link DC voltage, in
other words, lower voltages on the capacitors with the same amplitude as the funda-
mental voltage harmonic produced at the output. This is a considerable advantage
because lower DC voltages reduce switching losses and thus increase the efficiency
of the converter. In addition, this configuration allows DC faults to be resolved
and is therefore suitable for applications where greater reliability is required. How-
ever, it is essential to know that this advantage comes with the trade-off of requiring
more IGBTs. Furthermore, researchers have explored hybrid MMC configurations
that combine different submodule topologies [50, 55, 59].

In this thesis, the three-phase configuration is investigated here since it is adopted
by most DC-AC applications. The generalized circuit configuration of a three-phase
MMC is shown in Fig. 3.1, in which each submodule adopts the most commonly
used half-bridge by commanding its complementary gate signals. In this way, the
MMC can achieve high-quality voltage waveforms with N + 1 level or 2N + 1 level
phase voltage depending on the implemented modulation technique and the opera-
tional conditions of the application. The DC system of an MMC is often referred to
as a DC-bus or DC-link, connected to the positive and negative bars of the converter
legs. The three-phase AC system is connected to the mid-point of each leg (a, b, c).
Each leg of the MMC is divided into two arms. The arms connected to the positive
bar are referred to as the upper arms ”«”, and the arms connected to the negative bar
are referred to as the lower arms ”{”. Each arm consists of N half-bridge submod-
ules in series with the arm inductor L,,,,. The arm inductor is connected in series
with each group of submodules to limit the current due to the instantaneous voltage
difference between the arms. In many circuit configurations of the MMC, the arm
resistance R, connected in series with the arm inductance, which represents the
parasitic arm resistance accounting for the converter arm losses, is also included.
However, in this work, it has been omitted for the sake of simplification. The main

features of MMC are as follows [28,29]:
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It has a modular construction with the ability to scale the voltage and power

rating.

It can generate an output voltage and current waveforms with reduced dv/dt
and ripple. Typically, an output voltage with a very low total harmonic dis-

tortion (THD) can be obtained.

MMC can produce the output voltage waveform with a very large number of
voltage levels. Hence, it is possible to operate the submodules with a very

low switching frequency.

It can employ redundant submodules in each arm to achieve a fault-tolerant

operation.
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Figure 3.1: Configuration of modular multilevel converter.
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3.1.1 Configuration of Submodules

As previously described, the submodule (SM) is a simple DC-AC power conver-
sion circuit composed of low-voltage power semiconductor devices in the range of
600-1700 V and capacitors. The half-bridge (HB) can function as an AC-DC and
DC-AC converter, as well as a DC-DC converter, depending on the control of its
components. The power circuit remains structurally identical, but the difference
lies in the use of a sinusoidal modulation signal instead of a constant one, and the
different connection of the load. The circuit configuration of the half-bridge sub-
module is shown in Fig. 3.2. It consists of two IGBT devices with anti-parallel
diodes ()1 and ()5 and a DC capacitor C'. The two IGBT devices operate comple-
mentary to regulate the voltage across the DC capacitor to a value of v... The voltage

across the DC capacitor is determined by the following equation:

1 t
Ve = 6/0 iodt 3.1

The DC current in terms of AC current and the switching state of top device .5 is

given by:
0= Sliwy 3.2)
ic
VuB
Q1
FEE«
C == v, ixy Ve

i t

= @
51 >°1x} VuB
| '

o 0 t

Figure 3.2: Half-bridge submodule and output voltage waveform.

Depending on the state switching \S; of top device ()1, the DC capacitor current
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is equal to either the AC current or zero. The possible states of S, and their effect
on the DC capacitor voltage for different directions of AC current are shown in
Tab. 3.1. The AC output voltage of the half-bridge submodule exhibits two voltage
levels, 0 and v, as shown in Fig. 3.2. When the upper device, ()1, conducts, the
output voltage equals the voltage value of v.. Conversely, when the upper device,
(21, 1s turned off, the AC output voltage is 0. The AC output voltage of the half-
bridge submodule can be represented in terms of the DC capacitor voltage and the

switching state of the upper device, 51, as follows:

vgp = SiUc (3.3)

Among all the sub-modules, the half-bridge (HB) submodule stands out as the
most prevalent and finds extensive application in commercial products. Its straight-
forward design, comprising just two semiconductor devices and a power capacitor,
simplifies both control and design processes. In typical operation, only one of the
devices, either ()1 or (s, is turned on. Consequently, the half-bridge submodule
exhibits minimal power losses and high efficiency. However, it’s important to note
that the output voltage of the half-bridge submodule comprises solely positive lev-
els, making it unsuitable for bipolar operation and DC fault blocking.

The full-bridge (FB) submodule is comprised of four semiconductor devices
and one DC capacitor, doubling the number of semiconductors compared to the
half-bridge submodule at the same rated voltage. Nonetheless, the control and de-

sign complexity is on par with that of the half-bridge submodule. In the full-bridge

Table 3.1: Switching states of Half Bridge submodule.

State Sl VHB ia:y >0 ia:y <0

1 I v wvelt  wveld
2 0 O Vo & Vo &

~ No change, { Charge, |} Discharge
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submodule, two devices are active during standard operation, leading to increased
power losses and reduced efficiency. However, the FB submodule offers fault tol-
erance advantages [37,60]. In the event of a fault on the DC side, negative voltage
levels within the full-bridge submodule are utilized to limit and control current.
This fault-tolerant feature helps safeguard the overall system and ensures continued

operation, even in the presence of DC-side faults.

3.1.2 Arm inductance project

The arm inductor L,,,,, and the submodule capacitor C' are two fundamental com-
ponents for the operation of the modular multilevel converter. Optimizing the size
of the arm inductance and submodule capacitance is necessary for converter design.
This paragraph describes the procedure for selecting the arm inductance, imple-
mented for the experimental set-up in the laboratory. The arm inductance L.,

performs multiple functions necessary for the proper operation of the MMC:

* Provides power exchange between the converter and the distribution network

to which it is connected.

» Reduces the circulating current but must be sized paying attention to the res-

onance phenomena of the circulating current (second and fourth harmonics).
» Useful to quench the fault current and its effects.

The sizing and choice of inductance should be considered to prevent resonance with
the circulating current flowing in the phase of the MMC. Knowing that the equiv-
alent capacitance C' of the submodules is 500uF’, the value of the inductance was
chosen considering this capacitance. The entire phase of the MMC can be repre-
sented altogether through the following equivalent circuit, that is, as an equivalent
inductance and capacitance [61] as shown in Fig. 3.3.

The resonance angular frequency of this circuit is defined as:
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2C

2Larm N

o_rW\r\_“_o

Figure 3.3: Equivalent circuit of the MMC phase.

1 N
2 Larmc

(3.4)

Wres =

where NN is the number of submodules for each arm of the MMC. When sizing
the arm inductance, an appropriate value should be chosen so that its resonance
pulsation is far from the value of the second-order circulating current resonance

angle frequency [61, 62], and is equal to :

Weir = 2W, 3.5

w, 1s the angular frequency at the fundamental frequency. Therefore, one must
choose an arm inductor such that the relative resonant frequency is higher than 2w,
or lower. However, a good practice is to choose a low w,.s value around w, for
both safety and economic reasons, as choosing a w,.s greater than 2w, could then
make the converter work with resonance values close to that of the fourth or sixth
harmonic of the circulating current. For this set-up, the inductor chosen is 10mH

as shown in Fig. 3.4.
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Figure 3.4: Choice of arm inductance.
3.2 Fundamental operation of the MMC

In this section, the operation of a modular multilevel converter using the popular
half-bridge submodule is presented. The structure of a three-phase modular multi-
level converter is shown in Fig. 3.5(a), considering DC/AC power conversion where
the AC side of the MMC is connected through an RL filter to a grid system. The
model is flexible because, in the case of off-grid connection, the AC system voltage
Vyg 18 equal to zero and R, L denote the corresponding load parameters. As the
name suggests, the Modular Multilevel Converter uses multiple identical submod-
ules in each arm to generate the multilevel stepped waveform at the output. For easy
understanding, only three half-bridge submodules per arm are considered, and their
connection is shown in Fig. 3.5(b). Each submodule capacitor voltage is rated for

v, and its output terminals are connected in series to form an arm voltage.
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Figure 3.5: Modular multilevel configuration: (a) MMC grid-connected, (b) con-
nection diagram of HB submodule within the arm.

3.2.1 Mathematical Model

To explain the working principles of the MMC, the mathematical models of the
MMC-based system need to be introduced first. Applying Kirchhoff’s voltage Law
(KVL) to an arbitrary phase-x shown in Fig. 3.6, the following equations can be

respectively obtained for the voltage paths of the upper arm and lower arm as

Vdc d’qu . dlr .
- — Loy 22— — vy — L2 — .
Vg + 9 arm dt Rarmzxu Vg dt le (3 6)
Vgl = +7 - Larm% - Rarmlml + Vzg + L% + RZI’ (37)

The output and circulating currents can be expressed as a function of the upper-

and lower-arm currents, namely i,,, and i,, (With z = a, b, ).
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Figure 3.6: Per-phase equivalent circuit of MMC.

iy = w = DO 4 44C (3.9)

The circulating current i,., can be separated into two components. The dc part,

;DC

i, » 1s responsible for the active power flow through the converter and is equal to

one-third of the dc-side current in a three-phase MMC during balanced operation.

AC
The ac component,i’’,”,

on the other hand, is due to the interaction of the arm volt-
ages and currents and does not contribute to the active power flow [15] and can be
expressed in terms of its harmonic components, each with amplitude /,.. ,, and phase

angle @, ,,, where n is the nth order harmonic, and w is the angular frequency at

the fundamental frequency (50 Hz) :

i =Y L. sin(nwt + @, ) (3.10)

n=1
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The mathematical models of the output current and circulating current can be

respectively derived as

di, .
(Laym + 2L)£ = (= Rupm — 2R)iy — 200y — Vs + Ut (3.11)
iy _ Vae 1
Larm% == _Rarmzxz + Td - E(Uxu + le) (312)

Each arm voltage v,,, and v,; are equivalent to a controllable voltage source, the

value of which is given by the sum of all SM output voltages of that arm as

N

Vg, = Z S:BquC’:puy (313)
y=1
N

Vgl = Z leyUC’J:ly (314)
y=1

where the generic switching state S, = 0 or 1 if the corresponding SM capacitor
is bypassed or inserted into the arm voltage. Neglecting the difference between dif-
ferent SM capacitor voltages of the same arm (provided that an effective balancing
method is used, this difference is relatively trivial compared to the reference of ca-
pacitor voltage, and thus this assumption can be made safely), 3.13 and 3.14 can be

reformed to

Vg = quszu (315)
Uyl = levC:pl (316)

where N, denotes the number of switched-on SMs for each arm, or the so-called

insertion index, of the corresponding arm as

Ny =Y Say (3.17)

Vozu and vey; are defined as the average SM capacitor voltage of the corre-
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sponding arm as
New
E :yzl Czuy

Vepy = N—w (3.18)
E :g]/V—Ill VCxly

y = ——— 3.19

VOl N (3.19)

3.2.2 Modulation Techniques

The modulation techniques play a crucial role in controlling the Modular Multilevel
Converter. In general, the modulation techniques are designed for different targets
for example to improve the harmonic quality of the output waveforms when unequal
power distribution between cells occur [63]. The modulation schemes are also de-
signed to achieve other control objectives such as minimization of device switch-
ing frequency and reduction of power losses. The pulse width modulation (PWM)
strategy is widely used for two-level power converters. It involves comparing mod-
ulation signals with a single triangular carrier signal to generate gating signals for
two-level converters. This technique extends to multilevel converters, where mul-
tiple triangular carriers are compared with a phase modulation signal to generate
gating signals for each submodule [64]. Multi-carrier modulation is categorized
into phase-shifted (PSC-PWM) and level-shifted (LSC-PWM) carrier modulations
based on carrier arrangement, these modulation schemes are widely applied to con-
trol the multilevel power converter due to their simple implementation and ease of
extension to the higher number of voltage levels [65]. The phase-shifted modulation
strategy requires a triangular carrier signal for every submodule. Therefore, if there
are N submodules per arm, N carrier signals are generated to achieve the desired
modulation. These N triangular carrier signals are arranged with a phase shift ¢.,
as shown in Fig. 3.7. The phase shift ¢. between the carrier angles is determined
by the following equation.

b = — (3.20)
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Figure 3.7: The Phase-Shift PWM strategy.

Additionally, an interleave angle ¢ can be applied to the upper and lower arm

triangular signals, as defined by:

360

= o (3.21)

¢ci

When an interleave angle is introduced between the upper and lower arms, the
modular multilevel converter generates an output voltage with 2N + 1 voltage levels,
instead of N +1 levels when the interleave angle is set to 0.

In the level-shifted modulation, the triangular carrier signals with an identi-
cal peak-to-peak magnitude and frequency are vertically disposed within the lin-
ear modulation region. Depending on the phase relation between adjacent carri-
ers, the LSC-PWM has three variations: phase-disposition (PD), phase-opposition-
disposition (POD), and alternate phase-opposition-disposition (APOD). In PD-PWM
modulation, the triangular carrier signals are vertically arranged in phase with each
other as shown in Fig. 3.8. This modulation strategy is the most popular compared
with other versions of level-shifted modulations because it generates an output volt-
age with a lower THD. The output waveform generated by a PS-PWM strategy

using interleave angle and PD-PWM modulation are shown in Figures 3.9 and 3.10.
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Figure 3.8: The Level-Shift PWM strategy.
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Figure 3.9: The output voltage waveform generated by a Modular Multilevel Con-
verter using the Phase-Shift modulation technique.
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Figure 3.10: The output voltage waveform generated by a Modular Multilevel Con-
verter using the Level-Shift modulation technique
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However, in high-power applications, the MMC typically consists of hundreds
of SMs per arm, making it complex to implement one carrier for each SM. Ad-
ditionally, carrier-based PWM schemes usually have a high switching frequency,
resulting in elevated switching losses [66, 67]. Therefore, for HVDC transmission
applications, when the number of SMs in the MMC is high, it is preferred to in-
directly determine the gate signals through algorithms such as the Nearest Level
Control (NLC). This modulation technique operates at a switching frequency equal
to the fundamental frequency, resulting in higher distortion in the AC output volt-
age, especially when used for medium and low-voltage applications, due to its ap-
proximate nature derived from rounding functions. The Selective harmonic elimi-
nation (SHE) modulation offers high-quality output waveforms and precise control
over output voltage harmonics while keeping device switching frequency at a mini-
mum compared to multi-carrier modulation methods. However, implementing SHE
involves offline calculations of switching angles and solving nonlinear equations,
which becomes challenging with a large number of voltage levels in modular mul-
tilevel converters. Another existing modulation technique for Modular Multilevel
Converters is space vector modulation (SVM), as reported in [68]. However, these
methods become increasingly complex as the number of voltage levels in the MMC
increases. All these techniques can be divided into categories based on several cri-

teria, including switching frequency, implementation complexity, and applicability.

Table 3.2: Comperison of modulation strategies for MMC

Modulation Switching Frequency Complexity | Applications
Multi-Carrier Modulation fsw > 1000 Hz Low LV-MV
Space Vector Modulation | 100 Hz < f5,, < 1000 Hz Medium LV-MV
(SVM)

Near-Level Modulation 100 Hz < f4, < 1000 Hz Low HVDC
Selective Harmonic Elimina- fundamental High HVDC
tion (SHE)
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3.2.3 Technical Challenges

The technical challenges associated with the operation and management of Mod-
ular Multilevel Converters are various and constitute an important research field
for many scientists. These challenges include design constraints, sub-module ca-
pacitor voltage regulation, sub-module capacitor voltage ripple, circulating current
management, and fault tolerance issues. [37,60, 69, 70]

The Modular Multilevel Converter consists of several SMs for each arm, so a
technical challenge is to develop a control system to regulate the capacitor voltages
of the submodules. This control is crucial for generating a multilevel waveform
output from the MMC. Another relevant aspect concerns the ripple of voltages in
the submodule capacitors. This ripple results from the interaction between the cur-
rents and voltages within the converter and consists mainly of fundamental and
second-order frequency components. Managing this ripple requires careful design
and considerable capacitor capacitance, which can affect the overall cost of MMC
systems. The size of the sub-module capacitor is determined by a balance between
the size, cost, and voltage ripple of the capacitor, to provide an acceptable level of
ripple at twice the fundamental frequency.

As described in the previous paragraphs, each phase of the MMC consists of
two inductors and as many capacitors as there are submodules; these are the only
passive components used in MMCs. The design of the arm inductance reduces
the switching frequency harmonics in the arm current and limits the circulating
current. Therefore, the sizing of the arm inductance depends on the harmonics of
the arm current. The reduction of the circulating current must be taken into account
when designing an arm inductor. The control of circulating currents is essential to
ensure the functioning of the converter. These currents are generated by the voltage
difference between the arms in each leg of the converter. They do not affect the

AC output voltages and currents, but increase the peak and RMS value of the arm
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current, resulting in power losses and ripples in the capacitor voltage of the sub-
modules.

Another major technical challenge concerns fault tolerance. MMCs are de-
signed with redundant sub-modules to ensure that they can continue to operate in
the event of a fault. Typically, during a fault, a bypass switch is used to disconnect
a faulty sub-module and insert one of the redundant sub-modules into the arm. This
process requires accurate fault detection and the insertion of redundant sub-modules
without generating damaging pulse currents.

In order to protect the system during DC faults, DC circuit breakers are com-
monly used. However, these breakers are not standardized for different voltage
levels. This has opened the way for the development of hybrid MMCs that include
both Half-Bridge and Full-Bridge sub-modules with DC-fault blocking capabili-
ties. These hybrid MMCs can be used effectively in MMC-HVDC systems [71,72].
Consequently, one of the most recent challenges concerns the efficient handling
of short-circuit faults in the DC connection by means of advanced MMC control,
especially in HVDC systems.

The DC-link short-circuit fault is another major issue in the MMC-based HVDC
systems. The DC circuit breaker is commonly employed to protect the system dur-
ing the DC faults. On the other hand, the submodules with DC fault-blocking capa-
bility can be employed in the MMC-HVDC system. During the fault condition, the
submodules are controlled to generate the negative voltage level at the AC output

terminal, which blocks the fault current flowing through the devices.
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Chapter 4

Conventional Control Techniques

The modular multilevel converter presents more complex control than conventional
two-level converters and involves in multiple control objectives. However, due to
its structure with two arms per phase and a single dc port, the MMC operation
presents some technical challenges, such as balancing the voltage of the submod-
ule capacitors and suppressing the circulating currents, two phenomena that are
closely linked [73]. Generally, the control techniques implemented for an MMC
are classified into primary or secondary based on the control objective. The control
techniques associated with the proper operation of the converter are defined as pri-
mary, while those that are dedicated to objectives such as reliability, efficiency, loss
reduction, or size component optimization are defined as secondary. The MMC to
operate properly needs therefore various controls for different objectives: the regu-
lation of phase currents, SM capacitor voltages balancing and circulating currents.
The conventional structure of the implemented control loops for an MMC is defined

in Fig. 4.1, where an independent controller is implemented for each control target.
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Figure 4.1: Block diagram of MMC control system.
4.1 Output Current Control

The phase current control loop is classified as a primary control objective and is
essential to ensure the correct operation of the converter. This control loop pro-
vides the MMC operation during overload conditions by limiting the peak current.
In addition, it improves the efficiency of the converter by accurately tracking the
reference signal during transients and steady-state conditions in order to minimise
the phase and amplitude error of the current. In the literature, the main control
techniques can be divided into two macro groups: linear and non-linear techniques.
Linear techniques are the most widespread and used in many industrial and re-
search fields. These are based on the regulation of the PWM pulses generated by
the modulation strategy and in turn can be divided into techniques based on Integral
Proportional (PI) and Resonant Proportional (PR) controllers. The PI controllers
are implemented using the synchronous coordinates d, g, while the PR controllers
using the rotary coordinates «, 8 [74]. The linear techniques, although easier to
implement, provide lower performance compared with nonlinear techniques, which

are more appropriate for optimizing the performance of nonlinear systems, such
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as converters. These nonlinear techniques improve stability and dynamic response
at different operating points. Nonlinear techniques are based on different control
methods some of which are model predictive control, fuzzy logic, state feedback
control and hysteresis controller. In general, the control techniques that already ex-
ist for two-level converters can be extended for multilevel converters. A controller
for single-level phase of the MMC will be considered in this thesis, and therefore
the synchronous reference frame will not be explored in this thesis. The controller

implemented for phase current control is the PR controller.

4.1.1 Proportional Resonant Controller

Although PI controllers are the most widely used controllers in industry, these con-
trollers are not suitable for controlling sinusoidal quantities especially for control-
ling a single-phase converter. These controllers can control sinusoidal quantities
for a three-phase converter using Park’s transforms in this way the three-phase cur-
rent can be transformed into the d, ¢ synchronous reference frame. In this case, the
currents will appear as two constants in a balanced system, and therefore two PI
controllers are required for the d-and g-component, respectively, to control the cur-
rents. In this thesis, the control of a single-phase MMC is analysed, and the choice
of controller implementation turned to the PR controller so that the MMC could be
controlled in both single-phase and three-phase configurations by passing in «, 3
coordinates.

In the literature, several solutions have been presented for the control of phase
voltage and current through the resonant regulator [75,76], in which the ideal trans-
fer function of the resonant regulator is extended to include both the crossover pul-
sation w, and the phase angle compensation §. Thus, it is possible to define three
different versions of the resonant regulator: Ideal, Real and Phase Compensation

(Trigonometric).
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a. Ideal PR Control

The ideal resonant controller is characterised by only one degree of freedom (1-
DOF), and its tuning is based on the gain control ”k;”. This type of controller
ideally produces infinite gain at the project frequency, in our case for an output
current control this frequency is equal to the fundamental pulsation “w,”. This
controller once implemented has a slow transient and a high sensitivity to noise
even though its implementation is simple. The transfer function of this regulator is
defined in 4.1. In Fig. 4.2 the Bode diagram of the PR ideal transfer function is

show.
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Figure 4.2: Bode diagram of Ideal PR Controller.

59



4.1. OUTPUT CURRENT CONTROL

b. Real PR Control

In order to implement a digital PR controller, an additional parameter is generally
introduced into the transfer function 4.1. This parameter is the crossing frequency
“w.”. The crossover pulsation is that pulsation for which the Bode plot of ampli-
tudes crosses the horizontal axis (0 dB i.e. unit magnitude), providing important
information on both the stability and dynamic performance of the system. The
crossover frequency evaluated on the Bode diagrams of the open-loop system is re-
lated to the bandwidth (frequency at which the harmonic response modulus of the
closed-loop system is 3 dB lower than the stationary value) and thus also represents
a quantitative index of the system’s speed. This parameter is designed to limit the
infinite gain generated by the ideal resonant regulator. In this way the new transfer
function will be characterised by a more attenuated and more selective frequency
response, the controller will require less computing power to process the control
law improving performance compared to the ideal regulator by reducing sensitivity
to noise, but for some applications it may lead to a large tracking error. By adding
this modification in 4.1, it is possible to obtain a true resonant controller shown in

the following equation, in Fig. 4.3 the Bode diagram of the PR real transfer function

is show.

4.2)

S+ W
Gr = 2kz c
e (3) w 5% 4 2w.s + w?

c. Real PR Control with Phase Compensation (Trigonometric)

In recent years, the trigonomeric resonant regulator, also referred to as the phase-
compensated regulator [76,77], has become increasingly popular. This version of
the resonant proportional regulator is born with the objective of providing three
degrees of freedom (3-DOF) allowing the gain k;, the pulsation w, and the angle

to be adjusted separately. This version of PR, expressed in eq. 4.3, is often used for
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Figure 4.3: Bode diagram of Real PR Controller response by varying crossover
frequency w..

grid-connected applications, in the case of power supply distortion or loads that are

particularly sensitive to voltage variations. In Fig. 4.4 the Bode diagram of the PR

Trigonometric transfer function is show.

508 + w, — w,sin o
82 + 2w.s + w?

G (s) = 2k;w,

4.3)

TTrigoniometric

4.1.2 Discrete PR Controller

In this thesis work, the output current control is implemented by means of a pro-
portional resonant controller with phase compensation and by imposing the phase

0 = 0, it is possible to revert it to its real version with two degrees of freedom.
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Figure 4.4: Bode diagram of PR Trigonometric Controller response by varying
phase angle 9.

In order to be able to implement a controller on the microcontroller or FPGA, it
is necessary to develop the transfer function 4.3 from continuous-time to discrete-
time. There are several methods of discretization; in this thesis work, the Tustin
discretization method [78] is used. When designing a discretized controller, it is as-
sumed that the digital controller provides an analogue controller in continuous time
that preserves the characteristics of the frequency response as much as possible,
i.e. by not varying the crossing pulsation w.. The Tustin approximation transforms
the real part of the continuous-time domain into discrete so that the continuous and
discrete stability regions are mapped exactly into each other, but with the disadvan-
tage that the continuous-time domain is compressed into the finite frequency range
from O to 1 in discrete form. Consequently, the non-linear transformation causes

the phase and frequency transformation to no longer correspond to the correspond-
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ing frequency in the continuous domain. Therefore, one can resort to the Tustin
approximation with pre-warping around the desired resonance frequency.
In the following, the procedure for discretising the controller using the Bilinear
Tustin approximation method pre-warping is provided.
2(z—1)

where 71" denotes the sampling period of the implemented control system.
The pre-warping frequency is defined according to the resonant frequency w,,

as follows:

2 wel
Wpw = ftan( 5 > 4.5)

Therefore, the modified Tustin transform with pre-wraping frequency becomes:

. W, 2(2—1): Wo (z—1) 4.6)

wpw T(z+ 1) tan(2L) (2 +1)

Once you have defined the discrete method you want to use, you need to define

the generic discrete-time transfer function as:

]{?1 —+ k’QZﬁl -+ k’32’72

G.(2) =
(2) L4+ y1 27t 4 yoz~2

4.7)

The derivation of the parameters ki, ko, k3, Y1, 3o is essential to obtain the dis-
crete controller and to understand the dynamics of the parameters.

The discretization of 4.3 is performed using the pre-warped Tustin approxima-
tion, as shown in 4.6. To ease of calculation, the parameter k7 = tan(“’—j%T) is defined,

the discrete transfer function of the resonant proportional controller becomes:

2k wc(k’T z+1 ) 08§ + W, — w, sin J)
r\%) = (/{: (z— 1)) + 2w (k (z—1) )+(w2) (4.8)
T (z+1) M (Z5T) o

63



4.1. OUTPUT CURRENT CONTROL

The eq. 4.8 is simplified to performing the calculations first for the numerator

Nwum(z) and then for the denominator Den(z)

A
e ~

Num(z) =2* (2kwckr cos § + 2kw? — 2k;waw, sin &) +

a2
N

z (4kiw? — 4k;w.w, sin 6) + “4.9)
E‘i‘?kiw? — 2k;wew, sin 6 — 2k;w kT cos (55
Den(z) =2 (K} + 2wcky + o2 + ) +
by
( N (4.10)

2 (+2w? — 2k3 + 2w?) +

A
la ™~

(k% — 2wk + wf + wg)

Now that the numerator and denominator expressions have been expressed, it is

possible to calculate the parameters k1, ks, k3, y1, Y2 as

]ﬁ:—

k’gzg

ks = — “4.11)
by

1= —

Y2 = —

The extended expressions of the five prameters of the controller are shown in the
equation 4.12. The values shown in this section return the exact numerical values

used for the non-ideal PR controller.
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(2k;w kr cos 6 + 2k;w? — 2kiwew, sin )

o
! (k2 — 2wk 4 w2 + w2)

(4k;w? — 4k;w.w, sin §)

ko =
2T (k2 — 2wekr + w? + w?)

(2 — i, sind — by cos ) i
3= (kK2 — 2wckr + o2 + w2) '

(+2w? — 22 + 2w?)
k3 — 2wkr + w? 4+ w2)

ylz(

 (KF 4 2wekr 4+ W2 + W)
V2= 02 " 2wk + w2+ w2)
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4.2. VOLTAGE BALANCING STRATEGY

4.2 Voltage Balancing Strategy

The control of voltage balancing submodules of the MMC is of fundamental rele-
vance to the operation of the entire converter. During the operation of the MMC,
the capacitors of the SMs are constantly charged and discharged. This phenomenon
in an MMC is closely linked to the direction of the arm current and the modulation
technique used, which selects the sub-modules to be inserted or bypassed through
the generation of the PWM drive signals to the semiconductor devices. However, in
the absence of any balancing strategy, the capacitor voltage across some submod-
ules accumulates a greater amount of charge than others, generating a progressive
increase in voltage at their terminals. At the same time, other sub-modules will
discharge and there will be a progressive reduction in their voltage. Mainly as a
result of the different conduction times of each sub-module and the direction of the
arm current. During the entire operation of the MMC, this phenomenon generates
a progressive increase in the voltage of some SMs and a reduction in voltage for
others, generating an overall unbalance in the voltages of the SMs. The unbalanced
voltages affect the voltage ripple of the submodule capacitors and the harmonic
distortion of the MMC'’s voltages and currents [79]. Therefore, voltage balance
strategy techniques are implemented to maintain the submodule capacitors voltage
at an identical value within the arm.

The voltage balancing can be realised either in the control phase through the
implementation of a closed-loop controller, or in the modulation phase through the
use of logic functions or sorting algorithm [80, 81]. The chosen balancing strat-
egy involves the selection of a specific number of sub-modules from a total of N
sub-modules within an arm, in order to achieve the desired voltage level. Con-
sequently, this balancing strategy is often referred to as the sub-module selection
method. Thereby, it operates by managing the currents flowing in the various ca-

pacitors of the sub-modules in order to reach the voltage balance, which is achieved
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by adjusting the timing and duration of insertion of each sub-module. However,
these voltage-balancing techniques can have an undesired effect on the switching
frequency [79, 82, 83]. This phenomenon will be discussed in more detail in Chap-
ter 7. Voltage balancing techniques can be divided into two families: sensor-based

and sensorless or few-sensor.

4.2.1 Voltage Balancing Sensor Techniques

The sorting-based algorithms are considered to be among the simplest and most
effective for MMCs, as they balance the voltages between the sub-modules with
good performance, minimising voltage variations between sub-modules. This way,
all the voltages in the arm will be at the same value, resulting in equal to each other
in every sampling period [79]. However, their operating principle based on the
selection of the sub-modules to be inserted generates a large number of unnecessary
switching [84], contributing to an increase in switching losses and transistor stress
[85].

In [86], a modified sorting method is implemented with a reduced switching
frequency, intending to make SM insertions only at the instants when a variation
of the insertion index occurs, i.e. at the instants when the PWM modulation tech-
nique requires submodules to be inserted or deactivated. In this way, the switching
frequency is reduced compared to the conventional sorting technique. However,
implementing the sorting algorithm in the modulator requires a high computational
load, especially when this technique is implemented for MMCs with a high number
of SMs. For this reason, a balancing technique has been proposed in [80, 81] that
performs the sorting of the submodule voltages through logical comparators, which
certainly makes the compilation of the technique on the FPGA faster. These tech-
niques described are applied within the modulator and have the advantage of very

fast dynamics and excellent performance, however, they have the major disadvan-
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tage of changing the switching frequency, as shown in Fig. 4.5. In the figure, the
performance of a conventional technique of balancing the upper arm voltages of the
MMC implemented on the laboratory experimental setup is shown. In particular,
the figure shows how the experimental upper arm voltages of the MMC, initially
unbalanced are balanced once the technique proposed in [65] is applied. In [64]
a voltage balancing technique is implemented outside the modulator through the
use of a decentralized PI controller loop for each SM to control the discharge and
charge dynamics of the capacitors separately. To achieve an equal power distribu-
tion for each SM, one of the possible disadvantages is that the number of sensors
required for this technique is huge which makes it feasible for low power set-ups

with a relatively low number of SMs.
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Figure 4.5: The figure shows the capacitor voltage of SMs with and without the
voltage balancing strategy activation.

4.2.2 Sensorless or Few-Sensor Techniques

A major disadvantage of conventional voltage balancing techniques is the high num-
ber of sensors required to measure the sub-module voltages. This contributes to an
increase in cost and complexity of the control system. Therefore, in order to over-
come this problem, strategies for estimating the voltages of the SMs have been

developed that allow the voltage balancing to be realised by drastically reducing
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the number of sensors implemented. Sensorless techniques for voltage balancing
are less popular than sensor-based techniques and are usually based on estimating
capacitor voltages using information from electrical quantities that are easily ac-
cessible or already available to other control systems such as phase voltages and
currents. A number of these techniques are associated with a conventional balanc-
ing technique, typically sorting [86], once the capacitor voltage estimation method
has been applied.

The calculation of the energy stored in the two arms of the phase of the MMC
is used in [87] to obtain the estimated instantaneous capacitor voltages of the SMs
with a reduced number of sensors. The authors use only two sensors per phase,
one to measure the phase current and the other to measure the voltage of the entire
arm. Recently, the extended Kalman filter design is proposed in [88] to predict the
voltages of the SMs. The extended kalman filter is a suitable state observer for the
estimation of non-linear systems due to its characteristic of linearising the differntial
queues [89]. The technique is based on the design of a discrete average model in
which process and measurement noises are taken into account; the estimation is
carried out by measuring the voltages and currents of the MMC arms. This method
is particularly effective for estimating voltages and has the advantage that it can
be used with any type of modulation strategy. However, it is very sensitive to the

accuracy of the initial estimation and involves a considerable computational load.

4.3 Circulating Current Control

The circulating current originates from the instantaneous voltage difference be-
tween the arms of each leg of the MMC. This current mainly contains negative
sequence components of even harmonic order, as seen in 2. Although the circu-
lating current is part of the internal dynamics of the converter and has no effect

on the output voltages and currents, it causes increased capacitor voltage ripple
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in the submodules and additional power losses in both power devices and arm in-
ductances [49]. The circulating current control is defined as a secondary control
designed to mitigate the AC part of the circulating current, i2¢, to reduce losses
and/or reduce voltage ripple in capacitors.

In recent years, several works have been carried out on the elimination of cir-

culating currents in the MMC, which can be broadly categorized into direct and

indirect methods according to the selected approach. As shown in Fig. 4.6.

Circulating Current Control Methods

3 o 1

Direct Methods Indirect Methods Injection-Based Methods
Arm Energy :

—¢ Pl-Control N Offline Approach
Estimation
Non-Linear Minimize Voltage

¢ = -

PR-Control Control Methods _+ Ripple
—+ Repetitive Control —+ Analytical Approach

Figure 4.6: Classification of circulating current control techniques for an MMC

4.3.1 Direct Methods

Direct methods aim at reducing the circulating current through a dedicated feedback
loop developed either in the a3 stationary reference frame employing proportional-
resonant (PR) regulators [90] or in the synchronous reference frame with proportional-
integral (PI) controllers [86]. Several papers implement non-ideal proportional res-
onant controllers to reduce the circulating current that performs well for both unbal-
anced grid applications [91] and Modular Multilevel Converters under sub-module

fault conditions [92]. A repetitive control (RC) algorithm has also been proposed
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in [93] to suppress the circulating current and its harmonic components. Although
these control techniques have been proven to be very effective in reducing the cir-
culating currents, they present the major drawback of only ensuring good tracking
and disturbance rejection capabilities at the design frequency [94]. A dedicated
controller is required for each harmonic component of the circulating current being
compensated and an additional control loop must be included for capacitor voltage
balancing purposes. Furthermore, the use of coordinate transformations increases
control complexity, especially in the case of unbalanced operation [95]. Indeed,
such rotating references are difficult to obtain for single-phase systems and require
modifications for the unbalanced conditions of three-phase systems. In Fig. 4.7 is
reported the block diagram of the non-ideal PR controller proposed in [91,92].
The performance of the non-ideal PR control of circulating current for the MMC
is shown in Fig.4.8; the circulating current is reduced when the PR control is ac-
tive, however, a second harmonic component is still present and generates a power
imbalance between the arms of the MMC as noted of the shape from the arm cur-
rents. All the PR circulating current controller parameters are summarized in the

following table 4.1:

2k, wcS
- S2+2w S+w3

Non-ideal PR controller

Figure 4.7: The block diagrams of the convetional non-ideal PR controller.
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Figure 4.8: Performance of direct control for reducing circulating current through
a PR controller, where V,,; is the output voltage, 7., is the output current, .y, %o,
are the upper and lower arm currents and i.;,.is the circulating current.

Table 4.1: Parameters of the PR Circulating Current Control

Symbol Description Value

k; Resonant controller gain 250

k, Proportional controller gain 8

We Resonant controller width 0.001

Wo Resonant controller frequency 628

fs Sampling frequency 100 kHz

4.3.2 Indirect Methods

Indirect techniques, on the other hand, act on the energy of the two converter arms
as the main control channel to ensure the balancing of capacitor voltages, while
the circulating current is reduced accordingly as a secondary effect [87]. Among
the indirect control methods, non-linear techniques like model predictive control
can also be classified, where through accurate dynamic modeling of the converter,
different control targets can be pursued at the same time [96]. However, indirect
methods are not as effective as direct techniques in reducing the circulating current

[97]. These methods rely heavily on model accuracy and are sensitive to system
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disturbances and parametric variations. Additionally, the presence of many control
targets in an MMC makes it difficult to develop efficient predictive algorithms since
cost function normalization and weighting coefficients may be complex to define

and tune.

4.3.3 Injection-Based Methods

Circulating current control techniques based on signal injection have been recently
proposed and investigated in the literature. This family of techniques makes use
of a purposefully built circulating current waveform to reduce either the circulating
current itself or the capacitor voltage ripple of the submodules [98—-102]. Authors
in [98] proposed an offline algorithm to calculate two different optimized circulating
current signals; one composed of second harmonic component only and the other
also including the fourth one. The optimal circulating currents are injected into
the phase- leg current control reference voltages to target specific harmonic com-
ponents of the submodule capacitor voltage ripple. However, an extensive look-up
table including the amplitude and phase of the current as a function of the modu-
lation index is required to generate the injection signal calculated with an offline
genetic algorithm optimization. The algorithm considers all possible operating con-
ditions of the converter and requires long time to complete the minimization A
second drawback is that solutions found for high modulation index values tend to
bring the submodules to work in the overmodulation region. While the achieved
capacitor voltage ripple minimization can be beneficial, overmodulation introduces
new considerations for both implementation and stability.

In [99], the minimization of the submodule capacitor voltage ripple is also cho-
sen as the primary objective for the control of the second-harmonic component of
the circulating current. However, the circulating current is not suppressed and the

increased thermal stress that the injection of the optimized circulating current can
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cause in the converter is not evaluated. Another closed-loop control technique based
on the injection of second order circulating current is presented in [100] that is based
on the real-time information of the MMC to generate circulating current injection
references to pursue different targets. The authors introduce a mathematical model
to understand the impact of the injection on capacitor voltage ripple and effective
arm current, aiding in determining the injection ratio. The optimal circulating cur-
rent reference is calculated with analytical equations based on the measure of the
three phase currents, the phase angle of the output voltage, and the instantaneous
values of the modulating signals. In this way, the authors avoid using extensive
look-up tables and the circulating current closed-loop control is implemented using
a PR controller. A detailed investigation on the effects of the injection of second-
order harmonic component of the circulating current in the modulating signals has
been carried out in [101]. The authors provide guidelines on how the control of
the circulating current can influence the performance of the MMC, deriving analyt-
ical expressions that are useful for identifying the optimal amplitude of the injected
signal for different control targets. To reduce the second-order harmonic compo-
nent of the circulating current, in [102] a feed-forward technique is implemented
to inject second harmonic voltage into the reference signals using the instantaneous
measurement of output and dc currents. The method is based on an analytical model
relying on the harmonic functions initially proposed in [62]. However, the proposed
analytical approach has not been implemented neither in simulation nor experimen-
tally. The authors only simulate an approximate analytical model considering only

the second harmonic, assuming that the circulating current is composed solely of it.
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Chapter 5

Sigle-Cell-Based Injection Method

In this thesis, a circulating current control is proposed using an injection method
applied to a single cell per arm of the MMC. Indeed, the proposed method, called
”Single-Cell-Based-Injection-Methods (SCBI)”, employs only one submodule per
arm as an active compensator for reducing the harmonic components of the circu-
lating current. The objective of the proposed technique is to achieve precise mit-
igation of the circulating current and reduction of the submodule voltage ripple
with a simple but effective feedforward control action. Compared to other methods
proposed in the literature [98—102], the novel contribution of this injection tech-
nique is the leveraging the direct measurement of the circulating current to inject all
low-frequency harmonics of the circulating current, being only limited by the band-
width of the current sensors, avoiding inaccuracies due to the estimation process,
frequency fluctuations, and with minimal impact on the operation of the converter
in terms of power losses. The injection technique proposed in this thesis is a simple
approach that works in real-time, avoiding the use of lookup tables and coordinate
transformations. This chapter is dedicated to a detailed description of the proposed
Single-Cell-Based Injection method. It will begin with a description of the block
diagram of the control scheme and the fundamental equations for generating the

injection signal. Then, to determine guidelines for the tuning of the injection signal,
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the analytical treatment of the circular interactions that govern the operation of the
MMC is described, in such a way that the internal dynamics of the converter can
be represented and the analytical expression of the circulating current as a function
of the injected signal can be identified through the proposed method. The results
of simulations and experimental tests will be shown in Chapter 6 and demonstrate
that the proposed injection approach can significantly reduce both the circulating

current and the voltage ripple of the sub-module capacitor.

5.1 Proposed Injection Method

The proposed injection technique aims at suppressing the ac component of the cir-

AC

xz

culating current, 7., calculated in 3.10. To this purpose, an ac signal directly pro-
portional to the ac component of the circulating current is injected into the reference
voltage of a single submodule per arm that acts as a compensator for the total cir-
culating current. All the other submodules in the arm continue to operate normally,
generating the voltage levels required for the converter operation. The main idea
is to implement a simple and computationally inexpensive method for suppressing
the circulating current, considering all low-frequency harmonics of the circulating
current in the injected signal. The SCBI method not only mitigates the circulat-
ing current but also reduces the voltage ripple across all submodule capacitors of
the MMC and the RMS of the arm currents. As a result, it leads to improved per-
formance compared to the conventional PR circulating current control. Moreover,
the SCBI approach minimizes losses and improves overall converter performance
without oversizing the compensating submodule or derating of the converter’s op-
eration. The block diagram of the proposed SCBI technique is depicted in Fig. 5.1.
The injection signal is implemented in the form of a feedforward control action

and is added to the modulating signal of one submodule per arm, which in turn is

calculated by the output current control loop. The circulating current signal is de-
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rived from the measured instantaneous values of the arm currents using 3.9. The
dc component of the circulating current is related to the active power flow through

the converter; therefore i2°,

can be estimated as one-third of the dc-bus current 7.,
which in turn is calculated through the instantaneous power balance between the ac
and dc side of the converter, assuming that the converter losses are small and can be

neglected [103].

- zvdp - Zvd (5.1)

lde
where V. is the DC-Link voltage, p,. is the instantaneous power,i,; is the output
current of the generic phase = and v}, is the reference of phase x. A voltage signal
proportional to i is then added to the modulating signal of the compensation
submodule, which drives its power devices to generate a voltage that can reduce the
ac component of the circulating current. A proportional gain K is introduced to
adjust the amplitude of the injected signal.
The proposed solution avoids the need for a dedicated controller for each fre-
quency component of 7., to be canceled, as in conventional PR approaches, there-
fore reducing system complexity and improving suppression accuracy. Further-

more, the number of compensated harmonic components is only limited by the

bandwidth of the current sensors and the sampling time of the digital control system.

5.1.1 Definition of gain K

The definition of the proportional gain K is derived from the analysis of the mathe-
matical model of the circulating current derived by applying the KVL on the MMC
phase leg shown in Fig. 3.6, neglecting the voltage drop across the armature resis-
tance Ry,

diy., 1

dt - T(‘fdc — Ugy — Ua:l) (52)
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Figure 5.1: Simplified block diagram of the proposed circulating current suppres-
sion injection scheme.

In eq. 5.2, v, and v,; are the upper- and lower-arm voltages, respectively. By

substituting ¢, in eq. 3.9, it is possible to rewrite the eq. 5.2 as

diDC diAC
= = ) - ‘/dc - (U:I:u + le) (53)

2Larm T
( dt dt

iPC is constant in the steady state and its derivative is zero, therefore eq.5.3 can

xrz

be simplified as follows:

d,l'AC

2Larmﬁ == ‘/dc - ('Uxu + le) = Vg2 (54)

where v,, represents the voltage that is responsible of the ac part of the cir-
culating current and consists of several harmonic components [62]. Each of these
harmonics can be expressed as the product of the respective current harmonic of
order n by the arm reactance at the corresponding frequency. The injected voltage
vy, can thus be expressed as
inf

n=1

Based on eq 5.5, it is possible to define the gain K as related to the overall
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harmonic impedance of the arm. However, this equation cannot be solved for K
explicitly. To select the gain K, therefore, some assumption must be made. For
example, if the second-order harmonic component of i/ is assumed to be dominant
and that the other harmonics are negligible, the value of K can be calculated as the

module of the arm impedance at 2w.

K =+/(2w-2Lgm)? + R2 (5.6)

arm

the value of K can be selected using an analytical model of the steady state of the
MMC so that the circular interactions governing the operation of the MMC can be
expressed. Using this approach, it is possible to determine the analytical expression
of the circulating current and to determine the gain K of the injection signal to
be used to obtain a given reduction of the circulating current itself, evaluating the
effects of the proposed SCBI on the overall performance of the converter. In the
next section, the analytical model used to determine the gain K to be applied to the

injection signal will be analysed.

5.2 Steady State Analysis

The analytical models describing the steady state of the electrical quantities of mul-
tilevel converters are useful tools for understanding the internal and external dy-
namics of this converter. There are several mathematical models in the literature
analysing the performance and dynamics of the MMC [61, 62,73, 87,98, 99, 101,
104-108]. Some of these models are designed to guide the choice of components
needed for the converter design [61, 104]. Others focus on control to ensure proper
operation of MMC [87, 105], while some are geared towards optimising the injec-
tion signals within the converter, generally third harmonic signals [106, 107] and

second harmonic signals [99-101]. A general model of the MMC has recently been
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proposed for the comprehensive study of steady-state performance optimisation for
various optimisation objectives [108]. This analytical model is based on an equi-
librium equation between the internal quantities and the external quantities of the
MMC. To understand the nature of the internal quantities governing the operation of
the converter, analytical procedures were proposed to describe its dynamics [62,73].
The choice of inductors and submodule capacitances of the MMC is one of the rele-
vant aspects addressed in the analytical analyses. For example, an analytical analy-
sis of the stationary converter model is proposed in [61] to study and design the arm
inductor to avoid resonance phenomena in the MMC. Other studies, such as [104],
analyse the energy storage requirements, providing guidelines to determine the size
and capacitance of the capacitors of the sub-modules of the MMC.

Third-harmonic signal injection is a commonly used approach to solve the over-
modulation problem and make better use of the DC-Link DC voltage [109]. In
[106], third-order harmonic voltage injection is used to change the peak value of
the capacitor reference voltage towards higher voltage values in order to increase
the operating region of the capacitors. The authors then determine the amplitude
and phase of the third harmonic signal to be injected for different operating condi-
tions.

In addition, many studies try to optimise the reduction of voltage fluctuations in
the capacitors of the MMC submodules to design smaller capacitances and reduce
the size and cost of the converter [99, 107].

The analytical expressions of the electrical quantities within the converter are
presented in [62], the authors provide a steady-state model of the MMC to un-
derstand and approximate how the interactions between the harmonic components
flowing in the arm and the phase quantities interact with each other, to determine
the detailed analytical expression of the arm current.

In order to understand the circular interactions during the operation of the MMC,

an analytical model is developed, as proposed in [73]. This model aims to deter-
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mine the expression of the circulating current within the MMC, starting from the
circular interactions at the level of the individual submodule and analysing the volt-
age fluctuations in the entire MMC phase. Furthermore, in [101], an analytical
treatment is conducted to understand how the control of the circulating current af-
fects the performance of the MMC. This is achieved through a steady-state analysis
method, which takes into account the control of the circulating current, providing a
theoretical basis for the accurate design of the parameters of the MMC.

In this thesis, an analytical model is developed to analyse the performance of the
circulating current control based on the signal injection developed in a single cell of
the MMC. The procedure followed in the model is similar to that proposed in [73],
but differs in developing a different analytical treatment for submodules that are
affected by signal injection and those that are not. This approach makes it possible
to determine the phase voltage ripple and to obtain the expression of the circulating
current concerning the variation of the signal injected into the submodule, so that
the injection signal, proportional to the circulating current, can be determined and
implemented in the control to reduce the circulating current itself. The proposed
analytical model has been generalised to analyse the effects of signal injection, both
when it is applied to all submodules and when it is implemented on only one. This
generalization makes it possible to examine and understand the differences between

the two approaches and to validate the proposed SCBI method in detail.

5.2.1 Circular Interactions

This section describes the analytical procedure that is performed in this thesis work
to determine the circular interactions of the electrical quantities of the MMC. Through
the circular interactions, an equation can be established to determine the circulating
current flowing in the phase of the MMC, whose second-order harmonic compo-

nent has a significant amplitude compared to the others. Through the determination
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of the current ripple, the voltage ripple of the individual submodule, and the sub-
sequent determination of the voltage ripple of the MMC phase, the mathematical
relationship for calculating the circulating current can be determined. Indeed, the
circulating current is induced by the voltage difference stored in the SM capacitors,
in particular, the phase voltage ripple generates the second harmonic of circulating
current. The proposed analytical method aims to determine a mathematical rela-
tionship that expresses the variation of the circulating current as the signal injected
into the individual sub-module varies in order to determine the signal to be injected
into the reference of one individual cell to reduce the circulating current. Fig. 5.2
describes the circular interactions for a submodule and the phase leg of the MMC.
In particular, this figure describes the steps used in the proposed analytical treat-
ment to describe the interaction of the voltage and current quantities of the MMC,

assuming that the generic arm current 7,, and the switching function S; are known.

Step 1 Capacitor Current The arm current multiplied by the switching function

generates the current flowing in the SM capacitor i.g ;.

Step 2 Ripple Capacitor Voltage The capacitor current generates a corresponding
voltage ripple on the submodule capacitor Av.g); and the capacitor voltage

vesp can be obtained by adding the dc component to the voltage ripple.

Step 3 Ripple Voltage of the Submodule Terminal the ripple of the capacitor volt-
age is reflected at the submodule terminal through the switching actions gen-

erating the submodule output voltage ripple Av,gas.

Step 4 Ripple Voltage of the Phase The sum of the ripple voltages of all submod-

ules within a phase generates a ripple voltage on this phase Awv,

Step S Circulating Current The ripple voltage across this phase generates the cir-

culating current, which in turn influences the arm current.
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Submodule Phase leg

1/>
gate signal

T s

lCSM

Figure 5.2: Interaction among the voltage and current quantities of a submodule
divided into five steps: capacitor current, ripple capacitor voltage, ripple voltage of
the submodule terminal, ripple voltage of the phase, and circulating current.

In order to better express the methodology on which the analysis is based, the
analytical treatment will be described for the submodule in which the injection sig-
nal is applied and for the submodule operating in the absence of the injection signal.
The analysis should be started with the arm current. Using phase A as an example,

the arm currents are assumed to be expressed as

[ [:zz .
gy = 1% + 5 sin(wt +¢) + 72 sin(2wt 4 @, ) (5.7)
. de I . [3322 .
i =15 — B sin(wt + ¢) + T sin(2wt + @, 2) (5.8)

where [ is the peak-to-peak value of the output current and ¢ is the relative phase
angle. 1% is the dc part of the circulating current of the corresponding phase. The
values I, » and @, 5 are the peak-to-peak value of the second harmonic component
of the ac part and the phase angle of the circulating current respectively.

In this model, /. and ®,, 2 are unknown and can be determined through the

circuit relations derived from this analytical model. The analysis differentiates be-
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tween the submodule with injection and the submodule without injection through
the expression of the switching function. It is important to point out that because
each arm of the MMC consists of a large number of submodules, it is common prac-
tice to evaluate the average voltage and current quantities of all the submodules in
one arm. In this analytical treatment, m denotes the modulation index, and S,,,; are
the switching functions related to the N-1 submodules that which the injection sig-
nal is not applied. S;,,; and S;;; represent the switching functions of the submodule
where the injection signal is applied for the upper and lower arms, respectively.

The average switching function for the arms is thus defined as

1 1
Spu = 3 5™M sin(wt) (5.9)
1 1
Sy = = + ~—msin(wt) (5.10)
2 2
1 1 . 1.
iy =5 = 5M sin(wt) + §K sin(2wt + 3) (5.11)
Injecti;zSignal
1 1 1 .
Sul, = 5 + g™m sin(wt) + §K sin(2wt + f3) (5.12)
Injecti%Signal

In this way it is possible to distinguish the two phenomena and the contributions
of the submodules in terms of voltage ripple both when affected by injection and
when operating without injection, considering N-1 submodules without injection
and only one submodule when the injection is applied.

The average current flowing through the capacitor can be calculated by multi-
plying the switching function by the arm current flowing through the considered

phase. For both cases, the following expressions can be defined:
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logl = leia:l (514)
Z.Cqu = SIUJZCC’U, (515)
iCle = lejixl (516)

The expressions of the average capacitor currents of the upper and lower arm
submodules for both cases are expressed in Appendix A through the equations A.1,
A.2, A3 and A 4, respectively. The continuous components dc in the current ripple
expressions in the capacitor are zero during the steady state. These components
represent the balance between the AC-side active power and the DC-link active
power [73].

Furthermore, it is important to note that the components at the fundamental
frequency, the second-order and third-order harmonics in the capacitor current are
all dependent on the components of the circulating current, such as I, » and @, .
Therefore, taking into account the impact of the circulating current at the beginning
of the analysis is crucial to obtaining more accurate analytical expressions. In other
words, the expressions for the voltage and current quantities are not explicit until
I,.2 and @, 5 are solved.

Therefore, considering the effect of the circulating current from the very be-
ginning of the analysis is crucial to obtain more precise analytical expressions of
capacitor voltage, capacitor currents, arm currents, and voltages.

After determining the relations of the current ripple in the submodules, it is pos-
sible to integrate the relations 5.13,5.14,5.15, 5.16 and divide by the capacitance of
the submodules C' to obtain the voltage ripple of the capacitors of the submodules.

The voltage ripples of the capacitors are expressed by the following relations:

1
Ave,, = 5 / icoudt (5.17)
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1

Ave, = = / icqdt (5.18)
1

Ave,,, = 5 / i, dt (5.19)
1

A’UCI” = 5 /icledt (520)

The complete expressions of the voltage ripple of the capacitors of the submod-
ules for both cases are expressed in Appendix A through the equations A.5,A.6,A.7
and A.8, respectively.

It should be noted that, at a steady state, the sum of the continuous components
appearing in the expressions of the capacitor current ripple must be zero, otherwise
the capacitor voltage would increase or decrease infinitely. The expression below is

derived from the equations A.1, A.2, A.3 and A 4,

I’¢  KI,.,
2

cos(fB + Pyz2) — %[ cos(¢) =0 (5.21)

The voltage ripple on the DC side of the submodule is reflected on the AC side
through the switching of the transistors, resulting in a voltage ripple that can be

expressed as follows:

Av, = SpuAv,,, (5.22)
Av, , = SuAv., (5.23)
Av,,, ;= Spu, Avc,,, (5.24)
Av, ,, = Su,Av,,, (5.25)

The complete expressions of the voltage ripple Av,,_,, are expressed below for

both cases in Appendix A in A.9,A.10,A.11 and A.12, respectively.
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5.2.2 Total Ripple Voltage Across the Phase

Considering the application of Kirchhoff’s law to the internal circuit of the MMC,

from which the continuous-time model of the circulating current has been derived,

as indicated in Equation 3.12, provided below for convenience, and neglecting the

voltage drop across the armature resistance R,,,, it can be expressed as follows:
diy, 1 1

dt = T(Vdc — Ugy — U{El) = T(Vdc - Umph) (526)

where v,,, represents the voltage of phase x of the MMC, which corresponds
to the sum of the voltages across all submodules in the upper and lower armature.

Therefore, for each arm, considering the first submodule with injection and the
remaining N-1 submodules without injection, the phase voltage can be calculated

as follows:

‘;3; + AUncwu)‘Snxu

v N
dc
Uzph = (W + Avcaqu>Squ + Z(

n=2

(5.27)
Vae

N

N
Vie
+ AvczlJ)leJ + Z(Wd + Avncxl)snxl

n=2

+

The eq. 5.27 can be generalised by considering for each arm, A submodules
with injection and N — h submodules without injection, the phase voltage can be

calculated as follows:

"V Al
dc dc
Ve = D [ o+ At )] + 3 [
n=1 n=h+1
h V. N v
+ Z{( ];ifc + AvncmlJ)Snle] + Z [( jil]c + Avncxl)snrl]

n=1 n=h+1

+ AUnc:]cu) Snxu]
(5.28)
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from which we can derive the following relationship:

1. Vi .

2 (5.29)
+ (N — h)(Av,,, + Av,,,) = Vie + Avgypy,

where v,,, Av,,, are the voltage and the ripple across the generic phase z,
V. 1s the DC-Link voltage, N is the number of submodules, K is the gain of the
injection signal, Av,,_, , Av,_,, are the voltage ripple of submodule terminals affect
by the injection signal for upper and lower arms. Av,,, Av, , are the voltage ripple

of the submodule for both arms in the case no injection is applied.

5.2.3 Circulating Current Expression

The phase voltage v,,, expressed in 5.29 has both second- and fourth-order har-
monic components that generate the current circulating in the converter phase at the
corresponding frequency [62, 73]. For this analytical model, only the second har-
monic of the MMC phase voltage ripple is considered by summing all second-order
components that appear in the phase voltage expression.

Therefore, the second harmonic of the phase voltage ripple is expressed as:

1
Avgpp, = —W[MNIIZ,Q cos(2wt + @, 5) + 24h K TP cos(2wt + )

+ 24NmM2 129 sin(2wt) — 18 Nm sin(2wt + ¢) + 3h M1, 5 cos(2wt + O, )
+ 16Nm21m72 cos(2wt + @, 2) — 6hmK I cos(2wt + § — ¢)

VpC
— 2hmK I cos(2wt + B + ¢) — 96hK%wC sin(2wt + )]

(5.30)

Substituting the equation 5.30 into the equation 5.26, one obtains the follow-

ing equation which allows one to calculate the amplitude and phase of the second
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harmonic of the circulating current as parameters K and [ vary.

1
I osin(2wt + @, 0) = 57 /Avxthdt =

= s 2V sz sin(2ut + @y p) + 240K 127 sin(2wt + )
w arm

— 24Nm* 1P cos(2wt) 4+ 18NmI cos(2wt + ¢) + 3hKy1,. 5 sin(2wt + @, 5)
+ 16 Nm?>I,, 5 sin(2wt + @, 5) — 6hmK I sin(2wt + 3 — )

VpC
— 2hm KT sin(2wt + 5 + ¢) + 96hK%wC sin(2wt + )]

(5.31)

The previous equation is solved using the auxiliary angle method, as shown

below:

(3hK? + 16Nm? + 24N)
(384w2LsC)

Asin(2wt) + B cos(2wt) = V A2 + B?sin(2wt + 0)

Ia:z,Z[]- -

| sin(2wt + @, 5) =
(5.32)

A = m[QZLhKIZDZC COS(B) — 18Nm] Sln(gb) — 2th] COS(ﬁ + gb)

_ GhMKmfcos(ﬁ — gb) — 96hK%wC sm(ﬁ)]

1
" 384w? Ly C

— 2hmIsin(B + ¢) — 6hKmlI sin(f — ¢) + 96hK%wC cos(B)]

[—24Nm?IP¢ + 24h K IPC sin(B) + 18NmI cos(¢)

(5.33)

Note that, the peak-to-peak value of the output current / and its relative phase
angle ¢ and the dc part of the circulating current of the corresponding phase 79 are

known or can be calculated from the operating conditions of the MMC. Parameters
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such as m, V.,C and L., are the converter’s data. The variables belonging to the
injection signal such as amplitude K and phase 3 can be considered known as they
are derived from the proposed control. Therefore, the only unknown variables are
the amplitude of the circulating current /.., and its phase ®,, can be calculated as

follows:

VET B

Loop = 1_ (3hK2+16Nm2+24N) (5.34)
384w? LgrmC
®,.0 =0 =arctan(Z)ifA >0
(5.35)

G,.0o=0=71+ arctan(%)ifA <0

The present analytical approach can be extended to the generic three-phase case
by also considering the other two phases b and c, introducing the angle 6, into the
equations of the switching functions 5.11 5.12 and in the expression of arm currents
5.7 and 5.8, so that the second harmonics of the circulating current in the three
phases and the injected second harmonics constitute terns of inverse sequence.

1

1 1
Syjul = 5 F gm sin(wt + 0z) + §K sin(2wt + 20x + [3) (5.36)

ipuy = 1% + 5 Sin(wt + 60z + ¢) + 72 sin(2wt 4 20z + @, 5) (5.37)

where 0, € 0, _72”, %“”.

The analytical explicit expressions for the different voltage and current quanti-
ties can be obtained after substituting the resolved variables of /.., and ¢, into the
equations in Appendix A. On the basis of these analytical expressions, it is possible

to theoretically analyse the effect of the voltage signal proportional to the circulating

current on the performance of the MMC.
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5.3 SCBI Techniques Effects on MMC Performance

Once the expressions by which the amplitude and phase of the second harmonic
of the circulating current can be calculated are determined, in this paragraph, the
effects that the proposed injection technique has on the performance of the MMC
are shown. The proposed steady-state analytical model and analytical equations
were implemented on MATLAB/Simulink. The used parameters of the MMC are

summarized in the following table 5.1:

Table 5.1: Modular Multilevel Converter Parameters.

Parameter Value
Number of SM N 3
DC-Link Voltage Ve 600 V/
Arm Inductance L, 10 mH
SM Capacitor C' 500 pF
Load Resistance R 50 Q
Load Inductance L 6.5mH
Output Current / 4.796 A
Modulation index m 0.8

Fundamental frequency f 50 Hz

In the following paragraphs, graphs are presented on the amplitude of the second
harmonic of the circulating current and the voltage ripple of the capacitors of the
submodules, as the J and K parameters vary. The corresponding 2-D curves for
different values of /K are shown in the following paragraphs. The characteristics
of these indices when varying the injected second harmonic reference voltages are

analysed in detail as follows.

5.3.1 Second-Harmonic Circulating Current Amplitude

As shown in Fig. 5.3, for a certain value of K, the variation of /3 significantly affects
the amplitude of the circulating current. In particular, a reduction in the second har-

monic of the circulating current is evident as the phase (3 increases, until it reaches

91



5.3. SCBI TECHNIQUES EFFECTS ON MMC PERFORMANCE

a minimum when $ = 180. For angles greater than 180 the current increases pro-
gressively. At f = 180, the second harmonic of the circulating current decreases
as the value of K increases from 0 — 0.06. Indeed, at 5 = 180 and K = 0.06, we
obtain the largest reduction in circulating current of 0.24A in our case. However,
by further increasing the amplitude of the injected signal K > 0.06 we obtain an
increase in the circulating current until we reach, at K = 0.108, a current with the
same amplitude but opposite phase to that obtained initially without injecting any
signal K = O, thus reaching the Reverse Circulating Current condition.

The reverse condition is harmful to the converter as it generates an increase in
losses and distortion on the capacitor strains, making the converter control unstable.

Single-Cell-Based-Injection - IXz

2
8 .

.......... K=0 —e—K=003 —=—K=0.108
.1 —e—K =001 ——K =004

—6—K =002 —=—K =0.06

0 30 60 90 120 150 180 210 240 270 300 330 360
B

Figure 5.3: Amplitude of the second harmonic of the circulating current /,,, 5 as /X
and [ change when the single cell based method is applied.

In Fig. 5.4, a comparison is shown between the technique implemented in this
thesis work, based on the injection of a voltage signal proportional to the circulat-
ing current in only one submodule per arm, and the same technique implementing

instead the injection for all submodules. What emerges is that compensation of the
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Second Harmonic Circulating Current Amplitude | <
45 T T T
—©— Single-Cell-Based Injection
—©— All Submodules Injection

2

0 0.01 0.02 0.03 0.04 0.05 0.06
K

Figure 5.4: Variation of the amplitude of the second harmonic of the circulating
current varying by K with the phase of the injected signal equal to 8 = 180 for the
case in which injection is made only for one submodule per arm (SCBI) and for the
case in which injection is applied to all submodules.

circulating current is more easily achieved by injecting the same signal into all the
submodules, but a reverse condition is reached more quickly, which can worsen the
functionality of the converter. By implementing the SCBI technique appropriately,
the condition of reduced circulating current can be reached and the slope of the
curve leading to the reverse condition is smoother. The SCBI technique has a wider
control range, which allows for greater flexibility in terms of tuning of the control

techniques.

5.3.2 Capacitor Voltage Ripple Ratio

The injection also affects the voltage ripple V,,;, as shown in Fig. 5.5, the reduc-

tion of the voltage ripple is similar to that obtained by the circulating current I, 5.
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V,p reaches the minimum values for an angle 5 of 180. Furthermore, the minimum
ripple is reached at ' = 0.108, i.e. in the reverse circulating current condition.
However, in this condition the second harmonic voltage injected increases the cir-
culating current, the rms value of the arm current, and the peak value of the phase

current. increasing the losses in the converter.

Single-Cell-Based-I njection - SM Volatge Ripple

30r
.......... K=z0 =—e—K =0.03 —=—K =0.108
—6—K =0.01 —e—K=0.04

25+ —6—K =0.02 —=—K=0.06

Voltage Ripple [V]

O 1 1 1 1 1 1 1 1 1 1 1 1
0O 30 60 90 120 150 180 210 240 270 300 330 360

Bl

Figure 5.5: Submodules voltage ripple V,,; as K and 5 change when the single cell
based method is applied.

5.3.3 Simulation and Analytical waveforms

To validate the steady-state model, the analytical waveforms derived from the ex-
pressions of the circular interactions are compared with those obtained by a detailed
model of an MMC implemented in the MATLAB/Simulink environment. The con-
verter model is implemented with the same parameters and data of the experimental
set-up listed in Table 5.1. The modulation strategy employed is Phase-Shift PWM,

with a switching frequency of 5 kHz for each IGBT of the converter.
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The Figures 5.6, 5.7, 5.8 and 5.9 show the output voltage of the MMC the arm
currents, the voltage of the submodule capacitance and the circulating current as the
injection signal injected into the single submodule per arm varies.

The analytical and simulation results concur well, which validates the accuracy
of the proposed steady-state analysis method. The effect of the injection signal
is validated and agrees with the reduction of the circulating current for the angle
value 8 = 180 and amplitude K = 0.06 as derived analytically. Furthermore, with
the amplitude value of the induced voltage signal equal to K = 0.108, the reverse
condition of the circulating current is reached with the same amplitude, but with the
opposite phase as shown in figure 5.9.

From Figures 5.6 and 5.8, a decrease in the voltage ripple on the submodule
capacitors from 11.5% to 6% is observed when switching from no injection, with
K = 0, to the use of injection to minimize the circulating current with a value
of K = 0.06. In the reverse circulating current condition, with KX = 0.108, the

maximum reduction in voltage ripple (about 4%) is obtained.
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Figure 5.6: Comparison of analytical and simulations result for different waveform
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Figure 5.8: Comparison of analytical and simulations result for different waveform
with K = 0.06 and 8 = 180. Minimize Circulating Current.
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The table 5.2 shows the value of the amplitude of the second harmonic of the
circulating current, rms, and peak value of the arm current and voltage ripple of
the capacitors obtained from the analytical expressions and those obtained from the
simulations. The variation of I, follows the same trend as I, o, which is natural
since the rms value of the arm current essentially represents the rms value of the

DC, fundamental and harmonic components.

Table 5.2: Comparison of analytical results and simulations: circulating current,
peak value, and rms value of arm current and voltage ripple.

K LplA] Lrms[A] L[] ViplV]
0 1.879- 2.358 - 3.254 - 10.855-
0.02 1.186 - 2.121 - 2.753- 8.986-
0.06 0.232- 1.955 - 3.564 - 5.492-
0.108 1.880 - 2.358 - 5.232- 3.819-

Analytical = blue, Simulations =

For a given value of K, it is observed that /,.,,; reaches the minimum when
the [, reaches its minimum value. Consequently, the control objective of the
technique proposed in this thesis work is to suppress the circulating current and

consequently reduce the rms value of the arm current and power losses in the MMC.

5.3.4 Tuning of Injection Signal

The Single-Cell-Based-Injection technique is based on the injection of a voltage
signal proportional to the circulating current into an arm submodule to compensate
for the circulating current by reducing it, thereby reducing the voltage ripple, the
rms value of the arm current and the overall losses of the MMC. The tuning of the
implemented injection signal follows the analytical considerations developed in the
previous paragraphs. However, it is important to remember that the technique is

based on the injection of a voltage signal proportional to the circulating current by
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including all its harmonics, while the analytical treatment is followed for simpli-
fication by considering the circulating current to consist of only the second-order
harmonic i.e. the most prominent. The guidelines and considerations developed
following the analytical model are still valid and it is therefore possible to derive
the gain tuning through the following relationship:

1

EKanalytical = KI:I:Z,Q (538)

where K pqiyticar 15 the amplitude of the injection signal calculated analytically,
and K is the value of the gain implemented for the circulating current control. From

the relationship expressed in 5.38, the expression of gain K can be derived.

Kanal tical
K = e 5.39
2];107;,2 ( )

Therefore, through the relation expressed in 5.39, dividing the value of the gain
of the injection signal analytically for which the reduction of the circulating current
is obtained and the peak-to-peak value of the circulating current, it is possible to
derive the value of the gain K to be used in the control. The following is the table
5.3 in which the respective values of gain K are given.

Table 5.3: Comparison of SCBI with measured circulating current injection and
SCBI with second harmonic injection.

K ]$Z [A] Kanalytical [CEZ,Q [A]

0.01 1.541 0.031 1.537
0.02 1.096 0.046 1.132
0.03 0.812 0.050 0.822
0.04 0.636 0.051 0.639
0.05 0.519 0.052 0.514
0.06 0.438 0.053 0.451
0.07 0.378 0.054 0.389
0.08 0.333 0.055 0.328
0.09 0.297 0.056 0.304
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The effects of the proposed SCBI method and of the proportional gain K on the
MMC performance are analysed through simulation in terms of circulating current
reduction, submodule voltage ripple, THD of the output voltage, RMS, and Peak
value of the arm currents for different power levels ranging from 0.25 to 1.5 per
unit. Model parameters are listed in Table 5.1. Fig. 5.10 compares the peak-to-peak
amplitude of the ac part of the circulating current, the capacitor voltage ripple, the
RMS value, and the peak of the upper-arm current as a function of K at different
power levels with the SCBI technique. As shown in Fig. 5.10, the circulating cur-
rent decreases as K increases up to 0.09, where it reaches a minimum. However,
for larger values of K a reverse circulating current is injected into the arm, so that
suppression is not achieved anymore. Capacitor voltage ripple, RMS arm current,
and its peak value present a similar trend to the circulating current as the gain K
changes. The arm currents contain all the harmonic components of the circulating
current so that an increase in K will also lead to a reduction in the current rms, thus
decreasing the conduction of the MMC. To validate the procedure for adjusting the
injection signal gain in Figure 5.11, the waveforms of the arm currents obtained
experimentally are compared with those calculated through the analytical formula
by setting gain K = 0.09 in both cases. The proposed circulating current mitigation
centers on K, influenced by arm inductance and resistance. Through a direct mea-
surement and subsequent signal injection, the technique inherently accommodates
parameter variations. Notably, the dependence on K is primarily associated with
stable parameters, including the number of submodules, switching frequency, arm
inductance, and submodule capacitance, which typically remain constant during
normal converter operation. A sensitivity analysis addresses uncertainties, reveal-
ing that converter resistances minimally impact compared to other variables. Future
plans involve detailed analysis, incorporating submodule variations and converter
failure simulations, ensuring a robust evaluation of the mitigation system against

unexpected changes. This underscores our commitment to resilient solutions, as

100



5.3. SCBI TECHNIQUES EFFECTS ON MMC PERFORMANCE

every parameter variation is inherently accounted for through circulating current

measurement and injection.
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Figure 5.10: Relationship among the circulating current, the capacitor voltage ripple
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Chapter 6

Experimental Results

This chapter, begins with a description of the experimental set-up of the Modular
Multilevel Converter implemented, designed and tested entirely during the research
activity. It consists of several components, and the main features for each are ex-
plained. Then, the experimental results obtained during the research activity are
presented. The experimental tests are performed on the MMC laboratory prototype
shown in the previous chapter in Fig. 6.1, whose characteristics are the same as
those used for the models implemented in simulation listed in the table 6.2. The
experimental tests were performed with different DC bus voltage levels starting
from 200 V up to 600 V with voltage steps of 50 V on a passive ohmic-inductive
load, the modulation index was set to the value m = 0.8. The modulation strategy
used is phase-shifted carrier pulse width modulation (PSC-PWM). The switching
frequency for each device is set at 1 kHz. The voltages of the sub-module capaci-
tors are measured on each arm and balanced using the technique described in [65],
which identifies the sub-modules to be inserted or deactivated by logic comparators
instead of using a sorting algorithm. These tests are necessary to better charac-
terise the proposed technique and its performance in terms of dynamic response,
circulating current mitigation, voltage ripple reduction and efficiency. To validate

the proposed SCBI technique, the same tests are carried out by implementing con-
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6.1. MODULAR MULTILEVEL CONVERTER PROTOTYPE

ventional circulating current control based on the proportional resonant controller,
these tests served as a benchmark, to create a performance comparison between the

two techniques.

6.1 Modular Multilevel Converter Prototype

This section describes the experimental set-up designed, built and tested entirely
during the PhD activity and on which the tests for the research activity were carried
out. The set-up is located at the Power Electronics Laboratory of the Polytechnic
University of Bari. It is important to highlight that the set-up is a prototype in
scale, the tests are carried out by applying a maximum voltage of 600 V on the
DC-link of the converter. Figure 6.1 shows the entire test bench consisting of a
three-phase Modular Multilevel Converter inverter, an FPGA control board, a Dead-

Time generation board, voltage and current sensors. The design, implementation

Power analyzer

P

D4\ e

Dead-Time CB

g -
. Measurement

sensors

Figure 6.1: Picture of the experimental setup of the MMC.
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6.1. MODULAR MULTILEVEL CONVERTER PROTOTYPE

and control of the entire modular multilevel converter is the focus of the laboratory
activity carried out during the three years of the Ph.D. program. The converter
consists of three arm submodules and arm inductors designed specifically for this
MMC. The submodules are Half-bridges that connected in cascade with each other
constitute an arm of the MMC, as show in Figure 6.2. The capacitance of the sub-
module is 500uF. Arm inductors are sized by following the procedure described in
3.1.2. Table 6.2 shows the parameters of the MMC used during the experimental

tests.

Submodule capacitors

Figure 6.2: Pictures of the Half-bridge board (a) and the MMC arm implemented in
the lab (b).

Table 6.1: Modular Multilevel Converter Prototype Parameters.

Parameter Value

Number of SM (HB) N 3

DC-Link Voltage Ve 600V
Arm Inductance L, 10 mH
SM Capacitor C' 500 puF
Load Resistance R 20 Q2
Load Inductance L 6.5mH
Output Current / 8 A
Modulation index m 0.8
Fundamental frequency f 50 Hz
Switching frequency f. 1 kHz
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6.2 Control Board

The PWM modulation and control techniques are implemented by programming
the Field Programmable Gate Array (FPGA) present on the control board called
PED-Board. The programming of the control board is carried out through National
Instrument’s LabVIEW FPGA software, thus using a simple and easy-to-use block
diagram language, compared with conventional VHDL language programming. In
addition, to be able to drive all the submodules of the modular multilevel converter,
a dead time generation board of 1us is developed in the laboratory of Power Elec-
tronics of the Politecnico di Bari shown in Figure 6.3. The choice to use this board
is dictated by the fact that the actual control board used does not have enough PWM
outputs to drive all the SMs of the MMC. Therefore, this board can acquire the
control signals to be sent to the upper devices of each submodule, negate them, and
introduce the designed deadtime through a circuit consisting of integrals. With this
solution, the control board will produce only the signals to the upper half-bridge of

the submodule, halving overall the gate signals to be generated.

Output Bottom
gate signal
Input signal from
Output Top gate the Control Board
signal

Figure 6.3: The deadtime generation board developed at the Power Electronics lab-
oratory of the Politecnico di Bari.
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Input Voltage

Voltage sensor
A _Seead N

Input Current

Output

Figure 6.4: Voltage and current measurement board developed at the Power Elec-
tronics laboratory of the Politecnico di Bari.

In Figure 6.4 the measurement board used for the acquisition of current and
voltage waveforms is depicted. These boards have the primary task of managing
the acquisition of voltage and current signals, ensuring they are compatible with
the allowable input ranges of various ADC, which cover ranges such as (-5V;+5V)
and (OV;+5V). In these acquisition boards, we have chosen to use LEM transducers
instead of optocouplers, commonly employed in similar situations. This choice is
primarily based on the excellent linearity demonstrated by LEM transducers, both
in the presence of alternating current (AC) and direct current (DC). Two specific
models of LEM transducers have been identified and selected for this application LV
25-P SP5, ideal for high-voltage measurements and LA 25-NP, optimal for current
measurements. These targeted selections have been made to ensure precise signal
acquisition and proper adaptation to the voltage and current requirements in three-

phase conversion circuits.
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6.3 PR circulating current control

The majority of circulating current controls used for the modular multilevel con-
verter are based on proportional resonant regulators, which is why the PR control
described in 4.3.1 was chosen as the benchmark for the proposed technique. Fig.
6.5 shows the waveforms of the MMC obtained by setting a dc-link voltage of 600V
and an output current of 8A. The second harmonic component is reduced and the
arm voltages are more sinusoidal. The rms of the arm currents assume values close
to 5.11A, a peak value of 9.96 A for the lower arm current, and about 6.71 A for the
upper arm current.

Fig. 6.6 shows the waveforms of the upper and lower arm currents and the
circulating current before and after the action of the PR control. The red waveform
represents the circulating current obtained by summing the currents of the two arms
with the mathematical functions of the oscilloscope. The peak-to-peak value of the
circulating current through the control action is reduced by 38.98% and the rms

value is 1.4 A.

i

e — f — =
o ‘ N R N N RN RN RN N

i
Measure P1:mean(C2) P2:mean(C3) P3:max(C4) P4:mean(F6) P5--- P6---- Plszs Pg---
value 1618A 2268A T89A 3881A
status v v v v

' B oo Thase 0.0 ms|Trigger_C2 0t
500 Al
0 mAoffsef

Figure 6.5: Experimental waveform of the output voltage, output current, the arm
currents, and the circulating current with the PR control active.
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Figure 6.6: Experimental waveform of upper- and lower-arm currents and the circu-
lating current before and after the application of the conventional PR control tech-
nique.

Fig. 6.7 shows the harmonic spectra of the upper-arm current obtained with the
conventional PR control and without the control action, it can be observed that the

second harmonic component is reduced by 71.5%.
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Figure 6.7: Spectrum of the upper arm current with and without the conventional
PR circulating current control.
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6.4 SCBI-Circulating Current Reduction

The proposed injection technique is implemented with the same test conditions car-
ried out during the PR control tests. The injection signal gain K is tuned and con-
figured following the treatment described in 5.3.4, thus with K = 0.09 to obtain the
minimum circulating current. The trends of the waveforms of the output voltage,
the phase current, the two arm currents, and the circulating current are shown re-
spectively in Fig.6.8. The circulating current is reduced and the arm currents consist
mainly of the fundamental harmonic component at 50Hz. By reducing the circulat-
ing current, the rms of the arm currents assume a value of approximately 4.09 A,
a peak value of 7.85 A for the lower arm current, and approximately 7.24 A for
the upper arm current. In Figure 6.9, the response of the SCBI technique can be
analysed, which almost instantaneously reduces the circulating current. Indeed, the
proposed technique provides a control action that is proportional only and therefore
almost instantaneous. The only delays are caused by the digital implementation at

the time of control 7. The peak-to-peak value of the circulating current is reduced

™ Vout

i

lClTC

i
Measure P1:mean(C2) P2:mean(C3) P3:max(C4) P4:mean(F6) P5--- P6--- P7--- Pg:---
value 1695A 1664A 8.02A 33550A
status v

v
= m 0] Tbase 0.0 mg(Trigger C2 DC
4 00 Aldiv]
0.0 mA ofst

Figure 6.8: Experimental waveform of the output voltage, output current, the arm
currents, and the circulating current with the SCBI active.
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Figure 6.9: Experimental waveform of upper- and lower-arm currents and the cir-
culating current before and after the application of the Single-Cell-Based-Injection.

by 55.41% and the rms value is 0.8 A. The two arm currents are sinusoidal and

affected by a very small second harmonic component. The harmonic spectrum of

the upper arm current is shown in Fig. 6.10. In particular, it is evident that the

second-order harmonic component of the arm current is reduced by 88.19% and the

circulating current consists mainly of its mean value, which corresponds to approx-

imately 1.38 A.
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Figure 6.10: Harmonic spectrum of the upper arm current with and without the
Single-Cell-Based-Injection technique.

110



6.5. COMPARISON AMONG CIRCULATING CURRENT CONTROL

6.5 Comparison among circulating current control

A comparison of performance between the control strategies can be defined from
the waveforms obtained during the experimental tests for the conventional PR con-
trol and the proposed injection-based technique, shown in 6.5 and 6.8 respectively.
The circulating current assumes a peak-to-peak value of 6 A for PR control, while
it becomes 3.95 A when SCBI is active. The rms of the circulating current assumes
a value of 1.4 A using PR control while when SCBI is applied the rms becomes
0.8 A. Fig. 6.11 shows the harmonic spectrum of the arm current under the three
conditions: without circulating current control, with PR control, and with the pro-
posed injection technique. The proposed technique generates a greater reduction in
the second harmonic component than the conventional technique, thus increasing
the efficiency of the converter. The SCBI provides better mitigation of the second
harmonic current reducing the second harmonic component from 1.44A4 to 0.17A.
Indeed, it is verified that the rms value of the arm current is 5.11A for the case in
which the PR control is implemented while it takes on a value of 4.09 A when the
SCBI is used. Between the two cases, it can be seen how, on the whole, implement-
ing the SCBI produces arm current waveforms with reduced peak values compared
to those obtained using the PR control. In particular, considering the lower arm
current, a peak value of 7.85A is obtained, while with the PR control, a value close
to 10A is obtained. Therefore, a greater reduction of the circulating current reduces
the rms and peak value of the arm currents reducing the overall losses of the MMC.

The voltage and current output waveforms and the circulating current of the
phase a of the MMC obtained for the two techniques are shown in Fig. 6.12. The
calculated THD for the voltage output results are very similar in both cases of about
20%. The Weighted Total Harmonic Distortion for the output voltage is around

2.35% for both techniques.
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Figure 6.11: Harmonic spectrum of the upper arm current in three different cases:
without any control, with PR Control, and SCBI method.
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Figure 6.12: Voltage, current, and circulating current in comparison between the
PR circulating control and Single-Cell-Based-Injection method.
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6.5. COMPARISON AMONG CIRCULATING CURRENT CONTROL

From the analysis of the circular interactions proposed in Chapter 5, it can be
seen that there is a close relationship between the circulating current and the voltage
ripple. A reduction in the circulating current also causes a reduction in the voltage
ripple across the capacitors of the sub-modules of the MMC. Figures 6.13 and 6.14
show the trends of the voltage ripple of the SMs’ capacitors before and after the

effects of the reduction of the circulating current. In this case, the difference in
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Figure 6.13: Experimental waveform of the capacitor voltages of the upper arm
before and after the action of PR circulating current control.
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Figure 6.14: Experimental waveform of the capacitor voltages of the upper arm
before and after the action of SCBI method whit gain K = 0.09.
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terms of voltage ripple between the two techniques, PR control, and SCBI, is not
very evident, but there is nevertheless a slightly greater reduction in the voltage rip-
ple for the SCBI method in which the circulating current is more reduced. Once
the PR control is applied, the voltage ripple becomes about 6.2% while when the
SCBI technique is active the ripple becomes 5.7% as shown by the detail proposed
in the Fig 6.15. Fig. 6.16 shows a comparison of conduction and switching losses
in the MMC submodules in three different cases: without any circulating current
control, with conventional PR control, and with the proposed SCBI technique. The
bar graph provides a detailed breakdown of the losses for each submodule of the
upper arm of phase a. In the case of SCBI, injection is performed on SM1. Both
control techniques achieve a notable reduction of the submodule losses, approxi-
mately 50% concerning the uncontrolled case. It is worth noticing that, despite the
injection being performed only on a single submodule, no difference is found in
terms of increased losses between the submodule where the injection is applied and
those without injection, indicating that oversizing of the submodule is not necessary
when the proposed SCBI method is used. Conduction losses only depend on the
RMS value of the arm current, which is the same for all the submodules. Further-

more, switching losses are made even across submodules when a control strategy

Proportional Resonant Control Single-Cell-Based Injection Method
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Figure 6.15: Comparison of the submodule voltage ripple between conventional PR
control and SCBI method.
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Figure 6.16: Histogram of conduction and switching losses for each submodlues of
the upper arm in three different cases.

is employed. In Fig. 6.17 are presented the efficiencies calculated by the YOKO-
GAWA waveform analyzer for the two techniques with P, and F,,; being the input
and output powers, respectively. The efficiency obtained from the conventional PR
control is 94, 147%, while that obtained by applying the proposed SCBI technique
1s 94, 315%. The higher efficiency obtained, the good performance, and the sim-
plicity of implementation validate the technique proposed in this thesis work. The

table 6.2 shows the summary of all results obtained during the experimental test.
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Figure 6.17: Efficiencies of the two techniques in comparison: On the left is shown
the efficiency related to the conventional PR control; on the right is shown the effi-
ciency related to the SCBI technique proposed in this thesis work.

Table 6.2: Comparison between PR Control and Proposed Single Cell Based
Method.

Indicator PR Control SCBI Method
Circ. Current (Peak-Peak Value) 5.74 A 395A
Circ. Current (Peak Value) 328 A 1.86 A
Circ. Current (Root-Mean-Square) 14 A 0.8 A
Voltage Ripple 6.2 % 5.7 %
Efficiency 94.14 % 94.31%
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Chapter 7

Single-Cell-Based-Injection Method

for Voltage Balancing

The technique implemented in this thesis work is initially designed to pursue as
the first objective the elimination of circulating current and as the indirect effect
the reduction of the voltage ripple of the capacitors of the SMs by reducing the
overall power losses of the converter. However, in this chapter the Single-Cell-
Based-Injection technique has been extended to be able to carry out another control
objective i.e., balancing the voltages of the capacitors of the submodules. The pro-
posed technique is implemented to simultaneously achieve three control objectives,
such as circulating current reduction, capacitor voltage ripple minimization, and
voltage balancing. A selection mechanism of the SMs on which to perform the
signal injection is added to the technique proposed in the previous chapters.

The injection signal is applied to one submodule at a time in an alternating
manner for each control period, performing a rotation of injection among the var-
ious submodules belonging to the same arm, to realize, as an additional goal, the
balancing of capacitor voltages. The selected submodule is then driven by a modu-
lating signal containing the injection that is properly implemented will be able not

only to reduce the circulating current, and the voltage ripple, but it will also vary
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the amount of charge in the capacitor of the SM that will charge/discharge differ-
ently from the remaining SMs and thus applying a “’rotation ” of the injection signal
among the various SMs, one at a time, will achieve voltage balancing.

This technique is part of the category of voltage balancing techniques with sen-
sors, described in 4.2.1, with the difference that this technique is implemented out-
side the modulator, indeed the injection of a signal proportional to the circulating
current for a submodule per arm of the MMC is implemented before the comparison
between the modulating signal and the carrier. In this way, the proposed voltage bal-
ancing technique maintains the switching frequency of the devices constant at the
design value. This provides greater control over losses and device stress, unlike
balancing techniques based on sorting algorithms or those implemented at the mod-
ulator level, which vary the frequency of the devices during their operation. This
chapter will describe, the proposed technique and the mechanism for selecting the
SMs on which to apply injection to generate the MMC voltage balancing. The mod-

ulation strategy used is phase-shifted carrier pulse width modulation (PSC-PWM).

7.1 Selection Mechanism for SMs

The injection signal rotation criterion to be applied to the submodules of each arm
in an alternating manner is identified based on the equation related to the change in

capacitor voltage shown below.

Vc 1 to+At . Vc
,UCSIM - Wd + 5[ Sacylmydt - ]\df + A/UCSIM (71)
0

where v,,,, 1s the instantaneous voltage across the capacitors of the submodule and
is denoted by S, and ¢, the generic switching function and arm current of phase
x and arm y, respectively. Awv,,, is the voltage variation of the capacitance of

the individual submodule. It can be seen from the equation 7.1 that by appropri-
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ately changing the switching function, the voltage variation of the submodule of
the MMC can be changed. Recall that in the presence of the injection signal, the

switching function becomes:

1 1
Sejul = 5 F 3™ sin(wt + 0x) + Kig, (7.2)

Substituting the expression 7.2 into the equation gives the following expression:

Vvd 1 to+AtL 1 1
Vg = oy 2 / {[5 F gmsin(wt +02)ligy + Kivsig}dt  (13)

to

from which the following terms can be identified:

Vae
Vesas = nF  Diegy, + A, (7.4)

the term Awv,,,, is the amount of charge generated by the injection signal imple-

mented in that submodule. The expression of which is as follows:

to+At
Avey,,, = / Kipyigydt (7.5)

to

The effect of the injection is the appearance of an additional term in the expression
of the voltage change of the submodule capacitor that results in an increase or de-
crease in voltage depending on the sign of the product of the arm current by the
circulating current. If both the arm and circulating currents have concordant signs
then Awv,,,, results in a positive contribution to the voltage variation; conversely,
if the two electrical quantities have a discordant sign, Av,,,, results in a negative
contribution to the voltage variation. The table 7.1 shows the four possible cases

that change the charge of the capacitor.

119



7.2. PROPOSED VOLTAGE BALANCE INJECTION METHOD

Table 7.1: Capacitor charge/discharge mechanism.

Arm current i, Circulating Current ¢,, Auv.g,,,

+ + +
+ - -
- + -
- - +

7.2 Proposed Voltage Balance Injection Method

The implementation of the Single-Cell-Based-Injection technique is very simple
as described in Chapter 5 and its extension to contribute to balancing is easy to
implement since it consists essentially in determining in which submodule per arm
to inject the signal. Therefore, considering the contributions that the injected signal
gives to the variation of the capacitor voltages, the technique is implemented by

following the following steps:

Step 1 For each control period, capacitor voltages, currents of both arms are mea-

sured and their sign is identified.

Step 2 The estimate of the dc current flowing in the phases of the MMC is derived
by the equation 5.1 and then subtracted from the circulating current so as to

obtain the only part of the alternating circulating current i-.¢.

Step 3 Once the following quantities have been obtained, the selection mechanism
can be applied. When the generic arm current ¢,, and the circulating current
i/ have concordant sign the injection into the reference of the submodule
with the lower voltage is applied. This signal will be applied for the submod-

ule to have the desired voltage level.

Step 4 If i,, and i/\C have discordant sign, injection is made into the reference of

the submodule with higher voltage in order to ease its discharging.
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Submodule Selection for Injection Method

Capacitor Voltages, Arm Current, Circulating Current
s AC

Vi l.m.l l,\':
Injection ON Injection ON
Charge Avg,, *+ Discharge Avy,, ;-
Submodule with Lower Submodule with Higer
Capacitor Voltage Capacitor Voltage

Figure 7.1: Simplified flow chart of submodule selection for injection method.

A simplified flow chart of the previous steps for the submodule selection for
the injection method is show in Fig. 7.1, and the block diagram of the proposed
Single-Cell-Based-Injection voltage balance method is show in Fig. 7.2. However,
it is important to point out that the value and tuning of injection gain K will depend
on the desired performance objectives, including reducing both circulating current

and capacitor voltage ripple and balancing submodule capacitors. Indeed, the gain
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Figure 7.2: Simplified block diagram of the proposed voltage balance injection
scheme.
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K multiplied by the measured circulating current constitutes the injection signal as
described previously. An additional important aspect concerns the influence of gain
K and the effect that injection has on the balancing speed of capacitor voltages,
as shown in Fig. 7.3. In this graph, the time required to balance the submodule
voltages decreases as the K-gain increases until the value KX = 0.09, at where we
get the reverse circulating current condition, which generates a distortion on the
submodule capacitance voltages, delaying balancing as in the case where K = 0.1.
Actually, as K increases, there will be an injection action whereby the circulating
current and voltage ripple decrease, and consequently the time required to achieve
balancing decreases. From the expressions derived in chapter 5, the capacitor cur-
rent is defined as the product of the average switching function and the arm current,
the extended formula for which is shown in A.1 for the upper-arm submodules and
the equation A.2 for the submodules belonging to the lower arm. It is possible to
define the power of the submodule from the voltage of the submodule capacitor and
the current flowing in the capacitance. Multiplying the voltage across the submod-
ule capacitor by the current flowing through the capacitor, the power generated by

the submodule can be determined. This calculation allows the energy stored in the

Degree of Unbalance

Figure 7.3: Variation of balancing time as gain changes K when the DOU is 20 %.
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capacitance Fgy; to be defined by the following equations.

to+AL ‘/:ic
ESM = / (W -+ AUCSM)iCSM dt (76)
to N J
P;;er
to+AL ‘/:ic
ESMinj = / (W + AUCSM + AUCSMJ)iCSM dt (1.7)
to N —~ J
Power

The equation 7.7 describes the energy stored in the submodule when the injection
signal is applied. The Fig. 7.4 shows the difference in energy stored in the submod-

ule capacitor both when the injection signal is applied and when it is not applied.

Energy Stored of SM

150

100

50

Power [W]

=500

-100 ¢

-150 ¢

-200

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Time [s]

Figure 7.4: Comparison of the power and energy stored by the submodule capacitor
both when the injection signal is applied and without.

7.3 Experimental results

In this section, results are presented regarding the power tests performed on the
experimental setup to validate the proposed technique and to compare the perfor-
mance of the Single-Cell-Based-Injection technique with the conventional capaci-
tor voltage balancing technique proposed in [65]. In order to be able to evaluate the

performance of the technique in terms of capacitor voltage balancing, an index is
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introduced that quantifies the level of unbalance of the voltages of the submodules
belonging to the same arm, referred to in this thesis work as Degree Of Unbalance

(DOU), calculated as follows:

maw(vcxySM) - min(UCl‘ySM)

Ve

DOU,, = % 100 (7.8)

where DOU,,, is the degree of unbalance (DOU) of the generic phase « and arm
y, while v.,,,, 1s the voltage value of the generic submodule belonging to phase
and arm y. V, is reference value for the capacitor voltage of the submodules equal
to % with V. the dc-bus voltage and N the number of SMs of the MMC arm.
Various tests were performed as the DOU varied so that the performance of the

proposed technique in terms of voltage balancing could be analyzed.

7.3.1 Conventional Voltage Balance Algorithm

Initial tests are conducted by implementing the voltage balancing described in [65]
for different DOUs 20%, 30% and 40%, the DC voltage is set equal to 300 V, a
modulation index is set to m = (.8, a phase current equal to 4 A imposed by
the phase current control implemented. The switching frequency of the devices is
1kHz. In Figures 7.5, 7.6, and 7.7 the waveforms of the upper arm capacitance volt-
ages are shown. It can be seen from the graphs that once this balancing algorithm
is applied, the voltages are almost instantaneously brought to their reference value
of V. = 100V. In order to obtain balanced voltages, this technique modifies the
insertion instant and duration of each submodule according to the sign of the arm
currents so that the charging and discharging of the capacitors of the SMs can be
varied. This algorithm is based on the acquisition of the insertion index generated
by the implemented modulation strategy therefore it is a method implemented at
the modulator level. However, although it has excellent dynamic performance, con-

tradistinct from short transients it generates an undesirable effect on the switching
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frequency of all the submodules. In particular, it occurs that the SMs are inserted re-

peatedly in a variable manner causing the devices to switch at a switching frequency

fc, varying from a range of fc— N fc. There are several papers in the literature that

analyze the impact of voltage balance control on the switching frequency [79]. This

effect is quite evident from the graphs shown in Figures 7.5, 7.6, and 7.7, as soon

as the balancing technique is active, the submodules switch to a higher switching

frequency, which increase the power losses of the MMC.
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Figure 7.5: Voltage across of the submodule capacitors before and after activating
the voltage balancing strategy with a DOU of 20%
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7.3.2 SCBI-Voltage Balance

This section shows the experimental results obtained by implementing the proposed
balancing technique. The tests are performed by setting the same power and switch-
ing frequency used for the tests carried out by implementing the conventional bal-
ancing technique. The proposed technique is tested for three different DOU 20%,
30% and 40% so that the performance of the proposed balancing strategy could be
validated. The injection signal gain K is chosen to achieve not only voltage bal-
ancing but also maximum circulating current reduction and thus set X' = 0.09. The
waveforms of the voltages of the upper arm capacitors are shown in Figures 7.8,7.9,
7.10. Unlike the previously described technique, this voltage balance method is im-
plemented outside the modulator which avoids varying the switching frequency of
the devices. For the different DOUs used, it can be seen that the proposed technique
exhibits a transient from when it is applied to when the balancing of the voltages
of the SMs is then ensured. In particular, it can be seen that with a DOU equal to
20% the transient has a duration of about 500 ms, with a DOU equal to 30% the
transient is about 1s while when the DOU has been extremized to 40% the transient
lasts longer and is about 1.5 s. Although this technique has slower dynamics the
balancing times are still short and also it must be remembered that when the pro-
posed technique is active at the same time the circulating current and voltage ripple
of the capacitors of the SMs are reduced. The voltage ripple is reduced from a value
of 13% to one of 10% when the injection method is active. The ripple turns out to
be quite high due to capacitor capacitances that have a small value, C' = 500u F.
Actually, low capacitance values generate higher voltage fluctuations that make the
control of the MMC more difficult. However, the implemented technique reduces

the voltage ripple by about 3%.

127



7.3. EXPERIMENTAL RESULTS

180V
AV TELEDYNE LECROY
Voltage Balance Disabled Voltage Balance Enabled - ‘\ verywhereyoulook”
160V
140V - chl ch3
120V begherpeept ‘. P ST | mv‘ i | <
100v Hntd AIA! Al r/:\!.m LniﬂMMl/ Wl{‘;\ Aﬂn‘ j |
VYV TV v v e e v ‘ Rl ASAIL
80V
60V
Transient
40V
2
-300ms -200ms -100ms 0ths 100ms 200ms 300ms 400ms 500ms 600ms 700ms
Measure P1:max(C1) P2:mean(C2) P3:mean(C3) P4:mean(C1) P5:max(C2) P6:max(C3) P7:pkpk(C1) PS.---
value 1307V 108.94V 9952V 103.04V 1281V 1089V 61.24V
status v v v v v v

20.0V/divi 20.0V/divi 2 0V/div
-100.000 V -100.000 V| -100.000 V§

Tbase 200 ms| Trigger () L8
100 ms/div|Stop  119.6V
25kS  25kS/s|Edge Positive,

Figure 7.8: The experimental waveforms of the voltage at the ends of the submodule
capacitors before and after activating the SCBI voltage balancing strategy with a
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Figure 7.10: The experimental waveforms of the voltage at the ends of the sub-
module capacitors before and after activating the SCBI voltage balancing strategy
with a DOU of 40%. The graph below shows the zoom of the voltages at time 1.38
seconds.

In Fig. 7.11 are presented the efficiencies calculated by the YOKOGAWA power
analyzer for the two techniques with P;, and P,,; being the input and output powers,
respectively. The efficiency obtained from the conventional voltage balance strategy

i1s 94,06%, while that obtained by implementing the proposed SCBI technique is

95,30%. The higher efficiency obtained and the good performance validate the
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technique proposed in this thesis work.
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Figure 7.11: Efficiencies of the two techniques in comparison: On the left is shown
the performance related to the conventional balancing strategy proposed in [65], on
the right is shown the performance related to the proposed balancing strategy in this
thesis work.
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Chapter 8

Conclusions and Discussion

In this thesis, a novel method for suppressing the ac components of the circulating
current in multilevel modular converters is proposed, based on the injection of a
signal proportional to the circulating current itself into a single submodule of each
converter arm. In addition, an analytical model of the electrical quantities governing
the internal and external dynamics of the multilevel modular converter is provided.
This analytical model is useful in determining the calibration guidelines for the
proposed innovative control. Experimental tests were performed on a laboratory
prototype to evaluate the effectiveness of the proposed injection method, showing
that the technique effectively dampens the circulating current and reduces the rip-
ple of the submodule capacitor voltage, improving the overall performance of the
converter. The results also indicate that the proposed approach mitigates the overall
losses of the converter by reducing the RMS value of the arm currents without re-
quiring over-sizing of the compensation submodule or downgrading of the converter
operation. In the end, an extension of the technique is also proposed so that the ca-
pacitor voltage of the submodules of the MMC can also be balanced through the
implemented injection signal. The results show that the proposed method succeeds
in effectively balancing the submodule voltages under different initial unbalanced

conditions.
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8.1 Outlook

The proposed technique has been experimentally validated and is suitable for cir-
culating current reduction, ripple reduction, and submodule voltage balancing. The
method is characterized by a simple approach that is easy to implement, and the
guidelines for adjusting the signal to be injected have been obtained and validated
with the experimental results.

Therefore, this thesis opens up the possibility for several insights, which can be

summarized as follows.

* Conduct a thermal analysis by studying the effect that the injection signal has

on the current flowing inside the capacitor.

* Analyze the scalability of the method using a MMC with a number of SMs

greater than three.

* Benchmark with another injection technique that aims to reduce the circulat-

ing current.

» Experimentally validate the proposed voltage-balancing technique with an-
other technique proposed in the literature that implanted the control of voltage

balancing outside the modulator.

* The proposed voltage balancing method is mainly based on acquiring the in-
stantaneous vaolors of voltages and the sign of arm currents, it may have
lower performance for low values of current and voltage. Indeed, it may be
difficult in noisy conditions and in regions close to the zero crossing. Al-
though most of the commercially available MMCs that are already imple-
mented in industrilai applications operate in MVDC, it is necessary to im-
prove the technique in order to be able to offer the possibility of being allowed

to estimate currents and tesnions in the case of high measurement noise.
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Appendix A

Appendix

The analytical expressions of the electrical quantities are given in this appendix in

their extended form.

A.1 Capacitor Current Ripple

The capacitor current is generated by the arm current through the switching actions.
Consequently, the average ripple current of the capacitor can be described as the
product of the average switching function and the arm current, as expressed in the

following equations:

Without Injection
I°¢  mI I ml,., mIPC
iCpy = —=— — — cos(¢) +—sin(wt + ¢) — 2 cos(wt + P, 0) — —=— sin(wt)
2 38 'y 1 ’ 2 !
dc—co:rgaonent fundamentc:lr—component
Izz . ml
+ 2’2 sin(2wt + @, 9) + Y cos(2wt + ¢)
2nd—c;7;ponent
meZ 2 .
+ = sin(3wt + @, 0)
3rd—c;n:ponent
(A.1)
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With Injection
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A.2 Capacitor Ripple Voltage

The capacitor ripple voltage is derived from the capacitor ripple current equation. In
fact, each harmonic component of the capacitor ripple voltage can be described as
a product of the harmonic current and the capacitor reactance of the corresponding
frequency. Consequently, the capacitor ripple of the main harmonic components
can be obtained as in the following equations, where C' denotes the capacitance of
the submodule.

Without Injection
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A.3 The voltage ripple on submodule terminal of the
upper and lower arm

The voltage ripple on a submodule terminal of the upper and lower arms can be

expressed as:

Without Injection
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[241 cos(wt + @) + 241, 2 cos(2wt + Dy, 2) + 36m,, o sin(wt + Py, 0)+

— 3M31,. 5 cos(6wt + 2B + @, 5) — 12m>I,, 5 cos(P,. ) + 24m2IPC sin(2wt)+

+ 3m?1 cos(wt + ¢) — 18mI sin(2wt + @) — 20m1,. 5 sin(3wt + ,. ) — 48mI2 cos(wt)+
+ 16K Isin(3wt + B+ ¢) + 18K I, o sin(4wt + B + . 5) + 3M3 1, 5 cos(2wt + @, )+
+ 6M31 cos(3wt + 28 — @) — 3m?I cos(3wt + @) + 16m>I,, 5 cos(2wt + D, o) —
—4m?I,. 9 cos(dwt + Dy, o) + 12K 1. o sin(B — O, p) + 12M210C sin (4wt + 20)

+ 12mI sin(¢) — 12mK T2 sin(wt + B) + 3mK I cos( — ¢) — 6mK I cos(2wt + 3 — ¢)—
— 36mK 12C sin(3wt + ) — 2mK 1 cos(2wt + 3 + ¢) + 5mK I cos(4wt + B + ¢)+

+ 12mK 1.5 cos(wt + 8 — ®yon) — 4mK L. 5 cos(wt — B + Pprn)—

— 15mK 1., 2c08(3t + B+ Ppro) + TmKI,, 5 cos(5wt + 4 D, 0)]

(A.11)
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A.3. THE VOLTAGE RIPPLE ON SUBMODULE TERMINAL OF THE UPPER AND
LOWER ARM

1
Av, =
Yors = 192000

+ 24K TPC cos (2wt + B) 4+ 4MZT cos(wt + ¢) + 2MZ1 cos(5wt + 28 + ¢)—

[—241 cos(wt + @) + 241, 2 cos(2wt + D, 9) — 36m I, o sin(wt + P, )+

— 3M31,. 5 cos(6wt + 2B + @, 5) — 12m>I,, 5 cos(P,. ) + 24m2IPC sin(2wt) —

— 3m?2I cos(wt + ¢) — 18mI sin(2wt + ¢) + 20mi,, o sin(3wt + @4, 0) + 48meDZC cos(wt)—
— 16K sin(3wt + 8+ ¢) + 18K L, o sin(4wt + B + Py, 0) + 3My 1, 5 cos(2wt + @y n)—
— 6M1 cos(3wt + 28 — ¢) + 3m>1 cos(3wt + ¢) + 16m>I,., 2 cos(2wt + @, 0)—
—4m?I,, 9 cos(dwt + Do) + 12K 1. 5 sin(B — Op.n) + 12M2TPC sin(dwt 4 26)+

+ 12mI sin(¢) + 12mK T2 sin(wt + B) + 3mK I cos(f — ¢) — 6mK I cos(2 4+ B — ¢)+

+ 36m K I2C sin(3wt + B) — 2mK I cos(2wt + B+ ¢) + 5mK 1 cos(dwt + B + ¢)—
—12mK1,,5cos(wt + 8 — Do) + 4AmK L, 5 cos(wt — 4+ Py.0)+

+ 15mK L, 0 c08(3t + B+ ®prn) — TMK I, 5 cos(5wt + B+ Py, 0)]

(A.12)
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