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Abstract

The attempt to massively integrate renewable energy sources in the electric power system
has encouraged major interest in High Voltage DC systems (HVDC). Furthermore, Multi-
Terminal DC grids (MTDC) appear as an attractive solution for the connection of offshore
energy sources. Among different types of Voltage Source Converter (VSC), one of the most
promising topologies for future MTDC grids is the Modular Multilevel Converter (MMC),
which are proposed by the main European vendors. Up to now in Europe, a single vendor is
in charge of the converter stations for each HVDC project, but future DC grids are likely to
be multivendor schemes, where different control strategies may be applied to each converter
station depending on its provider. However, due to intellectual property, manufacturers do
not provide the complete control structure in open source but rather as a black-box models
or control cubicles replicas. For this reason, it is impossible to use a formal mathematical
approach to perform interoperability analysis. Hence, a more formal approach is needed to
cope with the different issues that may arise due to the impact of the MMC controllers on the
MTDC grids.

This thesis deals with the modeling and control of MMCs in the context of MTDC. The first
objective is to obtain an MMC model in dq frame which can reproduce accurately the AC- and
DC- interactions, while representing at the same time the internal dynamics which may interact
with the rest of the system. This model is suitable for linearization and stability studies, among
other linear techniques. Then, based on the developed dq model, different control strategies are
developed based on state-of-the-art MMC controllers. Since the dimension of the system is a
limiting factor for studying MTDC grids with many MMCs, different reduced-order models are
presented and compared with the detailed dg model. Finally, the developed MMC models with
different controllers are used for the MTDC studies. The impact of the selected controllers
for each MMC is evaluated to highlight the potential issues that may occur in multivendor
schemes.

Keywords

«HVDC transmission», «Modular multilevel converter», «State-Space modeling», «Small-
Signal stability analysis», «Interoperability in MTDC grids».



Résumé étendu en francais

Contexte de 1’étude

Les développements technologiques, économiques et industriels ont conduits a 1'utilisation
massive de I’énergie électrique, ou les combustibles fossiles, le charbon, le gaz naturel et le
pétrole étaient toujours les sources d’énergies dominantes. L’exploitation des énergies fossiles
provoque ’émission de gaz a effet de serre, et plus particulierement de dioxyde de carbone CO,.
Par conséquent, ’écran qui retient la chaleur se densifie, ce qui conduit a l'augmentation de
la température de la planete et le réchauffement climatique. Comme réaction face a ce danger
environnemental qui découle d’une prise de conscience mondiale, des consensus et protocoles
ont été signés et des démarches ont été mises en ceuvre pour limiter les dégats. L’une des
principales actions consiste a transformer progressivement les sources d’énergies fossiles vers
des sources d’énergies naturelles ou vertes, telles que 1'énergie solaire et/ou éolienne.

En Europe, les sources d’énergies renouvelables sont disponibles sur des sites éloignés, en
général au large ou a proximité de la mer. Cependant, les investissements dans les systemes
de transport de I'énergie électrique, en particulier sur de nouvelles lignes, ont été limités en
Europe, a cause de 'opposition de la société civile contre les lignes aériennes pour des raisons
environnementales ou décisions politiques. En outre, la transmission en masse de ’énergie
électrique moyennant des cébles enterrés sous terre (ou sous-marins) en utilisant le courant
alternatif (AC) est non faisable au point de vue technique. De ce fait, 'immigration vers
le transport en courant continu (DC) pour les réseaux électriques en haute tension, été une
nécessité face aux défis actuels ou certaines limites des réseaux alternatifs apparaissent. Les
réseaux a courant continu haute tension (HVDC) multi-terminaux peuvent étre une alternative
sous réserve de trouver des solutions aux barrieres scientifiques et technologiques existantes.

Le débat entre les systémes électriques a courant continu et a courant alternatif date de
plusieurs décennies, depuis la premiere ere de I’électrification. Dans les premiers temps, les
systemes AC ont pris de I'avance, précisément dans les années 1880, a cause de la facilité de
la transformation de la tension qui peut atteindre des niveaux relativement élevés, du champ
tournant (pour les machines électriques) et de la difficulté pour interrompre les courants DC.
Néanmoins, dans les années 1950, la premiére reprise des systéemes HVDC s’est produite avec le
développement de la technologie a thyristors pour des niveaux d’intensité assez élevés. Cette
technologie de I'¢lectronique de puissance a été principalement utilisé pour la transmission
de puissance sur de longues distances, du transport via des cables sous-marins et également
pour l'interconnexion de réseaux asynchrones. Au début des années 90, un retour en force
aux applications de type HVDC a été identifié avec 'apparition sur le marché, de nouveaux
composants a base de transistor (IGBT). Avec cette nouvelle technologie d’électronique de
puissance, les systemes HVDC ont commencés a s’imposer en attirant de plus en plus I’attention
de la communauté scientifique ainsi que les décideurs politiques. Ainsi, la multiplication des
projets HVDC de par le monde prouve I’engouement toujours croissant pour cette technologie
de transport de I’électricité.

L’histoire de systemes de transport a courant continu (HVDC) a été remarquée par les
convertisseurs de puissance de type LCC (convertisseurs commutés par la ligne). En re-
vanche, suite aux développements technologiques et afin de répondre aux exigences du cahier
des charges, I’émergence de convertisseurs source de tension (Voltage Source Converter, VSC)
a changé la donne par rapport aux nouvelles tendances. Le recours a cette technologie se
justifie par le fait que moyennant les stations de conversion VSC, nous pouvons accueillir plus
de sources d’énergies renouvelables et d’équilibrer les puissances sur des grandes étendues. En
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outre, les flux de puissance peuvent étre commandés dans les deux sens sans changer la polarité
de la tension continue.

Dans la littérature, il existe de nombreuses topologies pour les convertisseurs de type VSC.
Néanmoins, trois topologies sont les plus étudiées par les scientifiques et les spécialistes du
domaine, a savoir : 2-level, 3-level (par exemple, Neutral Point Clamped (NPC) ou Flying
Capacitor) et Multi-level VSC. Les VSC 2-level et 3-level fonctionnent avec une fréquence de
commutation élevée (1-2 kHz) afin de minimiser le taux de distorsion harmonique (THD),
ce qui peut engendrer des pertes par commutation plus élevées ainsi que des contraintes de
haute tension. Dans les applications a haute puissance, les pertes de conversion entrainent
un cotit élevé pour les opérateurs du réseau. Pour cette raison, une nouvelle technologie de
VSC a plusieurs niveaux a été développée, connue par les intervenants dans le domaine, sous
le nom de Convertisseur Modulaire Multi-niveaux (MMC, Modular Multilevel Converter), qui
a été largement présentée dans la littérature, avec beaucoup de succes, par Dr. Lesnicar et
Prof. Marquardt. L’avantage majeur de cette topologie est la possibilité de travailler avec
des fréquences de commutation plus faibles (un ordre de grandeur inférieur que celui du VSC
classique), tout en garantissant une meilleure performance harmonique par rapport aux VSC
2-level et 3-level.

Développement de I’exploitation de 1’énergie offshore

La Figure 1 montre la vision de développement offshore dans le nord de la mer par Wind
Europe (ex. European Wind Energy Association), ou l'idée d’acheminer de 1’énergie éolienne a
partir des sources offshore est clairement mise en avant. Par conséquent, un plan de développe-
ment ambitieux analogue a celui proposé par Wind Europe pourrait apporter beaucoup d’avan-
tages aux réseaux électriques européens, outre I’exploitation des sources de I’énergie verte. Pour
aboutir a ce niveau d’innovation et de performance pour le réseau électrique européen, des in-
vestissements importants sont nécessaires pour répondre aux objectifs soulignés a travers la
nouvelle politique énergétique européenne. Cette nouvelle vision pour les réseaux électriques de
demain est bien exprimée a travers les démarches adoptées par ENTSO-E (European Network
of Transmission System Operators).

Systemes HVDC “Multivendor”

Comme il est illustré par la Figure 1, toutes les liaisons HVDC opérationnels actuellement
sont des liaisons point-to-point. Cependant, vu le besoin que les réseaux électriques a haute
tension ont un intérét a étre plus renforcés pour faciliter les échanges, maintenir la sécurité
de fonctionnement, et raccorder des sources offshore, il est important de passer a une config-
uration HVDC multi-terminaux (MTDC). Le VSC est la technologie la plus appropriée pour
les applications MTDC, car elle utilise une tension continue commune, ce qui facilite la con-
struction et la commande des interconnexions. Cependant, avec 'apparition du MMC sur le
marché et sa capacité d’atteindre des niveaux de tensions tres élevés sans le recours au filtrage
coté AC, la technologie MMC-VSC est considérée comme la solution la plus adéquate pour les
réseaux du futur a tres haute tension, appelés “Supergrids”. Le développement et les avancés
scientifiques qui ont été réalisées sur les réseaux HVDC a permis d’accueillir de 'expérience
dans le domaine, ce qui a été traduit par la création de nombreuses normes. Cependant, ces
normes traitent plus le comportement des convertisseurs c6té AC, mais jusqu’a présent, aucune
norme n’a vu le jour pour le comportement c6té DC (“DC Grid Code”). Ainsi, de nombreuses
questions techniques sont en attente de réponses. En considérant les liaisons point-to-point,
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Figure 1 — Développement de I’exploitation de I’énergie offshore — Vision par Wind Europe

les convertisseurs sont fournis généralement par le méme constructeur. Le comportement dy-
namique coté DC incombe a chaque fabricant car il est responsable du bon fonctionnement du
systeme complet. En revanche, les réseaux MTDC ont plus tendance a étre des systemes avec
différents constructeurs contribuant ensemble pour la mise en place du réseau maillé. Ainsi,
nous nous retrouvons devant une configuration d’un réseau DC ou les convertisseurs fournis
par les différents constructeurs doivent fonctionner ensemble d’une maniere fiable tout en as-
surant le cahier des charges imposé par le TSO. A ce stade, Pabsence de normes qui unifient le
comportement coté DC, pourra engendrer des problemes et des nuances qui peuvent impacter
le bon fonctionnement du systéme global (e.g., les valeurs de tension et de courant continu ne
sont pas normalisées). En outre, le comportement dynamique de ces futurs réseaux DC sera
fortement influencé par les stratégies de commandes associées aux convertisseurs pour chaque
constructeur. Dans ce sens, il est important que le controleur mis en ceuvre doit amortir le
comportement oscillatoire qui peut impacter les caractéristiques du cable coté DC et éviter les
problemes d’instabilité qui peuvent surgir suite aux interactions dynamiques avec le reste du
systeme.

Le projet européen Best Paths a réuni des partenaires experts du milieu académique et
également de 'industrie autour de cinq démonstrations a grande échelle pour valider la fais-
abilité technique, les cotits, les impacts et les avantages des technologies HVDC. L’objectif des
démonstrations est de fournir des solutions permettant de passer des lignes HVDC aux réseaux
MTDC, de mettre a niveau et de réalimenter les lignes AC existants du réseau et d’intégrer des
liaisons supraconductrices a haute puissance dans un réseau maillé AC. Le démonstrateur # 2
of Best Paths traite des problemes d’interopérabilité possibles qui peuvent apparaitre entre les
MMCs connectés au méme réseau DC fournis par différents constructeurs. Cette problématique
pourrait étre abordée en fonctionnement normal ou la stabilité du réseau DC est assurée, mais
également dans des conditions de fonctionnement anormales, telles que le décrochage d’une
station de conversion, la reconfiguration du réseau et les événements indésirables qui peuvent
survenir. Les résultats de ce démonstrateur comprennent des recommandations pour les spéci-
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fications et la mise en ceuvre du controle matériel qui assurera une interopérabilité maximale
pour la configuration en multi-constructeurs. Les lignes directrices proposées ainsi que les
principales conclusions seront fournis comme des recommandations aux équipes de développe-
ment du “DC-Grid Code” de 'TENTSO-E et formeront une base solide pour faire des avancées
significatives vers les exigences d’interopérabilité pour les réseaux HVDC multi-constructeurs,
actuellement ciblés par les groupes de normalisation (CENELEC, CEI, ...).

Néanmoins, la notion d’interopérabilité peut étre assez large pour explorer tous les do-
maines d’application. Ce travail a pour objectif de mettre en place une démarche systématique
et rigoureuse pour I’étude des réseaux MTDC a base de convertisseurs modulaires multiniveaux
tout en identifiant d’une maniere formelle les principaux facteurs qui pourraient engendrer les
phénomenes d’interopérabilité. Par conséquent, 1’objectif majeur de ce travail résulte dans le
développement de méthodologies appropriées permettant de synthétiser de lois de commandes
locales basées sur les différentes approches de modélisation du convertisseur MMC et qui répon-
dent convenablement aux performances désirées. Outre cela, des études d’analyse de stabilité
en petits signaux et de sensibilité sont établies sur des modeles linéarisés du réseau MTDC per-
mettant d’évaluer I'impact de différentes stratégies de contrdle proposées sur la dynamique du
réseau. Cette étude aidera a formuler une idée sur l'interaction entre les différentes stratégies
de commande des MMCs intégrés dans le réseau DC et élaborer éventuellement un schéma de
recommandations, actuellement inexistant, pour les réseaux MTDC.

Plan de la these

Le plan de la these s’articule en cing chapitres, comme il est indiqué par la Figure 2 :

Chapitre 1
Méthodologie

v

Chapitre 2 *
MMC: Modélisation Ny
Chapitre 4 Chapitre 5

o
ch *t 3 By Réduction de modele Réseau MTDC
apitre T

Controle commande

Figure 2 — Plan de la these

e Le Chapitre 1 introduit la méthodologie appliquée tout au long de cette these pour
I’étude des convertisseurs d’électroniques de puissance avec un intérét particulier pour
I'intégration dans les réseaux DC. Ce chapitre traite principalement de 2-level VSC, ou
les principaux niveaux de modélisation sont bien détaillés : du modele moyen classique
dans le repere abc au modele dg, jusqu’a son intégration dans une liaison HVDC point
a point ainsi qu'un réseau MTDC. La technique de linéarisation relative a 1’étude de
stabilité en petits signaux est présentée pour assurer par la suite une étude fréquentielle
basée sur les valeurs propres du systeme. Ce premier chapitre expose également les
principaux concepts qui seront appliqués, tout au long de la these, au réseau DC a base
de convertisseurs MMCs.

o Le Chapitre 2 présente la démarche de modélisation en dg dans le domaine continu du
convertisseur MMC. Le modele non linéaire résultant est valable en régime stationnaire
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dont les variables d’état sont constantes en régime permanent. Cette caractéristique
nous offre la possibilité de linéariser le modele autour d’un point de fonctionnement et
d’étudier par la suite, la stabilité en se basant sur I’approche d’analyse modale. Sachant
que le modele a temps invariant exprimé dans ’espace d’état est validé par rapport a un
modele non linéaire de simulation en EMT (un modele détaillé du MMC a 401 niveaux)
implanté sous EMTP-RV.

Dans le Chapitre 3, les stratégies de commande classiques basés sur l'inversion de mo-
dele sont développées pour un MMC en vue de 'intégrer dans un réseau MTDC. Pour
cela, un bus DC équivalent est pris en considération pour la modélisation du convertis-
seur MMC. L’objectif est d’analyser les interactions dynamiques du convertisseur avec
le réseau DC en considérant les différents schémas de controle. Pour évaluer I'influ-
ence des stratégies de commande étudiées, nous nous basons sur le modele MMC du
Chapitre 2. Deux stratégies de commande découlent de ce chapitre, a savoir : le com-
mande pour la suppression du courant circulaire (Classical CCSC) et la commande en
énergie (Energy-Based). La premiére stratégie est la plus évoquée dans la littérature en
raison de sa simplicité et sa performance méme si nous ne maitrisons pas toutes les vari-
ables du systeme. Cependant, le principal inconvénient de cette méthode résulte dans
les oscillations qui sont faiblement amorties par la commande dues aux courant DC ainsi
que les variables en énergies qui sont en régime libre. Cependant, en ce qui concerne
la deuxieme stratégie de commande en énergie Energy-based, toutes les variables en én-
ergies ainsi que le courant c6té DC sont parfaitement contrdlées. Néanmoins, si nous
nous tenons en compte des modeles détaillés des systemes de commande et de puissance
du MMC, le développement dans 'espace d’état du modele augmenté nous conduit a un
ordre tres élevé du systeme global. Vu l'ordre du systéme, ['utilisation de ce modele pour
I’analyse modale en domaine fréquentiel, demeure difficile, principalement par rapport a
I'interprétation des modes du systeme dans le plan complexe.

Dans le Chapitre 4, un modele d’ordre réduit du MMC est proposé pour faciliter ’étude
de l'interaction AC-DC. Pour évaluer la validité du modele réduit, un plan de test est
appliqué en domaines temporel et fréquentiel. Les deux stratégies de commande basées
sur le modele complet, présentées dans le chapitre précédent, sont considérées ou une
étude comparative est menée avec le modele réduit. D’apres les résultats obtenus, nous
confirmons I'utilisation du modele réduit du MMC pour 1’étude d’interopérabilité dans
les réseaux MTDC avec MMC.

Dans le Chapitre 5, 'analyse dynamique des réseaux MTDC a base de convertisseurs
MMC est détaillée pour les études d’interopérabilité. Sur la base d’un réseau MTDC a
quatre stations, plusieurs variantes d’études sont présentées pour évaluer I'influence de
chaque stratégie de commande du MMC sur la dynamique globale du réseau MTDC.
Par ailleurs, nous proposons également le développement de commande haut niveau
permettant la régulation du niveau de I’énergie stockée (I’énergie interne du MMC) et la
mettre, via la commande, a la disposition du bus DC afin d’améliorer le comportement de
la tension continue. Les résultats obtenus illustrent clairement 'intérét d’un convertisseur
MMC par rapport a un VSC classique en termes de gestion de I’énergie et la possibilité
de supporter le réseau DC en cas de perturbation. La route pour de nouvelles stratégies
de contrdle pour I'amélioration des réseaux MTDC est pavée dans ce chapitre.
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Les conclusions de la these

L’intégration des réseaux HVDC Multi-Terminaux dans les réseaux électriques existants a
mis en défi de nombreux aspects et théories associées au domaine de 1’électrotechnique et 1'élec-
tronique de puissance. Grace aux avancés technologiques, nous disposons aujourd’hui tous les
moyens pour mettre en place des réseaux de type HVDC qui peuvent atteindre des niveaux
de puissances élevées. Le convertisseur modulaire multi-niveaux est la topologie la plus appro-
priée pour faire face aux objectifs envisagés en misant sur la technologie HVDC. De plus, il est
fort probable que cette topologie de convertisseurs de puissance multiniveaux, sera la topologie
la plus utilisée pour les projets futurs. L’immigration vers les réseaux MTDC est fortement
envisageable pour des configurations basées sur des multi-constructeurs, ou le développement
des algorithmes de contrdle et de protection pour chaque station de convertisseur sera géré
d’une maniere locale par chaque constructeur impliqué dans le projet. Cependant, ces algo-
rithmes doivent garantir 'interopérabilité pour chaque convertisseur dans les réseaux DC et
AC. Comme il a été démontré a travers les résultats obtenus dans ces travaux de these, la
dynamique globale du réseau DC est tres sensible au choix de stratégies de commande pour
chaque station de conversion.

Cette these vise a évaluer certains des éléments clés de 'analyse dynamique des réseaux
MTDC basés sur MMC afin d’étudier les problemes d’interopérabilité éventuels qui peuvent
survenir. Dans ce qui suit, les principales conclusions issues de chaque chapitre sont présentées :

1. Une méthodologie pour I'analyse dynamique des systemes HVDC a base de convertisseurs
de puissance a été détaillée dans le Chapitre 1. Les principaux niveaux de modélisation
des systemes HVDC a base de VSC deux niveaux ont été détaillés. Nous précisons, que
les modeéles de simulation se distinguent des modéles pour l’analyse. Les modeles modéles
de simulation sont des modeles non linéaires détaillés, développés dans un environnement
en EMT (généralement utilisées dans I'industrie). Ces modeles représentent, avec une
grande précision, le comportement réel des convertisseurs, mais dans de nombreux cas,
ils sont fournis sous forme de modeles de boites noires (e.g., projet Best Paths DEMO
# 2) qui font I'étude et la catégorisation des les convertisseurs et les contrdleurs sont
une tache impossible (sans parler des conséquences juridiques). Par contre, les modeles
modéles pour l'analyse, qui sont généralement des modeles dynamiques exprimés par des
équations différentielles de premier ordre a temps continu, sont fournis pour ’analyse
de stabilité des convertisseurs AC/DC et leur intégration dans les réseaux. Nous distin-
guons, deux familles de modeles mathématiques, a savoir : les modeles périodiques en
régime permanent “Steady-State Time Periodic” (SSTP), ou les variables d’état au point
d’équilibre stable admettent un comportement sinusoidal. Ce modele n’est pas adapté a
la linéarisation classique pour ’analyse en se basant sur les valeurs propres du systéeme.
Pour la deuxieme classe de systémes dynamiques, appelée “Steady-State Time Invariant”
(SSTI), toutes les variables d’état convergent vers un état constant lorsque le conver-
tisseur atteint un point de fonctionnement donné. Ce modeéle mathématique peut étre
linéarisé autour d’un point de fonctionnement, de telle sorte que les outils mathématiques
linéaires dont nous y disposons, peuvent étre appliqués facilement pour ’étude de stabil-
ité et 'analyse dynamique des systemes complets. En outre, les principes fondamentaux
respectifs aux réseaux MTDC ainsi que le principe de contréle coordonné sont largement
discutés.

2. Pour appliquer la méthodologie susmentionnée avec les MMC, un modele mathéma-
tique continu non linéaire approprié est nécessaire, capable de représenter toutes les
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dynamiques internes avec une grande précision, c’est-a-dire un modeéle pour analyse avec
la représentation SSTI. Dans le Chapitre 2, une analyse approfondie des équations math-
ématiques de la MMC dans des reperes référence rotatif synchrone est fournie pour dé-
duire le modele SSTI du MMC de fagon complete. Une validation détaillée en domaine
temporel est fournie, ce qui prouve une excellente correspondance avec le modeéle de
simulation détaillé du MMC.

. Une fois que le modéle pour l’analyse du MMC est obtenu (SSTI), les stratégies de
controle les plus courantes et disponibles dans la littérature ont été discutées a travers ce
Chapitre 3 en vue de l'intégration des convertisseurs dans les réseaux AC et DC. Dans
ce chapitre, deux stratégies de modulation ont été distinguées : “Un-Compensated” ou
“Compensated” Modulation, UCM ou CM, respectivement. De plus, deux méthodes
principales de contrdle, issues des travaux de cette these, se posent: Classical CCSC et
Energy-based. Le premier est un controle typique largement discuté dans la littérature,
qui repose sur I'élimination des courants circulaires au sein du convertisseur. Etant donné
que le courant cote DC est non controlé, il a été démontré que des interactions dynamiques
de ce courant avec les autres variables du réseau DC peuvent se produire et déstabiliser
I’ensemble du systéme en tenant en compte de plusieurs parametres tels que la capacité du
réseau DC, les inductances de bras ou méme les réglages des régulateurs. Pour améliorer la
stabilité, les contréleurs en énergie Energy-based ont été largement présentés et discutés.
Cette stratégie repose sur le controle de toutes les variables internes du MMC (courants
AC et DC, et variables en énergies stockées). Cependant, il est nécessaire d’adapter
les contrdleurs pour leur propre interface avec le modele SSTI précédemment développé.
Certaines des boucles de controle sont déja développées dans le repere dg (par exemple, les
boucles de controle du courant alternatif en dq ou le controleur de suppression de courant
circulaire classique) tandis que les autres sont exprimés dans le repere fixe en (abc). La
somme et la différence d’énergies par bras sont contrdlés également dans le repere abc.
Toute la démarche mathématique pour aboutir au modele SSTI a été exposée. Des tests
de validation par simulation en domaine temporel ont été proposés pour confirmer les
approches proposées.

. Pour étudier les grands systemes a l'instar des réseaux MTDC, la complexité de chaque
convertisseur et de son systeme de controle rend difficile 'analyse en petits signaux
moyennant les outils linéaires que nous disposons pour les études d’interopérabilité. A
ce titre, dans le Chapitre 4 nous nous sommes intéressé au développement de modeles ré-
duits SSTI-MMC en vue de I’étude de I'interaction des réseaux AC-DC. Dans ce chapitre,
un modele d’ordre réduit qui peut représenter fidelement le comportement du MMC a
été développé. Plusieurs études ont été effectuées pour démontrer la validité du modele
lorsque le MMC modele de simulation est controlé en Classical CCSC d’une part, ou par
les commandes en Enerqgy-based d’autre part . Il est prouvé que le modele d’ordre réduit
peut traduire avec précision le comportement du MMC en présence d'un controleur en
Energy-Based vu que la technique de modulation découple parfaitement la dynamique
interne du convertisseur. De ce fait, il est clair que la dynamique non représentée a
travers le modele réduit ne participe pas au comportement du terminal des cotés AC
et DC dans les cas étudiés (les MMC sont connectes aux réseaux AC équilibrées et en
mode de fonctionnement normal). En outre, il a été démontré que le modele a ordre ré-
duit ne représente pas exactement le MMC lorsque la commande en Classical CCSC' est
considérée. Cette conclusion est antonyme avec plusieurs études déja publiées ou 1'uti-
lisation du modele de commande réduit a été effectuée sans le recours a une validation
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appropriée du modele. En conséquence, le modele SSTI-MMC complet du Chapitre 2
représente la solution adéquate lorsque le systeme est muni de la stratégie de controle
mentionnée ci-dessus. D’autres variantes de commande ont été investiguées, a l'instar
d’une combinaison de controleurs en Energy-based et CCSC. Dans ce cas, I'utilisation du
modele réduit a conduit a une précision limitée, puisque le choix de la modulation peut
provoquer des dynamiques internes qui ne sont pas modélisées via le modele réduit.

. Dans le Chapitre 5, I’étude d’un réseau MMC-MTDC en présence d’un parc éolien off-
shore est réalisée afin d’étudier l'interopérabilité entre les différents convertisseurs. Un
accent particulier a été accordé au comportement dynamique de la tension continue asso-
ciée a chaque convertisseur. En se basant sur les résultats des chapitres précédents, il a
été démontré que la principale caractéristique des réseaux MMC-MTDC est la sensibi-
lité de la tension du bus qui pourra provoquer un comportement fortement oscillatoire,
observée sur la tension DC. En conséquence, pour contourner ce probléme, il serait in-
téressant d’exploiter ’énergie interne du convertisseur MMC pour supporter la tension
du bus DC. Dans ce sens, des études ont été menées courant ce chapitre pour évaluer
les différentes stratégies de commandes en énergie afin d’offrir au réseau DC, des de-
grés de liberté supplémentaires pour améliorer la dynamique globale du systéme. Ainsi,
nous avons démontré qu’une gestion optimale de I’énergie interne de chaque convertisseur
MMC a travers les méthodes de commande proposées, permettra d’améliorer le comporte-
ment des variables coté DC. En effet, nous précisons que méme la dynamique globale du
réseau DC peut étre ajustée correctement a travers les approches de controle proposées.
D’ailleurs, en se basant sur ces techniques de commande en énergie, nous avons conclu
que 'amélioration du comportement de la tension continue au point de raccordement DC
de chaque convertisseur, contribue a la minimisation de problemes d’interopérabilité qui
peuvent apparaitre entre les convertisseurs MMC.
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Introduction to HVDC Systems

1 Context and motivations

Since the massive utilization of electrical energy in the world, fossil fuels — coal, natural
gas, and oil — were always the predominant energy sources. This choice had a very important
impact on the world’s climate change due to carbon dioxide (CO,) emissions [1,2]. Fortunately,
most countries in the world have agreed to limit COs production to slow down the global
warming [3]. One of the main actions is to transform gradually the energy sources: from fossil
fuels to natural and greener energy sources such as solar and wind power.

In Europe, large amounts of renewable energy are available on remote locations, often
offshore or near the sea [4,5]. However, transmission system investments, especially on new
lines, have been limited in densely populated Europe, mainly because of opposition against
overhead lines for environmental or political reasons [6]. Furthermore, the transmission of
large quantities of electric power underground (or undersea) is virtually impossible using the
commonly adopted Alternating Current (AC) because of the capacitance of the cable systems
[7]. For these reasons (among others), High Voltage Direct Current transmission schemes
(HVDC) are now becoming more and more relevant [8].

The struggle between DC or AC electrical systems is not a modern concern; in fact, it
occurred in the beginnings of the electrification era [9]. In those early ages, the AC systems
won the war of currents in the 1880s, mainly because of the ease of voltage transformation up
to higher voltages, the rotating field (for electrical machines) and the difficulty for breaking DC
currents in HVDC systems [10]. Nevertheless in the 1950s the first revival of HVDC systems
occurred with the development of the thyristors with high rating capabilities. It was mainly
used for bulk power transmission over long distances, undersea (cable) connections and also for
the interconnection of non-synchronous networks (e.g. asynchronous AC networks as France -
UK; or 50 to 60 Hz back-to-back as Japan; or Argentina - Brazil). The second revival was due
to the development of transistor based components (IGBT) for HVDC, which started in the
90s [11]. From that moment, the HVDC technology continued to grow with a great success.

The most common and oldest technology in HVDC is the Line Commutated Converter
(LCC) technology, but the Voltage Source Converter (VSC) technology is now well established
in HVDC and is, in many respects, complementary to the older structures. There are many
topologies for the VSC, but three of them are the most widely studied: 2-level, 3-level (e.g.
Neutral Point Clamped (NPC) or Flying Capacitor) and Multi-level VSC [12-14]. The 2-level
and 3-level VSC have a high switching frequency (1-2 kHz) for obtaining a low harmonic
distortion, leading to higher switching losses as well as high voltage stresses. In high power
applications, the conversion losses result in high cost for the grid operators [15]. For this reason,
a new Multi-level VSC technology has been developed called Modular Multilevel Converters
(MMC), which was introduced with great success by Dr. Lesnicar and Prof. Marquardt
in [16]. The main advantage for these converters is the possibility of working with lower
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switching frequencies (one order of magnitude less), while simultaneously achieving better
harmonic performance compared to 2-level and 3-level VSCs [17-19].

Development of offshore energy harvesting

Figure 3 shows the offshore development vision in the North-Sea by Wind Europe (ex
European Wind Energy Association), where the tendency of harvesting the wind energy from
the sea is clearly highlighted. Consequently, an ambitious development plan as imagined by
Wind Europe could bring many other benefits to the European electrical grids, in addition to
the improvement of the green energy portfolio. For the achievement of this modernization of
European power grid, significant investments are needed in order to reach European energy
policy goals as pointed out by the European Network of Transmission System Operators for
Electricity (ENTSO-E) [20].

Currently operating cable Proposed by EWEA by 2020

Under construction or planned Proposed by EWEA by 2030
= Under study by TSO

Under study by TSO/EWEA recommendation

Figure 3 — Offshore development vision in the North-Sea by Wind Europe [21]

Multivendor HVDC systems

As seen in Fig. 3, all the current operating cables with HVDC technology are point-to-point
schemes. However, these schemes may develop into Multi-Terminal DC systems (MTDC). The
VSC HVDC is the most appropriate technology for MTDC applications as it uses a common DC
voltage, making parallel connections easy to build and control [22]. Moreover, the MMC-VSC
technology is aimed to be the preferred option for these future supergrids [23]. The development
of HVDC systems brought a lot of experience in the field, bringing to light numerous standards.
However, these standards address the converters behavior on the AC side, but none exist for the
DC side connections and many technical issues remain unsolved [24]. On the one hand, when
dealing with point-to-point connections, the converters are always provided by a single vendor.
The dynamic behavior on the DC side is responsibility of each manufacturer since they are in
charge of the proper functioning of the complete system. On the other hand, MTDC systems
are likely to be multivendor systems, where converters provided from different manufacturers
coexist in the same DC grid [25]. At this point, the lack of requirements with respect to the
DC side connections will become an issue to be solved since, for instance, even the DC voltage
and current ratings are not normalized [26]. Furthermore, since the dynamic behavior of these
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future DC grids will be greatly influenced by the control strategies adopted for each vendors,
the converter controller should have the ability to damp potentially hazardous oscillations and
avoid undesired interactions with the rest of the DC grid component [27].

The European project Best Paths' gathers expert partners from academia and the industry
around five large-scale demonstrations to validate the technical feasibility, costs, impacts and
benefits of the tested HVDC technologies [28]. The focus of the demonstrations is to deliver
solutions to allow for transition from HVDC lines to MTDC grids, to upgrade and re-power
existing AC parts of the network, and to integrate superconducting high power DC links within
AC meshed network. Demonstrator # 2 of Best Paths deals with the possible interoperability
issues that may appear between MMCs connected to the same DC grid from different manufac-
turers [29]. This problematic could be addressed in normal operation where the stability of the
DC grid must be assured, but also in different operations such as the abrupt disconnection of a
converter station, grid reconfiguration, or as many possible cases that may occur. Results from
this Demonstrator will include recommendations for both specifications and hardware control
implementation which would ensure maximum interoperability for multivendor solutions [30].
The proposed guidelines will provide feedback to the Network Code drafting teams of ENTSO-
E, and form a solid basis to make significant advances towards interoperability requirements
for multi-vendor HVDC grids as currently targeted by standardization groups (CENELEC,
IEC, etc.).

The most appropriate definition of “interoperability” for this context may be [31]:

o Interoperability is a characteristic of a product or system, whose interfaces are com-
pletely understood, to work with other products or systems, present or future, in either
implementation or access, without any restrictions.

Nevertheless, the concept of “interoperability” may be very broad to explore all the possibilities.
This Thesis intends to provide an elementary block for the understanding of MTDC grids
with Modular Multilevel Converters where the main key factors that could provoke interope-
rability issues are addressed. For this reason, the development of a proper methodology in
conjunction with the converter models and different controls strategies establishes the main
objectives of this work. Studies on generic MTDC grids are carried out to evaluate the impact
of different available control strategies on the grid dynamics. This task helps to evaluate the
interoperability of the resulting converter with different control strategies in DC grids and
eventually help in the development of the nonexistent recommendations for MTDC grids.

2 HVDC Systems — Generalities

Numerous technological advances in terms of hardware (e.g. semiconductors with lower
losses and higher capabilities) and software (e.g. faster and sophisticated control algorithms)
allowed to consider HVDC systems as a reliable solution for the transmission of electrical energy
with competitive costs and a large number of advantages [32,33]. Each new HVDC project
challenges thee major electrical engineering disciplines: power transmission engineering since
the penetration of HVDC systems in the existent AC grids is of primary importance; Power
electronics due to the technology involved on each converter station and Control engineering
since the modeling and control design for HVDC systems is the primary responsible for the
proper functioning of the systems [34].

!Best Paths stands for BEyond State-of-the-art Technologies for Power AC corridors and Multi-Terminal
HVDC Systems.



Even if the list of HVDC projects in the world is very extensive nowadays [35], the modern
history of VSC-based HVDC systems is remarked by four main disruptive events:

1. 2009: ABB commissioned the first offshore HVDC system BorWinl which was the first
one to use VSC for the converter stations [36,37].

2. 2011: The first HVDC system using Modular Multilevel Converters; Trans Bay Cable
commissioned by Siemens [38,39].

3. 2013: First three-terminal “multivendor” MTDC grid with MMCs commissioned by the
State Grid Corporation of China (SGCC) [40].

4. 2015: First HVDC link with MMGCs for transmitting power in the GW range called
Inelfe, which was commissioned by Siemens [41]. Up to date, it has the biggest HVDC
power capacity in the world.

In HVDC systems, one of the principal and most expensive components of the DC grids are
the cables: the cost of installation and eventual reparation exceeds the cost of converters and
associated hardware. In fact, as a rule of thumb, the cost of the cable itself and its installation
may surpass the price of the converters at each endpoint (when considering point-to-point
connections) [42]. For this reason, the dynamics in the cable should be carefully studied for
assuring that the voltage limits are not surpassed in normal or abnormal operation.

2.1 Voltage Source Converters for HVDC applications

Voltage Source Converters in HVDC applications make use of self-commutated semicon-
ductor devices such as Insulated Gate Bipolar Transistors (IGBT) which allow the full control-
lability of the converter [43]. The main characteristic of this type of HVDC converter is that
it can synthesize an AC voltage output with high accuracy regarding its amplitude and phase.
This way, active and reactive power can be independently controlled. There are mainly three
Voltage Source Converters topologies available in operation for HVDC systems [12]:

1. 2-level topology.
2. 3-level diode-clamped topology.
3. Modular Multilevel topology.

In the following, the 2-level and multilevel floating-capacitor topologies are introduced.
The multilevel diode-clamped topology is out of the scope of this Thesis; however, many of the
studies performed with the 2-level topology apply to this category as well.

2-level VSC

A typical three-phase 2-level topology interfacing an AC and DC grid is shown in Fig. 4a.
It is composed by three phase legs and each one has a series array of semiconductor switches
that in turn, inserts or bypasses each leg thus chopping the DC voltage to form the desired AC
voltage output. The number of switches in series depends on the voltage ratings. On the DC
side, there is a capacitor Cs acting as a filter. The typical Pulse-Width Modulation (PWM)
AC output voltage is shown in Fig. 4b. More details on the modeling and control of the 2-level
VSC are given in Chapter 1.

The main disadvantages of the 2-level VSC is the need to switch a large array of IGBT
on each leg simultaneously causing high voltage stresses on the valves, which can be very
challenging. Also, to reduce the harmonic components on the synthesized AC output voltage,
the PWM frequency may be augmented, compromising the switching losses. In HVDC systems,
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Figure 4 — 2-level VSC: Topology and output voltage waveform

these losses are conditioned by the cost of the energy lost, which is a significant issue for
transmission at the MW or GW level [44]. Furthermore, in conjunction with an elevated
switching frequency, the AC filters may be bulky and costly. These factors limit the power
ratings of the whole HVDC project with 2-level VSC.

Modular Multilevel Converter

The most promising topology of multilevel converter is the so-called “Modular Multilevel
Converter” (MMC) [16]. The three-phase MMC topology, shown in Fig. 5a, is composed by
three phase legs, each one formed by an Upper and Lower arm. The arms are constituted by
a stack of Sub-Modules (SM), whose topology may vary from a Half-Bridge, Full-bridge or
other topologies [45]. In this Thesis, the Half-Bridge (HB) is assumed for the SMs due to the
reduced number of semiconductor devices in the converter, as illustrated in the upper-right
corner of Fig. 5a. Moreover, each arm has a series inductance which is used to filter the arm
currents and to limit the inrush currents in case of faults. In the MMC, there is no capacitor
directly connected in the DC bus as it is the case for the 2-level VSC; instead, each SM has a
smaller capacitor which is inserted or bypassed in the circuit to form the desired voltages, as
illustrated in Fig. 5b. More details on the modeling of the MMC are given in Chapter 2.

One of main drawback of the MMC is the high complexity of the control system [46]. On
the one hand, a dedicated controller is in charge of the complex balancing of the voltage on
the submodules capacitors, while guaranteeing at the same time that the output voltages are
as expected from the current controllers. On the other hand, as can be seen by comparing the
MMC topology in Figs. ba and the 2-level predecessor in Fig. 4a, many currents and voltages
inside the converters should be monitored to avoid any possible misbehavior [47]. For this
reason, it is understood that the control system of the MMC is more challenging than for the
2-level VSC. More details on the control of the MMC are given in Chapter 3.

2.2 Point-to-point MMC-Based schemes

The most common configuration for HVDC projects is the so-called “point-to-point” scheme,
which is exemplified in Fig. 6. In this configuration, there are two AC-DC converters connected
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Figure 5 — Modular Multilevel Converter: Topology and output voltage waveform

with a DC conductor which may be a cable or an Over-Head Line (OHL). Even if the OHL
technology is very interesting since normal AC corridors may be re-developed into DC grids,
this Thesis only focuses on cable configurations. One of each converter in Fig. 6 has a specific
role in terms of control. One converter is in charge of the power flow in the DC link, while the
other fixes the DC voltage to a certain level (the details on the control configurations are given
in Section 1.3). The advantage of this configuration with respect to the classical AC lines is
the ability to control the power flow in the system [44].

AC Grid 1 DC Grid

—

AC Grid 2

positive pole
R ——]
 E—

VA

=1L

——
Converter 1

negative pole

——
Converter 2

Figure 6 — HVDC point-to-point: Example of typical schematic diagram

As an example of a point-to-point real project, let us consider the INELFE project [48].
This project is made by a joint venture from RTE and “Red Eléctrica de Espana” (Spanish
TSO). The configuration is given in Fig. 7. This project was carried out for improving the
electric network capacity between Spain and France and hence, with the rest of Europe.

Baixas 1 QW 1 GW Santa Llogaia
VD) 64.5 km ~ )
France - I Spain
% 1 GW | oW §§’ —— DC £320 kV
vy 64.5 km ~ AC 400 kV

Figure 7 — INELFE project — HVDC point-to-point scheme

The INELFE point-to-point scheme is composed by two 1 GW MMC-based HVDC links.
As seen in Fig. 7, the AC grid from Spain and France are also connected in AC, in particular



by a 400kV AC line in parallel to the two HVDC links, which is partly relieved thanks to
the DC line. From an electrical point of view, both converters are electrically close to each
other which makes the project very challenging from a engineering perspective. For studying
the system, RTE acquired a real-time mock-up of the complete link, where the actual MMC
control replicas are installed and evaluated [49].

In Fig. 8, the footprint of a 2-level VSC station from the BorWinl project and the MMC
station from INELFE is compared . As it can be seen, in a similar footprint, the MMC of
INELFE project have five times more power than in BorWini.

(a) BorWinl: 2-level VSC, 400 MW, £150 kV (b) INELFE: MMC, 2 x 1000 MW, £320 kV

Figure 8 - BorWind1 VSC station in Diele, Germany. INELFE, 2 MMC stations in Baixas,
France. — Source: https://maps.google.com/

3 Multi-Terminal DC schemes

When more than two converter stations are connected to the same DC grid, the configu-
ration is referred as a “Multi-Terminal DC” system (MTDC). These schemes are expected to
provide additional features compared to point-to-point HVDC links, such as:

« More flexibility in power dispatch [§]

o Optimized assets for offshore wind farm connection to shore and power transmission
capability [50]

« Smoothing wind power fluctuations (mitigation of wind power which is produced from
different area) [51]

» Frequency support to onshore grids [52,53]

« More reliability (can operate or at least partially operate even if one element is out of
service) [54]

From an operational point of view, power flows in HVDC grids would be decided on the
electricity markets in advance according to the supply and the demand. In real time, power
flows must correspond to the schedule and deviations should be regulated according to pre-
defined rules. As for AC system, TSOs are likely to be in charge of managing HVDC grids
to assess their stability and comply with the market schedule. To control the power flows
in the DC grid, two layers of controllers are likely to be used [55]. The first control layer is
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constituted by the coordinated controllers managed by TSOs to dispatch suitable converter
set-points in order to achieve a precise power flow control [56]. Also, in case of a contingency,
it would automatically adapt set-points to find a new stable operating point [57]. Second, local
controls in the VSC stations such as DC voltage droop control are used to the adjustments of
set-points in real-time [58].

Multivendor MTDC real projects

There is little experience worldwide in multivendor VSC-based MTDC schemes. The only
two relevant examples are Nan’ao and Zhoushan projects in China, whose layouts are depicted
in Fig. 9 [59,60]. Both projects, which are operating nowadays, prove that the MTDC schemes
are a feasible solution for high-power transmission systems.

Shangai
Power Grid

China Southern

Power Grid Yangshan

Sucheng
200 MW

— DC £160 kV

—— AC 110 kV - E 100N
% o 4
100 MW /f‘f\
41 km 17 km
HSHH
Qushan
400 MW 300 MW
Ningbo
Power Grid HT —— DC 4200 kV
— AC 110 kV
AC 220 kV
Dinghai Daishan
(a) Nan’ao project [61] (b) Zhoushan project [62,63]

Figure 9 — VSC-based MTDC schemes in China

The aforementioned MTDC projects in China are multivendor schemes, where different
vendors were in charge of the deployment of the hardware of each converter station. However,
control and protection of each station was fully designed by a single vendor [40]. In the western
market, this scenario is most unlikely since western manufacturers mostly valor their know-how
related to the specific control and protection design adapted for their high-voltage equipment.
For this reason, in the Best Paths project the idea was to evaluate interoperability for HVDC
converters from different vendors whereas the control and protection algorithms are specific to

each company.

4 Objectives of the Thesis and Main Contributions

The main research questions of this Thesis are the following:

1. What are the main tools to study the stability of HVDC systems?



3.
4.

d.

How to model the MMC for being able to use it for small-signal stability analysis?
What is the impact of the MMC controllers on MTDC grids dynamics?

Are the reduced order MMC models valid and representative for large-scale studies such
as MTDC grids?

What are the main key factors influencing the DC dynamics and how to improve them?

This Thesis, which aims to answer the aforementioned questions, deals with the dynamic
analysis of MMC-based MTDC grids for interoperability studies, in the same spirit as the Best
Paths project; even if the presented studies were not conducted with the vendors models.
Instead, the idea is to detail the modeling and control of MMCs first, before introducing the
converter in a multi-terminal environment. A step-by-step approach is followed to highlight
each relevant and particular aspect of MMCs for interoperability analysis with special focus
on the overall stability.

The main contributions of this work are listed below:

1.

A methodology for the dynamic analysis of HVDC systems with Power Electronics Con-
verters is given. This methodology implies the different modeling degrees and control
strategies for the converters. Mathematical tools that can be applied to each model
representation are defined.

Documentation of a novel MMC mathematical model that takes into account all internal
dynamics. This model, which can be easily linearized, is one of the pillars of this Thesis,
since the small-signal dynamics can be studied from the developed model. This model was
firstly developed by NTNU and SINTEF, and later generalized within a collaboration.

. Different controls strategies for the MMC are described. The impact of each control

in terms of small-signal dynamics is analyzed. Improvements on the system stability
are proposed, which conduces to a promising family of control strategies in term of
interoperability.

. Demonstration of the applicability of reduced order MMC models: the limitations of the

usage of simplified models is highlighted with respect to the MMC control strategies.

. Simulations and analysis of MMC-based MTDC grids and the application of linear mathe-

matical tools for the deep understanding of dynamic behavior of the DC grid. The main
variables governing the dynamics, and the impact of the converter controllers on the DC
voltage dynamics are explored.

Layout of the Thesis

The Thesis is organized as shown in Fig. 10 and detailed in the following.

Chapter 1
Methodology

'

Chapter 2 *

MMC Modelin;
‘ £ ~a Chapter 4 5 Chapter 5
g Model order reduction MMC-based MTDC grid
Chapter 3
L p| f
MMC Control

Figure 10 — Thesis Road-map

Chapter 1 introduces the methodology applied throughout this Thesis for the study of
power electronic converters with particular interest on the integration to DC grids. This



Chapter deals mainly with 2-level VSC, where the main modeling degrees are clearly shown:
from the classical averaged model in abe frame to the dg model, up to its integration in HVDC
point-to-point schemes and MTDC grids. The linearization technique used for eigenvalue-
based stability and dynamic analysis for DC systems is presented. This Chapter stands out
the main concepts that are applied to DC systems with MMC through the Thesis.

Chapter 2 presents the most up-to-date MMC non-linear continuous model in dq frame,
which has the main property that the steady-state operation is represented by constant state
variables. This characteristic makes it possible to linearize the model and to study its stability
with eigenvalue-based techniques. The model is compared against a very detailed EMT MMC
model? with 401 levels implemented in EMTP-RV.

In Chapter 3 the classical control strategies for the MMC are developed in views of its
integration in MTDC systems. For this reason, an equivalent DC bus is considered with the
MMC. The objective is to analyze the interactions of the MMC with the DC grid when con-
sidering different controllers. For evaluating the degree of impact of the analyzed controllers,
the MMC model with steady-state time-invariant solution from Chapter 2 is used. Two main
control strategies arise from this Chapter: the Classical Circulating Current Suppressing Con-
troller (CCSC) and the Energy-Based controller. The first one is the most used in the literature
due to its simplicity. However, the main drawback of this strategy is the poorly damped os-
cillations that can be caused by the uncontrolled DC output current and internal energy. The
Energy-Based controller, in turn, considers closed-loop controllers for all the energies and cur-
rents of the MMC. Nevertheless, when considering full detailed controllers and the MMC, the
state-space model results with a high number of state variables. This results in a difficult task
for the dynamic and stability analysis based on eigenvalues.

In Chapter 4, a reduced order model of the MMC for interfacing AC and DC grids
is presented. For evaluating the validity of the introduced model, several tests based on
eigen-analysis, time domain simulations and frequency analysis are carried out to delimit the
boundaries and highlight its usage. Two control options detailed in previous Chapter are
considered for the MMC and compared with the analogous reduced order model. Results from
this Chapter are fundamental for the application of reduced order models in MTDC grids for
interoperability studies.

In Chapter 5, the dynamic analysis of MMC-based MTDC grids is presented for inter-
operability studies. Based on a benchmark four-terminal MTDC model, several studies are
developed for evaluating the impact of different MMC control strategies on the MTDC dy-
namics. The use of dedicated controllers for regulating the internal energy of the MMC in
views of the collaboration of each converter on the DC voltage dynamics is explored. Results
highlight the main differences with MTDC grids with 2-level VSCs in terms of the DC grid
energy allocation. The road for new control strategies for improvement of MTDC grids is
paved in this Chapter.

6 List of publications derived from this work

The publications resulting from this Thesis project are listed below. The main contributions
presented in this manuscript are based on the journal papers Journal I and Journal II, and
also the conference papers Conference I to Conference VII. The results of the remaining
publications are not directly embedded in this Thesis, although they helped in the development
of the whole work. For the ease of reading this Thesis, self-citations are given with bold

2EMT: Electro-Magnetic Transient
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Chapter 1

Methodology for dynamic analysis of
HVDC systems with Power Electronics
Converters

1.1 Introduction

One of the major concerns in power systems is the assurance of reliability: the system must
operate in an non-interrupted way. This means that the system must be able to cope with
different events in normal or abnormal operation, such as changes in the power flows, faults,
etc [64]. When the system is operating in a given initial point and it is perturbed (e.g. with
a change on the set-points), it must keep working smoothly and it should be able to stabilize
itself in any possible operating point [65]. This means that a formal study of the dynamics
and stability should be addressed [66]. This aspect is even more relevant when considering
the inclusion of HVDC systems to the grid: the nature of this new equipment is different by
working principle than the existent devices. Hence, the modeling, control and analysis of the
HVDC systems with power electronics becomes crucial [67]. For this reason, this Chapter deals
firstly with the different modeling degrees of a single Voltage Source Converters and HVDC
systems, highlighting the followed methodology for stability and dynamic analysis.

For studying the dynamics and stability of Multi-Terminal DC grids with static Voltage
Source Converters (VSC), the first step is focused on the modeling of the different elements that
compose the system. There are different degrees of modeling depending on the phenomenon
considered, as shown in Fig. 1.1. The most detailed models of the MTDC with VSC consider
all the components of each converters separately, and they are directly assembled to form
the complete system, typically in Electro-Magnetic Transient software such as EMTP-RV [68]
or PSCAD. This degree of modeling is often referred as “Simulation models” or “EMT-type
models”. With these models, parametric and statistical studies techniques are often used. For
this reason (among others) simpler yet representative models are needed to be able to apply
the vast theory on control and stability analysis of dynamic systems. It should be always
borne in mind that all the mathematical models and analysis are meant to be useful for a
better understanding of the “Real system”. For this reason, the “Simulation models” and the
mathematically derived models for analysis are both needed to perform a complete study of
the MTDC system.

In Fig. 1.1, the different levels of modeling for the MTDC grids with VSCs are shown. After
applying fundamental physical relations to model the converters and the other components,
dynamic models of each sub-systems are obtained. Due to the nature of the system, the
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Figure 1.1 — Different models of MTDC grids with VSC for stability and dynamic studies

resultant model may be linear or non-linear, and depends on the absolute time or not. The
models for VSC power electronic devices are usually non-linear. It is of interest to consider
the way that the states of the system (such as currents, voltages or controller state variables)
behave in steady state, i.e. if they are oscillating variables or constant. This is important since
the subset of system variables may represent a fixed point in the state-space when they don’t
depend on the absolute time (usually dgz variables), or an orbit if their are oscillatory (abc,
or afz). In case that the system presents periodically oscillating variables in steady state, it
will be referred as a system with “Steady-State Time Periodical” solution, or simply “SSTP”.
In the other hand, if the state-variables of the system in steady-state are constant, it will be
referred as a system with “Steady-State Time Invariant” solution, or simply “SSTI”. This last
kind of models can be linearized around an operating point, deriving in the “Linear Time-
Invariant” (LTT) models. With the LTI models, the stability and dynamic analysis based on
eigenvalues can be applied, which is very well established in the power system domain [69-72].
The LTP models can also be linearized; however, the models cannot be utilized for conventional
eigenvalue-based analysis of small-signal dynamics. Instead, the lack of a constant equilibrium
in steady state implies that time periodic theory must be applied [73].

This Chapter is organized as follows. In Section 1.2, and based on a simple 2-level VSC,
the methodology to build the elementary LTI blocks of an HVDC system from Fig. 1.1 is
presented. Once the L'TT models of each converter are obtained, they can be used as “building
blocks” for the analysis of HVDC systems. As shown in Fig. 1.1, the “LTI” models can be
assembled to form a complete linear model of the MTDC system. In Section 1.3, an HVDC
point-to-point scheme is modeled and analyzed. Finally, in Section 1.4, a simplified analysis
on MTDC grids is performed to highlight the main results from [74], which serve as a starting
point of analysis for the rest of this Thesis.
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1.2 Modeling of a 2-level Voltage Source Converter

Let us consider a simplified 2-level VSC interfaced between AC and DC sides as depicted in
Fig. 1.2. In this schematic, the AC grid is considered to be a balanced Voltage source providing
the voltages v& . = [v¢ vf v 7. The AC grid currents are denoted by 4% . = [i¢ i¥ i¢]", and
the active and reactive power at the AC-side Point of Common Coupling (PCC-AC) are given
by P, and Q. respectively. The resistance and inductor given by Rg; and Lg; are modeling

the AC-side impedance of the converter (such as transformer, etc.).

Q—ZGUGZ VSC /[/mdc 2 Ideal power source
CLC ac ———0— o———————
Paw Qac abc L Req Pmac | + + A1 P*
S S

Pmadc T ‘) =

. Udc PY Tvdc Vdci

G ? vmabc — [EEOES e

v
abc

J?_ _T_ T Mabe

Figure 1.2 — Simplified 2-level VSC — Selector 1: Constant DC bus voltage; Selector 2:
Variable DC bus voltage and ideal power source

In the rest of this Chapter, the DC side is considered to be either a stiff DC source with
voltage vg. (Selector in lower position), or a variable DC voltage with an ideal power source
where the DC voltage v,. would be represented by the dynamic state of the DC-side capacitor
Cs (Selector in upper position). The “DC-side Selector” doesn’t have a physical meaning: it
is only intended to highlight the different configurations that are exploited in this Chapter.

Even though the power converters models are discontinuous due to the switching events, the
average value model is commonly considered by power electronic engineers as the real system
since it provides an insight on the general behavior of the converter [75]. The considered
averaged value 2-level VSC model is based on a AC and DC modulated powers balance, i.e.
Pmde = Pmac, Where the semiconductor losses are neglected. The working principle consist in
chopping the DC voltage to form the desired AC modulated voltages Vmabe = [Uma Vmb 'Umc]T
by means of the modulation indices Mmape = [mq My M) "

Even if the model from Fig. 1.2 is overly simplified, it is exploited in this Section for
introducing the different levels of modeling for VSCs used along this Thesis.

1.2.1 Non-linear state-space model with steady-state time-periodic
solution

The first type of VSC model consists in the non-linear state-space model with steady-state
time-periodic solution. A dynamic system can be modeled with a set of n first order differential
equations with m inputs and p algebraic output equation [76,77] as show in (1.1).

(t) = f(x(t),u(t),?) (1.1a)
h(z(t), u(t), ) (1.1b)

!Note that @(t) = dz(t)/dt. Both notations are used indistinctly during this Chapter
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where,

& = [1(t), 2a(t), ..., 2o (t)] €R" (1.2a)
w = [ur(t), ua(t), oo um(t)] T € R™ (1.2b)
y = [n(t), 92(t), s yp(1)] € R (1.2¢)
[fi((),u(t) 1), folx(t), uw(t),t), ... ful (1.2d)
= [ (@(t), u(t), 1), ha(@(t), w(t),t), ..., hp(a(t), u(t),t)]" (1.2¢)
The vector @ groups the dynamic states of the systems, w the inputs and y the outputs. The
functions f relate the inputs and states of the system with their derivatives, while h relate

the inputs and states of the system with the outputs. When f and h represents non-linear
functions of @ and w, the dynamic equations described by (1.1) are non-linear.
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Following the example of the 2-level VSC from Fig. 1.2, the balanced inputs v&,. and
control inputs mgp. are given by the following equations:
¢ 9% cos(wt) My 1 cos(wt + ¢)
vS. = oS = [0%cos(wt —27/3)|; Mape = | M| = | cos(wt — 27/3 + B) (1.3)
¢ 9% cos(wt — 41/3) me m cos(wt — 47 /3 + ¢)

where 9% and 7 are the amplitudes of the AC voltage and modulation indices, respectively.

The variable ¢ represents the phase of the modulation index vector.

The dynamics of the currents 5, = [i%,if i¢]" are given by,

dlg 1 ac ;G

i L (vma — ¢ — Rgi a) (1.4a)

di§ 1

— =7 (om — Ve — — Ry i (1.4Db)

- )

dZ? 1 ac ;G

o L (vmb — ¢ — R i c) (1.4c)
iS+if +i8 =0 (1.4d)

Since in this Section it is considered a perfectly balanced AC system, the sum of the currents
is equal to zero, so the third current (i.e. i¥) is the difference between the two states. The

modulated voltages vpape are given by (1.5).

Uma Mg Ve
VUmabe = |Umb| = | Vqc (15)
Ume Me Ve

Finally, the modulated DC current i,,q4. is given in (1.6).
Imde = maiaG + mebG + chCG (16)

The equations from (1.4) can be represented in a state space form of (1.1) as follows:

o [~ 0 1rec A e

i$ Lag e > Vg cos(wt + @) 0 cos(wt)
aligl=10 -z 0 it + e |vacicos(wt — 21 /3 + ¢) | — 5 |99 cos(wt — 27/3)|  (1.7)

i 0 0 ‘1 —f:g i | vaer cos(wt — 47 /3 + ¢) “ 0% cos(wt — 47 /3)

eq
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G

The vector of independent states (it is considered that i¢ = —i%¥ — i’

iy") and inputs are:

.
z=[if,if] €R w=[0%v4, m,¢] €R! (1.8)
S—— =

Physical Control

For this example, the number of independent states is n = 2, the number of inputs is m = 4
and the number of outputs p will depend on the desired outputs of the system.

In case that the Selector from Fig. 1.2 is in lower position, i.e. it is considered a stiff DC
source, the model is linear. However, if the Selector is in upper position, i.e. the DC bus is a
variable source, the model is bilinear (i.e. a dynamic system where there is a multiplication of
state variables with control input variables). Also, due to the fact that (1.7) depends explicitly
on the time ¢ (with the cos(wt) functions), the solution of the system equations in steady state

are time-variant. Due to the periodical solution of the sinusoidal functions, the model from
(1.7) have a Steady-State with Time Periodic solution (SSTP)?.

Open loop control in abc frame

The control system of the VSC adapts dynamically the modulated voltages v;nqpe by chang-
ing the modulation indices according to the desired operating point in terms of different control
strategies that can be adopted [58]. As an example, the Open-loop control for the VSC is de-
picted in Fig. 1.3 where the active and reactive power references are controlled.

Py
—® Modulated Voltages Umabe Magbe

Qe Calculations -
—> “Open Loop”

A

R ac ac
UG w, Leq? Req Vde

Figure 1.3 — Open-loop control for 2-level VSC

Given the active and reactive power references at the PCC-AC, P}, and Q. respectively, it
is possible to calculate the functions of the modulated voltages v,,qpe for the desired operating
point as shown in (1.9). The mathematical deduction of (1.9) is given in the Appendix B. Note
that the frequency w is given as a parameter. This basic control fails to control the transient
behavior in an acceptable way. Moreover, it is highly sensitive to the parameter variations.
For these reasons, the Open-loop control strategies are not preferred. Nevertheless, it is used
at this stage for exemplifying the modeling steps.

* _ ~G
Uma—U

cos(wt) + (wLZS (Q* cos(wt) — P~ sin(wt))) + ... (1.9a)

30¢

. (Rgg (P* cos(wt) + Q* SiH(Wt)))

2
30¢
(ngg (Q* cos(wt — 27/3) — P* sin(wt — 27/3))) + ... (1.9b)

* ~G
= t—2m/3
vi, = 07 cos(w 7/3) + e
2

.t e (RZ}; (P* cos(wt — 27 /3) + Q" sin(wt — 27r/3))>
U:nc = _U;kna - U:nb (19C)

2The double “SS” for SSTP stands for Steady-State, do not mix it with State-Space
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The system from (1.7) with the Open-loop control in (1.9) is simulated considering the
average value model of the VSC implemented in Matlab/Simulink. The scenario considers
an active power reference change from P;. = 1 pu to 0.5 pu at 50 ms, while maintaining the
reactive power reference Q¥ . at 0 pu. The simulation parameters are given in the Appendix A.
Simulation results are gathered in Fig. 1.4. The DC voltage is considered to be a stiff DC
voltage source (Selector from Fig. 1.2 in lower position).

AR

Figure 1.4 — SSTP Model: Simulation results of a 2-level VSC with Open-loop control

As it can be seen in Fig. 1.4, the active and reactive powers are highly coupled with the
considered Open-loop control. Moreover, the dynamics of the system are completely unaccept-
able, due to severe oscillations and a slow response time (more than 200 ms) [23]. However,
the interest of this simulation is to highlight that the state variables of the system are periodic
in steady state. If it is desired to study the system stability as it is, complicated mathematical
theories should be applied. The main complexity resides in the fact that, in steady-state, the
solution of the equations given by (1.7) is given by a periodic point on the state-space from
@ (i.e. a point which the system returns to after a certain number of time [78]), and not a
fixed point independent of the absolute time. For these two reasons, highly coupled active and
reactive powers and the periodicity of the solutions, the dg theory is commonly applied for
obtaining an equivalent system where the state variables are constant in steady state.
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1.2.2 Non-linear model with time-invariant solution in steady state

Continuing with the example from Fig. 1.2, a state-space model with time invariant solution
is obtained by applying the Park transformation P,, defined in the Appendix A to (1.7) [74]:

dZdG 1 ]. el Rgg -G -G
T Tae MdVde =7 oVa T Taotd — Wi (1.10a)
dt Leq \?'rn/d-/ Leq Leq !
di¢ 1 1 Reg
q G eq -G -G
—_— = Tae MgVdc —?U - acl + Wiy (]‘10b)
dt Leq \—U?:q—/ Leq q Leq q
bde = 5 mai§ +mgil (1.10c)
— =
tmd imq

As it can be seen in (1.10) the equations do not depend explicitly on time, so the solution of
the system equations in steady state becomes time-invariant. This is advantageous since the
steady-state condition can be easily calculated by non-linear numerical methods. Also, dealing
with constant state variables in steady state is more favorable for control purposes, since
simple Proportional-Integral-Derivatives (PID) controllers can be used for achieving acceptable
dynamic responses. These types of models are called in this Thesis as state-space models with
“Steady-State Time Invariant solution” (SSTT).

Calculation of operating point

As it was stated before, one interesting property of SSTI systems is that the operating point
is defined by constant values of the state variables and inputs in steady state. For the VSC
example with fixed DC bus, the operating point is defined by the set of values &g and wug:

o 1T T
Ty = {szO,z%} € R? wg= [vfo,vdco,mdg,mqo] eR? (1.11)
which verifies:
Rac .
d Z.Z _ 0 2| - Z.CZ) L [paoma] v |1 (1.12)
dt | 0 —w =7t L) LG [vacomeo]  Lgg |0
eq

The system of equations given in (1.12) have 6 unknowns (2 state variables, and 4 inputs).
For this reason, the expressions of the active and reactive power given in (1.13) are also
considered, where it is assumed that qu =03

Pop = Z’Ug‘oigo; Qaco = ‘;’vgig’o (1.13)
Taking into account (1.12) and (1.13), it is needed to know a priori 2 out of 6 unknowns
so the system may have a solution. In the example followed in this Chapter, the AC and
DC voltages are known at the steady-state condition since they are given by their respective
sources. Moreover, the active and reactive power references are imposed. In this way, the 4
unknowns to be found are i, i(%, mqo and mg. However, different combinations can be used;
for instance, if the AC or DC voltage are not known, the values mg4y and my can be imposed
to solve the system.

3The VSC is considered to be perfectly synchronized with the AC-grid
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Generalization

The non-linear time-invariant models can be expressed as follows:

i(t) = f ((t), u(t))
y(t) = b (x(t), ult)) (1.14)
where,
£ = (@), u®), fa@t)ult), - ful@t), )] (1.152)
h = [ (2(t), u(t), ho(z(t), u(t)), ... hy(@(t),u(t)]" (1.15b)

Note that f and h in (1.14) and (1.15) (time-invariant) are not the same system functions
as in (1.1) (time-variant). This is due to the fact that the absolute time ¢ does not appear as
an explicit parameter on the right side equations of f and h given in (1.15).

The operating point is defined by:

Lo = [T1,, Loy, --.r Tng] | € R” (1.16a)
Uo = [Uny, Usgs -y U] € R™ (1.16b)

which verifies:
0 = f(mo,’ulo> (]_]_7)

The outputs in the steady state condition can be obtained by evaluating the output func-
tions h with (2o, ue) as shown in (1.18).

Yo = h (x9, up) (1.18)

Open loop control in dg frame

The Open-loop control presented in previous section in abc frame is referred to the dq axes
applying the Park transformation to (1.9) as follows:

_2PLRY 2QLwLi

* ac— e G

Umd = 3 e !+ 30 + v (1.19a)
L 20Q0. R 2wl

Umq = g /Ug g —_— g UdG 4 + Uq (]‘]‘gb)

The same simulation as for the SSTP model is performed, and results are shown in Fig. 1.5.
As it can be seen, the AC grid voltage is now constant and not a sinusoidal function as
in Fig. 1.4. The AC currents in the dgq axis are also constant in steady state. During the
transient, a similar behavior as the active and reactive power as in Fig. 1.4 can be noticed.

As it was already pointed out, the Open loop control approach cannot guarantee an a-
cceptable transient behavior. For this reason, in the following section the classical grid current
controllers in Synchronous Rotating Reference Frames (SRRF) based on feedback control and
Proportional-Integral (PI) controllers are introduced.
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Figure 1.5 — SSTI Model: Simulation results of a 2-level VSC with Open-loop control in dg
frame

VSC Classical control

The VSC classical control strategy is based on two cascaded loops (namely inner and outer
loops). The inner loops control the AC currents in dg frame, while the outer loops generate
their references [74].

Since the dgq variables are DC values in steady state, the widely adopted Proportional-
Integral (PI) controllers can be used in Synchronous Rotating Reference Frame for achieving
an acceptable dynamic behavior while guaranteeing zero steady-state errors at the same time.
The block diagram of (1.10) and the AC current controllers are depicted in Fig. 1.6.

Controller 04 v&  Physical system
d Vde d
iy i
= X SLegTRE Ly
7/d -
wLCLC
.G €q
Zq wlac
iG* v eq e
q mq + T tq >
>< ac ac
_ SLeq +Req
Vdc G
'Uq
(a) Current controllers (b) Physical system

Figure 1.6 — VSC AC Inner current controller in SRRF

Feed-forward decoupling terms are added in the controller structure for allowing an indepen-
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dent control of the dq currents (and in this way, independent control of active and reactive
powers). The response time of these controllers is usually in the order of a few milliseconds.
In this Thesis, the grid current controllers are set to obtain a theoretical time response of 10
ms. Note that the control structure is derived from an exact inversion of the equations of the
physical system [79]. The controller tuning methodology is explained in Appendix C.

It has to be noted that the dq reference frame to which all AC currents and voltages are
referred to, has to be provided by a Phase-Lock-Loop (PLL), which aims at aligning the grid
voltage phasor v& with the d axis*. However, a perfect PLL is considered in this Chapter.

The current references in Fig. 1.6 are generated by the outer controllers shown in Fig. 1.7.
Different control strategies can be implemented for the components i§* and 5™ [80].

*
P(I, C

P,.—»

Active Power

Controller

-G
td

*
Vde ’

Vde —P|

DC Voltage
Controller

\

*

ac

Reactive Power

Controller

Gx*

Qac—>
Gx*
Upms™ P

G

rms

AC Voltage

Controller

/—0

v,

Figure 1.7 — VSC Outer controllers

The design of the active and reactive power controllers are based on the following expres-
sions of the AC powers in dq frame:

3
Pac =3 'ngdG + UqG Zg; (120&)
2 ~—
=0
3. a.c G ;G
Qac = 5 | Valy — Vg la (1.20b)

Several types of controllers can be considered for the AC active and reactive powers [9, 81],
however in this Chapter it is considered a perfect PLL, so the reference frame used for the
controlled is always aligned with v$. This simplification allows to consider that vf =0. In
this way, simple controllers can be deduced by inversion and shown in Fig. 1.8.
-G

lq

*
ac

—>

*
Pa C
—>

win

wWIN

G

G
Va

Ua

(a) Active power control (b) Reactive power control

Figure 1.8 — VSC Outer controllers: Active and reactive power controllers

The VSC controller is demonstrated through time-domain simulations. Starting with an
AC power transfer of P,. = 1 pu and Q.. = 0 pu, a step on P} of —0.2 pu is applied at 50

4In case that v© is not constant, this variable varies due to the AC-side impedance. In such case, the AC
grid model can be modeled using a Thévenin model with the Short-Circuit Ratio, as detailed in Chapter 4.
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ms. Then, a step on @, of 0.1 pu is applied at 250 ms. Results of the AC active and reactive
powers for the VSC are gathered in Fig. 1.9.

I
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1 — P, - SSTI |
B
o8 0.8 -
0.6 | | | | | | |
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Time [ms]
T T ‘
‘ — Q:c _Qac - SSTI
0.1+ AN
B
= 0.05+ -
<
0 .
—0.05 | | | | | | |
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Time [ms]

Figure 1.9 — Time domain verification of grid current controllers 2-level VSC

Note that the dynamic responses are highly improved with respect to the results from
Section 1.2, i.e. with the Open-loop strategy. Moreover, a perfect decoupling between the
currents in the d and g axes can be achieved.

1.2.3 VSC with variable DC bus voltage: Energetic modeling

Until now, the Selector in Fig. 1.2 was considered in the lower position, where the DC
voltage is imposed by the DC source. In this subsection, the DC bus is represented by a
capacitor Cs. The dynamics of the DC bus are given in (1.21):

dvdc 1 . 3 .G .G
i = Co =g (mdzd + quq) (1.21)

Imdc

The block diagram of the VSC model associated with the DC capacitor Cy is drawn in
Fig. 1.10. This model highlights the bilinear characteristic of the VSC, where the inputs
mg, = [mg my|" modulates at the same time the AC voltages Vimaq = [Umd Umg) and the AC
currents to form i,,4.. This property is inherent to static converters [82].

For designing a DC bus voltage controller, a simplified model linking the active power P,
and v, is needed. Multiplying (1.21) by vy, it results in:

dv? 2
€ = — | Vael — Vacimde 1.22
gt O | Yl Vaeimac (1.22)
Pl* Pmde
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Figure 1.10 — Block diagram of 2-level VSC connected to a DC capacitor Cg

Assuming no losses, i.. Ppac & Py, the following block diagram can be drawn for (1.22) in
Fig. 1.11, where the deduced controller for v3, by inversion is also shown. The DC voltage
controller is set to obtain a theoretical time response of 100 ms, i.e. 10 times slower than the
current controllers to avoid undesired interactions [58].

Controller Py Physical system
2% _ P _ 2
v v
dc + — ac — ) dc
PL: +»O—» »é)—» 2 >
o Pac ~ Pmdec
2
Vde
(a) DC Voltage controller (b) Simplified physical system

Figure 1.11 — DC Voltage controller and simplified physical system

It is important to note that a compensation term of P, (marked in gray) is added in the
v3. controller. In real projects, this compensation is likely to be present but with the power
reference (i.e. P) synchronized in the DC grid by means of a communication system. This
allows to help the v2, controller to anticipate actions from the other converter, and in this
way, the DC voltage excursion is limited in normal operation. This communication is useful
(and maybe mandatory) for fast power inversions in HVDC links (for example, a complete
power reversal from 1 pu to —1 pu in less than 200 ms, or vice-versa), and coordinated actions
in MTDC grids. Nevertheless, in the following no communication is considered, as it is the
possible worst case scenario.

1.2.4 Linear time invariant model and linear analysis

Although almost every physical system contains nonlinearities, most of their behavior can
be reasonably approximated around a certain operating point by a linear model [77]. The
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linearized model is commonly referred as linear time-invariant (LTI). In this subsection, a
linearized model of the VSC is obtained and validated through time-domain simulations.

Linearizing a non-linear model with Jacobian

Suppose (xg;ug) is an equilibrium point defined by the steady state conditions of the
variables and inputs (i.e. it verifies (1.17)). It is known that if the system is in equilibrium at
the point defined by x(tg) = x¢ with a constant input u(ty) = wug, then the states of the system
will remain fixed at x(t) = @ for all time ¢ (time-invariant steady-state solution). When the
system is then perturbed and moves a bit away from xg by applying a slightly different input
from wug it is used the deviation (or small-signal) variables to study its behavior [83]. The
deviation variables are expressed as:

Ax=x—x9 — xT=Ax+x0 (1.23a)
Au=u—uy — u=~Au+1u (1.23b)
Ay=y—yo — y=A4Ay+yo (1.23¢)

Equation (1.23) refers to a translation of the origin. Substituting (1.23) into (1.14) it is
obtained:
d(Az + )

= Az + %9 = f (Ax + xo, Au + uyp) (1.24a)
dt ~
Ay + yo = h (Azx + xo, Au + ug) (1.24b)

Equations (1.14) and (1.24) are strictly the same up to this point. The next step is to perform
a Taylor expansion of the right hand side of (1.24), and neglect all higher order terms:

n o~ a.f(wvu) af(wvu) 8f($7u) af(xzu)
i~ f(@o,ug) + [, ]| Ag oy [Mfe el Au (1.25a)
=0
Ay +yo = hlwo, uo) + [zl .. e g [ Oew]|  Awo (1.25b)
—_—— 0;Uo0 To;uQ

=Y%o0
Since & = Az and f(xo,uo) = 0, the linear time-invariant (LTI) approximation of (1.14)
takes the State-Space form as:

Az = AAx + BAu (1.26a)
Ay = CAzxz + DAu (1.26b)
where,
Of1(z,u) Ofi(z,u) [Of1(z,u) Afi(z,u)
Ox1 e Oxn ouq T O
Apxn = : : , Buoxm = : : : (1.27a)
Ofn(x,u) Ofn(x,u) Ofn(x,u) Ofn(x,u)
Ox1 e Oxrn | (zo;uo) L Oup T oum | (w0;uo)
Ohi (z,u) Ohi(z,u) ] [ Ohi(z,u) Ohi(z,u) ]
ox1 to Oxn ouq T O
Cpxn = : : , Dpxm = : . : (1.27D)
Ohy(x,u) Ohy(x,u) Ohy (x,u) Ohy(x,u)
o1 te oxn | (zo;u0) L Ow te oum | (zo;u0)

Note that the A, «, and B,,«,, matrices are obtained by applying the Jacobian of the system
equations f with regards to the n states & and the m inputs w respectively, evaluated at the
operating point (xo;up). The Cpx,, and D,y,, matrices are obtained with the Jacobian of the
output equations y with regards to the n states & and the m inputs w respectively, evaluated
at the operating point (xq;ug).
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Linearization of the 2-level VSC model with variable DC bus

Continuing with the VSC example from Fig. 1.2, it is recalled what it was already obtained:

« The non-linear model with time invariant solution (SSTI) from (1.10) and (1.21).
o The operating point given by (@g, ug) from the solution of the system equations obtained
by setting the derivatives to zero as in (1.17).

For obtaining a linearized model of the 2-level VSC considering the DC bus connection,
the complete system (physical part and controllers) in a “SSTI” representation is needed: this
was already developed in this Chapter. The summary of the different parts of the system and
their relations is shown in Fig. 1.12.

T G
vi. | DC voltage | PX, | AC power |'d | AC currents || 2-level VSC - Fig. 1.10
— % controller —® controller controllers +
Fig. 1.1la | Qg . e > .
—» Fig. 1.8 ;G=| Fig. 1.6a | m,|DC capacitor - Eq. (1.21)
q T

Figure 1.12 — 2-level VSC with DC bus connection - SSTT equations

This kind of block diagrams is exploited in this Thesis for highlighting the SSTI model
(converter and controller, for instance) which is considered prior the linearization process. The
SSTI model from Fig. 1.12 is developed in per-unit® for each dynamic state in (1.28) and the
algebraic equations in (1.29). The state-variables named as “{x” correspond to the state of
controller of the variable “X”. Moreover, I;4 and Vj, are the nominal current and voltage
for the DC side, [qq and Vjq, the nominal current and voltage for the AC side in dg frame
(See Appendix A). Note that the DC voltage (square) controller structure corresponds to an
IP controller, to avoid overshoots for reference steps (See Appendix C).

d&,z 1 \
fi= g = g (00 = () (1.284)
’L,’l)dc
d;c 1 Gx -
fo=—t =7 @ —i9) (1.28b)
ot (1.29a)
d&;a 1
fa=—L = (18" —i%) (1.28¢)
dt E’iG a g
(o)
di§ w . .
fi= CT? - L;’C Uma 0§ — wLi¢ — R (1.284)
eq

(1.29b)

5No indication in the variables in the notation to identify per-unit variables for simplicity

25



tel
dig  wy

o G ac:G ac G
fs = T Ta mg —Ug —l—wLeqzd - Reqzd
eq
(1.29¢)
o dvdc o 1 ]Dl* Ibdq 3 el .G
fe = = 5 — = — = |mgt + Mgty
dt o (10cba ) \Vie  Lac 2
2-5P,
* *
(e K ): 2T o2
vdc p’vdc de ’ d 3 ’U(? ! q 3 Ug
Vido U \%
. G G. bdg Ymd . _ Vdcb
v =K, c( —zd)+§c+wLZ§q+vd, Ma = 7" Und = g MdUie
deb Ude bdq
Vidq Un |7
* -G G ac bdg “mq dcb
v c(@ —z)—i—fc—sz —|—v myg = ———; = ——M,Vq
m D, [ d q ) mq qYdc
1 1 1 Videb Vde Vbdq

(1.28e)

(1.28f)

(1.29)
(1.29b)

(1.29¢)

The states « and inputs u are listed below (the “x” in P/ denotes that this power is imposed

externally

):

. . T
€Tr = [gvgc £’dG équ ’Lg ’LqG Udc:| € R®

T

ac

_ G .G * % * 5
—_——

Phys.

Control

The operation point in steady-state is given by the point (xg, ®), where:

— 6
Lo = [gvdco gzdo ng ZdO qO Uch} eR
T
o G .G * ok * 5
Uo = |Vgp Vg0 Flo Vaco Queo| ER
—_
Phys. Control

For simplicity, let us consider the following output functions:

-G -G
]’Ll =14 hg = Zq hg = Ude

The matrices A, B, C and D are computed taking into account (1.27) as follows:

A6><6 =

C6><3 =

[_0f1

0 2
Vde

Of2
o€, 2

8f3
o€, 2

8f4
¢, 2

3f5
o€, 2

afe

0¢, 2
Vde
Ohy
I3 2
()hg
¢, 2
dh3

€ 2
Vde

Of
0§, G

3f2
0§, G

8f3
0§, @

8f4
0§, G

3f5
o€, G

afs
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Ofa

-G
0ig

fs

2§
Ofa

Afs

-G
0ig

fe

-G
0ig

Ohy.

e}
04y

Ohy

G
04y

Shy

G
04

of

Af2
ig
Ofs

oiC
Ofa

Ofs

~ 5
01§

e

ai¥
Ohy
0i§
Oho
8ig
Oha
8ig

Of1 ]

Bvdc

Of2
Ovge

Ofs
Ovge
Ofa
Avge
9fs
Dvge

Ofe
Dvge

Ohy
Bvdc
Oha
Ovge
Oha
Ovge

(zosu0)

(zo;u0)

BG><5 =
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;‘\aga‘\am‘%

’UG

G
Ofe
g

Ohy
G
Oho
G

EaYel
Ovg

of1
OPZ*
Of2
(9Pl*
Ofs
P
9f4
C)P*
(9f5
op;
Ofe
({?Pl*

Ohy

o

9f1 7
0Qsc
9f2
0Q5c
9fs
0Q%.
Ofa
aQ;C
9fs
0Q%,
9fe

aQZC _

(zo;u0)

Ohy
0Q5.
Oho
Q%

0Q5.

(xosuo0)

(1.30)

(1.31)

(1.32)

(1.33)

(1.34)

(1.35a)

(1.35b)



The computation of A, B, C and D is performed in Matlab by means of the Jacobian
function. Then, after the operating point (xg;ug) is obtained numerically, the matrices from
(1.35) are evaluated (becoming full numerical). Finally, the state-space representation of the
LTI model is obtained as follows:

A&y A&z |
Ve Ydc A G
Agc Agc AZCCZ"
d , 4 q
- A&g = Agxo Afzg + Bexs | AP (1.36a)
dt | Aig Aiy Av*
A A AQ
Avdc _Avdc e
AL,z AuG
AidG Afidc AvC
, q
Al | = Coxs AA%CS; + Dy, 5 | AP (1.36b)
Avge d Av
Vd AZ? Aé)jic
_A’Udc_ ac,

Note that for being allowed to linearize the dynamic model expressed generically in (1.14) in
the classical state-space form of LTI models in (1.26) it is mandatory to know the steady-state
condition given by (xo;ug). Moreover, the LTI model from (1.26) is an approzimation of the
non-linear model around the operating point (xg;ug). The range of validity of the LTI model
depends on the degrees of non-linearity of the studied non-linear system. To assess the validity
of the L'TT model on a range of operating points, time domain simulations and comparisons of
the LTI and Simulation models are needed (See Fig. 1.1).

LTI time-domain model validation

The resulting L'TT model of the single-terminal 2-level VSC with the DC capacitor Cg
from (1.36) is compared against the non-linear model with SSTI solution from Fig. 1.12 in
time-domain simulation. A DC power reference change from P =1 pu to 0.8 pu at 50 ms is
simulated, while maintaining the reactive power reference Q. at 0 pu. At ¢ = 350 ms, a change
on DC voltage reference v}, is applied from 1 pu to 1.05 pu at ¢ = 350 ms. The comparison
results are shown in Fig. 1.13. Note that the operating point is added to the dynamic simulation
of the LTI model, since this one deals only with the variable deviations [58].

As observed in the comparison, results from both models are acceptably similar. As long
as the perturbation is small (i.e. the system remains in the proximity of the starting point

defined by x¢ and yp), the LTI model replicates accurately the dynamics of the non-linear
SSTT model.

Linear analysis of LTI models

One of the main purposes of obtaining the LTI model is that the vast theory available
for dynamic linear systems can now be applied. For instance, it is possible to calculate the
eigenvalues of the A matrix (also called “modes”) which provide valorous information about
the system dynamics [64]. The most important feature is that they provide a quick information
about the stability of the system. If all the eigenvalues are placed in the Left-Hand Plane (LHP)
of the “Real-Imaginary” plane (i.e. all the real parts of the eigenvalues are negative), the linear
system is asymptotically stable. If at least one eigenvalue is placed in the Right-Hand Plane
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Figure 1.13 — Time domain validation of the LTI model of a 2-level VSC with Open-loop
control in dg frame — Small signal perturbation

(RHP), the system is unstable [84]. If the non-linear SSTT and the LTI model are close enough
in terms of dynamic behavior, the stability properties of both systems are the same.

The eigenvalues A of the A matrix from (1.35) are shown in Table 1.1 and plotted in
Fig. 1.14 for gaining a faster representation of the system dynamics. In this figure, a gray
triangle is marked which corresponds to the area where the eigenvalues have a damping equal
or less to ¢ = 0.7. The dashed gray zone (positive real part) represents the unstable zone.
Also, the figure highlights the reference eigenvalues obtained with the theoretical closed-loops
simplified systems used for tuning the PI controllers (Fig. 1.6 for the inner current i controller,
and Fig. 1.11 for the DC voltage (square) v3, controller).

400
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Figure 1.14 — Eigenvalues of LTI model of HVDC Link with 2-level VSC

As seen in Fig. 1.14, the eigenvalues A\ are grouped into two squares, denoting the modes
associated with the current loops, and also the DC voltage modes. Due to the simplicity of
the current example, the eigenvalues can be directly associated to the currents or voltages
by visual inspection with respect to the reference eigenvalues. It is clear that the eigenvalues
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Table 1.1 — Eigenvalues of A matrix from (1.35) - VSC connected to variable DC voltage

Eigenvalue Frequency w, | Damping ¢
A2 —21.1444 + 520.923 3.33 0.71082
Asa | —202.1045 £ j229.1433 36.4693 0.66147
Xse | —216.16 £ 5208.0261 33.1084 0.72053

A1,2 are linked with the DC voltage since those eigenvalues overlap with the reference modes.
The reference eigenvalues from the DC voltage controller are given in (1.37) (see (C.6) from

Appendix C).

e 3 ,
ABE Voltage = Wn (—C +4/¢% — 1) = (—0.7 +0.72 — 1) = —21 +4521.4243  (1.37)

Vde

~—
100ms

For verifying that A; 5 corresponds to the DC voltage, the participation factors can be calculated
as detailed in [64,85], and the results are shown in Fig. 1.15. The participation factors technique
relates each mode with the associated state variables. When the A matrix from the LTI system
is diagonal-dominant (i.e. the states are mostly decoupled between them), the participation
factors provide precise information about the system. For very coupled systems the information
that can be obtained with these technique for certain eigenvalues is limited [85]. Nevertheless,
this technique will be exploited in this Thesis for different LTT systems.
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Figure 1.15 — Participation factors of eigenvalues \; o of LTI model of HVDC Link

Finally, the participation factors are calculated and shown in Fig. 1.16 for the rest of the
eigenvalues. This figure verifies the eigenvalues inside the square with “Current modes” from
Fig. 1.14. The reference eigenvalues from the current controllers are given in (1.38).

A e = Wn (—g +4/¢% — 1) _ 2 (—0.7 +v0.72 — 1) = —210+ +5214.243  (1.38)

Currents
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Figure 1.16 — Participation factors of eigenvalues A3 — \g of LTI model of HVDC Link
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1.3 Modeling, control and dynamic analysis of HVDC
links with 2-level VSC

In this section, an HVDC point-to-point connection with 2-level VSC as depicted in Fig. 1.17
is considered. In this configuration, one converter is in charge of the power flow in the DC link
(P-mode converter) and the other has the task of maintaining the DC voltage to the desired
level (DC Voltage mode) [9]. This arrangement of control tasks between both converters is
usually called “Master-Slave”. For the sake of simplicity, the DC cable is considered as a pure
capacitor Cy in this section®.

HVDC Cable : ; 2-level VSC

2-level VSC ;
Umde,1Vde,l ol ~ %dc,2 tmde,2 Rac ac .G

-G ac ac < <o *~——> > (]
Taben Legn Begr | o~ A T ,,,,,,,,,,,, I ,,,,,,,,,,,,,,, T N U eq,2 Heq,2 Yabe,2

Le00 = R + = 2000 G
f Bo.n = | ”abc,2$
’ P-mode DC Voltage

mode

||||——
i—

Figure 1.17 — Configuration of a VSC-based HVDC link

The mathematical model of each VSC in dg frame is given in (1.10) and for the sake of
simplicity, the parameters of both converters are identical. Also, the dynamics of the simplified
DC bus are given in (1.39):

dvge 1 . .
d: = Oedqc (_Zmdc,l - Zmdc,2) ) (139)
where,
ngc = 0571 + Cye + Cs,g (1.40)

Note that the DC voltage dynamics are governed by a power balance in the DC grid, and
the parameter associated to these dynamics is the equivalent capacitor Cg;. The tuning of the
DC voltage controller relies heavily on this parameter for having a good voltage regulation.
As it will be discussed in Chapter 5, the equivalent capacitor Cg; would have a great impact
in MTDC grid dynamics and its determination is becoming challenging when converter are
MMC s instead of 2-level VSCs. In the next section, the discussion of the equivalent capacitor
value is treated on a simplified HVDC point-to-point configuration to introduce this concept.

1.3.1 LTI model of the HVDC link: Concatenation of linear models

The HVDC link from Fig. 1.17 with the respective controllers can be expressed as a general
block diagram as in Fig. 1.18. This figure highlights the relations “inputs-outputs” for the
different sub-systems composing the non-linear HVDC link model with SSTT solution [9, 86].
This figure also shows how the complete LTI model is built from the concatenation of the
linearized models of each VSC with the DC bus equation. The applied methodology is described
in the Appendix B.2.

The different LTI models defined by Fig. 1.18 are linearized around an operating point
defined by an active power transfer of 1 pu and a DC voltage level of 1 pu as well. The
information on the operating point condition is listed in Table 1.2. It has to be noted that the
model obtained from the aggregation of linear models is not strictly the same as the linearization

6In Chapter 5, more detailed cable models are used.
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Figure 1.18 — Block diagram of non-linear model of an HVDC link with SSTI solution

of the complete non-linear model: the main difference is due to the degree of non-linearity of
the SSTI system. In this case, since the non-linearity is not so important, the concatenation
method is acceptable.

Table 1.2 — Operating point of HVDC link for linearization

Variable Value Variable Value

Pac,l 1 pu Qac,l
Ve 1 pu QaC,Q

0 pu
0 pu

The remaining variables defining the operating point of the system are obtained by solving
the non-linear equations that results from setting the derivatives of the equations to zero in
Fig. 1.18. The states of the complete HVDC link LTI model are listed in (1.41).

-
Thode = [Zd,l g1 fidf{l figfl b2 g2 &-5{2 i, §v§c Udc} eR (1.41)

Time Domain Validation of LTI model

The LTI model is validated through time-domain simulations. Starting with the operating
point defined in Table 1.2, a step on P, ; of —0.2 pu is applied at 50 ms. Then, a step on Q7.
of 0.1 pu is applied at 250 ms. Finally, the DC voltage reference v}, is changed from 1 pu to
1.05 pu at 300 ms. In this simulation, two models are compared: the non-linear model (with
VSCs average value models), which is denoted with “SSTI” in the legend; and the LTI model
from the complete system, denoted as “LTI”.

Results of the currents in dq frame for the VSC-1 (P-mode) are gathered in Fig. 1.19 where
it can be noticed that the LTI model reproduces accurately the dynamics of the SSTT system.
Moreover, a perfect decoupling between the currents in the d and ¢ axes can be achieved.

The results of the DC bus voltage is shown in Fig. 1.20, where both models give similar
results. At the moment of the AC power step on the VSC-1, a power imbalance in the DC
capacitor ng occurs, so the voltage tends to vary. The DC voltage controller adapts the AC
power of VSC-2 for reestablishing the power balance in the DC bus. At ¢t = 300 ms, the voltage
follows the reference step applied with the 100 ms of response time.
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Figure 1.19 — Time domain validation of the LTI model of HVDC Link with 2-level VSC —
Grid currents of VSC-1 (P-mode)
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Figure 1.20 — Time domain validation of the LTI model of HVDC Link with 2-level VSC —
DC Voltage

As it was shown in Figs. 1.19 and 1.20, the LTI model reproduces accurately the dynamics
of the non-linear model. It is recalled that the intention of this Chapter is to highlight the
methodology followed in this Thesis, without too much attention on the analysis of the results.

1.3.2 Linear analysis of HVDC link LTI model

Once the LTI model is validated, the eigenvalues are calculated for studying the dynamics of
the system and, most importantly, its stability. The eigenvalues for the HVDC link example
of this section are shown in Fig. 1.21. Also, the figure highlights the reference eigenvalues
obtained with the theoretical closed-loops simplified systems used for tuning the PI controllers
as the approach followed in the single-terminal VSC station in Fig. 1.14.

Due to the simplicity of the current example, the eigenvalues can be related to the system
states by simple inspection of Fig. 1.21, however, the participation factor analysis is used as
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Figure 1.21 — Eigenvalues of LTI model of HVDC Link with 2-level VSC

in Section 1.2.4 for validating the intuitive deductions. At the top of Fig. 1.22, results of the
participation factors for the eigenvalues A, o are shown, which are related to the DC voltage
closed loop control and its controlled state, as it was suspected from Fig. 1.21. Finally, the
participation factors are calculated and shown in Fig. 1.22 for the rest of the eigenvalues. This
figure verifies the eigenvalues inside the square with “Current modes” from Fig. 1.21.
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Figure 1.22 — Participation factors of eigenvalues \; — Ajp of L'TT model of HVDC Link

In this section the HVDC link with 2-level VSC was presented and linearized for obtaining
the LTI model of the overall system. Once that the LTI model was verified, the dynamics
are analyzed with the eigenvalues and the participation factors. The system considered is
relatively simple, but it allows to highlight the main key points of the system: the equivalent
DC capacitor C’gg, which governs the DC voltage dynamics in conjunction with the DC voltage
controller.
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1.4 Modeling, control and dynamic analysis of MTDC
grids with 2-level VSC

As it was stated in the Introduction, the MTDC grids are composed by at least three
converters connected to the same HVDC grid. With VSC converters, the studies of MTDC
grids become very popular and many publications can be found on this topic [67]. The aim of
this section is to summarize the main key elements of the MTDC grids with VSCs [74].

For understanding the main phenomenons in DC grids, an analogy with classical AC grids
is fruitful [58,87]. AC system dynamics are characterized by the kinetic energy stored in
synchronous rotating machines connected to it. For DC systems, the energy is stored under
an electrostatic form since it corresponds mainly to the energy stored in converter station
capacitors (and in the core-to-screen capacitor of DC cables, to a certain extent), as expressed
in (1.42).

1
E,. = 505%2, (1.42)

where Cj is the converter station capacitor value (in F') and E. is the energy stored in a
converter station capacitor (in J). In DC systems; the electrostatic energy stored in the
substations capacitor can be weighted by the substation base power P,. This leads to an
electrostatic constant H, which is homogeneous to a time as shown in (1.43).

1 Udc2
H.=-C; , 1.43
2 7P ( )

n

where P, is the nominal power of the converter station (in W) and H,. is the electrostatic
constant (in s). For HVDC converters stations H. is in the order of 30 ms to 40 ms, which is
a very small value compared to conventional unit inertia constant (3 s up to 10 s) [64]. This
means that the dynamics involved in DC systems are much faster than the ones in classical
AC systems.

One of the main concerns in MTDC systems is the control of the DC bus voltage and
the power flows inside the grid. Several works were focused on the coordinated control of the
power dispatch of MTDC grids [88], basically oriented in power flow calculations for generating
the DC power and voltage references for each converters. These controllers rely heavily on
the communication between the converters and a master control unit which calculates the
appropriated references [89]. This aspect of the MTDC grids is not covered in this Thesis.
Nevertheless, the control and dynamics of the DC bus voltage is of interest.

For improving the reliability of MTDC grids, the control of the DC voltage should be
performed without relying on external communications. Therefore, the converters involved on
this task should only utilize the local measures at its Point of Common Coupling on its DC
side (PCC-DC). As for HVDC links, the “Master-Slave” strategy can be used, where only one
converter is in charge of fixing the voltage level at its DC endpoint. However, if this converter
is lost (e.g. due to an external AC fault), the DC voltage is no more controlled. In this way,
MTDC system has a high risk of collapsing if no other action is taken. To avoid this drawback,
it is expected that several converters will share the DC voltage control efforts. In the following
section, the most typical controller of the DC voltage on MTDC grids is introduced: the DC
voltage droop method.
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1.4.1 DC Voltage distributed control: DC Droop Control

The voltage droop method is inspired by the primary frequency control [87]. In AC systems,
to maintain the balance between production and demand, some production units are equipped
by a controller which regulates their output power according to the frequency by following a
power-frequency characteristic which is commonly called droop control [90]. As said in the
previous section, the frequency counterpart in the DC system is the DC voltage level, hence
following the same principle the power flow can be controlled by a Power-Voltage droop as:

1
Apae = =7~ (Ve — Vde) (1.44)
dr

where kg, is the droop value (in V/W or pu/pu), Apg. is the deviation power injected into
the DC grid (in W or pu) and Awvg. is the deviation of the DC voltage (in V' or pu). This

controller, shown in Fig. 1.23, is adopted in conjunction with the AC active power controller
from Fig. 1.8a, where it is assumed that P,. ~ P..

N * -G %
Vac -+ — Py 5 lq
kdr > g
Ude +
DC Droop Controller P* ’UG
acO d

Figure 1.23 — DC Voltage droop controller

This method increases the reliability and reduces the stress on the DC system [91], however,
due to the proportional controller; the DC voltage level is not strictly maintained at the
reference value if a transient behavior occurs. Nevertheless, this can be amended by an external
master controller to re-adapt the converter set-points [58,74]. It should be noted that in this
Thesis it is preferred the droop controllers which generate a new power reference, instead of a
DC current reference [57,92,93]. The reason is that with the DC current approach there is a
risk of multiple operating points in the DC grid when a disturbance occurs, and some of them
may be unstable as described in [94].

The choice of the droop gain k4. requires special attention. The most common-practice is
to set the droop-gain following steady-state considerations (i.e. setting a maximum steady-
state possible deviation of DC voltages and power injections, and then calculate the droop
parameters as it will be demonstrated in the following section). This choice may conduct
to undesired oscillations and interactions in the DC grid during transients. For this reason,
in [95] and [69] it is proposed to study the linear models of the MTDC grids for sizing the
droops taking into account the systems dynamics. The dynamic impact of the droop gains will
be exploited along this Thesis.

There is a wide range of other techniques for achieving the same distributed voltage control
in the literature [96]. In the following, a short description on the main methods is given:

o Voltage margin method: This method can be considered as an extension of the master-
slave method: the master role may be successively devoted to different substations de-
pending on the level of power in each station [74,97].

e Dead-band droop method: The dead-band droop control is a mix between the voltage
margin method and the droop voltage method [98,99]. With low power deviations the
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balance role is assumed by the stations which are classically droop controlled, but for
severe deviations, when the DC voltage reaches a first critical limit, stations which were
initially constant power controlled switch to droop control to support the DC voltage
and contribute to the balance effort [100]. This method is well adapted for wind farms,
in this way the wind farms produce power delivered by wind in normal operation and
help to the power balance when the DC voltage is outside the bounds.

o Piece-wise droop method: The piece-wise droop method is also called undead-band droop
control and has firstly been presented in [101]. This method is based on piecewise droop
characteristics; it enables to define different droop values according to the voltage level,
i.e. for small and large power deviations. This method seems interesting for on-shore
converters, since the DC voltage operating range can be limited [102].

o Advanced droop methods: In [103] it is proposed an advanced controller with droop
mechanism for linear relation between power and square of the DC voltage. In this way,
the energy of the converter is taken into account in the control design. For improving the
DC voltage dynamics, in [104] it is proposed to add lead-lag compensations in addition
to the proportional droop controller. The authors of [105] propose a novel scheme for
adapting the droop coefficients to share the burden according to the available headroom
of each converter station. Finally, in [106] it is proposed a continuous non-linear P-vg.
relation instead of a simple linear correlation. However, this kind of advanced droop
techniques requires a perfect knowledge of the HVDC system and parameters for a proper
tuning, which is not always the case.

In this Thesis, only the droop controller shown in Fig. 1.23 is considered since advanced
droop methods may be not being considered by TSO and market players because it is difficult
to determine the power flows in advance. However, the other methods can be treated similarly
with the methodology presented in this Thesis providing small adaptations.

1.4.2 Simplified dynamic analysis of droop-controlled MTDC grids

In this section, a simplified analysis of an MTDC grid is performed with the objective of
highlighting the main key parameters of the system. For this task, let us first consider the
MTDC system with N, VSCs from Fig. 1.24. The first N; converters are in DC voltage droop
control mode (left side converters in Fig. 1.24), while the rest (N. — V;) are controlling the
power into the DC grid (right side converters in Fig. 1.24). A strong assumption is made
on the DC grid at this point: all DC cables are represented by a single equivalent capacitor
Cge- Even though the lossless DC grid assumption may conduct to different results from the
detailed models [107], the intention is to deduce simple formulations for understanding the key
elements governing the MTDC grid dynamics.

The general model of the VSCs has been simplified as follows [74]:

« Suppression of all parts related to reactive power control.

o The dynamics of the current loops are neglected, set at unitary gain.

o The active power at the AC side becomes equal to the active power at the DC side for
each converter, as expressed in (1.45).

Pmdc,j =P j = Udcimdc,j- (145)

ac,

Due to the non-linearity of (1.45), a deviation model is derived as follows:

APmdc,j = AUdcimdc,jo + UchAimdc,ja (146)
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Figure 1.24 — Simplified MTDC grid with droop controlled VSCs

where the variables with A denote small deviations, the variables with subscript o represent
the operating point and j corresponds to the index of each VSC.

From (1.46), the linear VSC model can be obtained as shown in Fig. 1.25, where P, and
Vgen are the power and DC voltage base of the converter. Note that the quantities outside the
dashed box are in per-unit system (pu) and the droop parameter k; has no units.

E AZ.dc E

« _ AP* 5 , Av
Avdcapu =0 + —1 ac,pu P 1 AZmdc s 1 ic:
_ ka ® CE VdcQ v Css 4

Aviepu | fimdcoe——

I s

Uden SI quantities !

PU quantities T

Figure 1.25 — Linearized VSC-MMC model — SI quantities inside the dashed box and PU
quantities outside the dashed box

Applying the same concept of equivalent DC capacitance ng from the previous section,
the equivalent DC grid capacitance of the MTDC grid C,,;4. can be represented by (1.47).

Ne
Omtdc = Cdc + Z CS,ja (147)
Jj=1

As the grid is simplified, the DC voltage is the same for all the converters, and considering
(1.45) for each VSC; the DC bus dynamics are given by (1.48).

dl)dc 1 X
mtdc Z Ymdc,j ~ - Vg Z ac,j* (148)
de j=1
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Considering (1.46), the linearization of (1.48) yields:

dAUdc 1 Ne N .
Cmtdc dt = _’Udco ]Zl (A-Pac,j - Avdczmdco,j)' (149)

The power balance is expressed by the sum of substations output power. At an equilibrium
point this sum must be null if the losses are neglected. Moreover, since the voltage drops are
also neglected, the sum of out-coming currents into the simplified DC grid is null. This leads
to considerably simplify the model with:

NC
Zimdc(],j - O (150)
j=1

Using the simplified model of droop controlled station from Fig. 1.25, the linearized model
of the MTDC grid is represented in Fig. 1.26. The voltage deviation reference Avj, is equal to
zero for the droop controlled converters.
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Figure 1.26 — Simplified model of the N -terminal MTDC grid — SI quantities inside the dashed
square; PU quantities outside the dashed square

From the block diagram of Fig. 1.26, the DC voltage deviation which occurs after a power
change in the VSC j can be defined by the following first order transfer function:

1

N,
( d P”’j)
=1 P,

- 1 _|_ V3c0Vden Cmtde S /Ud

Ng
(z )
k .
=1 d,j

J A\ P

ac,jpu

AVgepy = (1.51)

cn
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Simplification with equally rated converters

For the sake of understanding, it is now assumed that power ratings are the same for each
converter. Moreover, all droop parameters are set to an equal value k;, and the initial value
of vy, is equal to its nominal value (i.e. V40 = V4en). Taking into account the aforementioned
considerations, (1.51) is simplified as follows:

kg
AVgepy = — Na AP:, (1.52)
P k C’m chCn ac,pu;
1+ gy o
The time for Avgep, to reach 95% of the final value for a step in APy, ,, is given by (1.53).
ka o Vien
Tvdc,mtdc = 3 X ﬁdcmtdc?n' (153)

Thus, for a given number of droop controlled stations N4, the final value of the DC voltage
with respect to a power variation in the grid is directly provided by the numerator of (1.52),
which is function of the droop value k; and the number of converters Ny which participate to
the voltage control [74]. Moreover, the voltage dynamics depends not only on k4, but also on
the equivalent capacitance of the DC grid (Cju4.). This capacitance does not affect the steady
state voltage deviation.

1.4.3 LTI Model of a simplified MTDC grid

In this section, the LTI model of a four terminal MTDC grid with 2-level VSC (i.e. N, = 4)
as shown in Fig. 1.27 is evaluated. It is considered that the converters VSC-1, VSC-2 and VSC-3
are droop controlled (i.e. N; = 3). The droop gain is set equally for the three converters, with
value kg (in pu). The converter VSC-4 is attached to a Wind-Farm and it is modeled as a
simple power-injector to the MTDC grid [95].

VSC-1 imdc,l L Z.fmdc,?) VSC-3
< |

1
sl

imdc,2
1
Cs.2

VSC2 s | VSC-4
Figure 1.27 — Four terminal MTDC grid with 2-level VSC

The MTDC grid from Fig. 1.27 is expressed as a block diagram in Fig. 1.28. This figure
highlights the connections of the different models considered at this point.

Considering the state-equations from Fig. 1.28, it is possible to apply the Jacobian lineariza-
tion explained in Section 1.2.4 to obtain the general state-space system of the MTDC grid as
expressed in (1.54), where the vector of states is given in (1.55) and the inputs in (1.56). The
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Figure 1.28 — Mathematical model of four terminal MTDC grid with 2-level VSC from Fig. 1.27

matrices Anide; Bmtdes Cmtde and Dipq. are obtained with the same approach followed for
the HVDC point-to-point scheme from previous Section, i.e. the complete LTI model of the
MTDC grid is obtained by the concatenation of the linearized models of each VSC with the
routine detailed in [9].

Adjmtdc = Amtchwmtdc + BmtdCAumtdc (154)
T
.G .G .G 13
wmtdc — |:qu,1 Sidcq,l qu,2 €idcq,2 qu’3 Eidcq,3 Udc:| 6 R (155)
T
8
Umtde = [P;c,l Q:c,l P;c,Z QZC,Q P;c,?) QZC,Z’) P;c,él U;klc } €eR (156)

In the following sub-section the linearized model of the four-terminal MTDC grid is vali-
dated via time-domain simulations.

Time domain validation of MTDC LTI model

The linear model from (1.54) is compared with the non-linear model from Fig. 1.28 via a
time domain simulation. The response times for the current controllers 7;,¢ are set to 10 ms
for the converters VSC-1, VSC-3 and VSC-3. The initial operating point is given in Table 1.3,
where the nominal power P, is 1IGW.

Table 1.3 — Operating point of the four-terminal MTDC grid with 2-level VSCs

Variable Value Variable Value Variable Value Variable Value

P,i —0.3 pu Pueo 0.49 pu P,z 0.8 pu Pies —1pu
Qac,l 0 pu Qac,? 0 pu Qac,S 0 pu Vde 1 pu

The value of droop parameter k, is calculated based on the numerator of (1.52), which is
shown in (1.57). The gain k4 is calculated based on a N — 1 condition, where it is admitted
that one converter may be suddenly lost, causing a deficit of power in the DC grid of 1 pu (i.e.
1 GW).

k
Avge = £0.05 pu= — L APL = kg = 0.05 x 3 = 0.15 pu. (1.57)
3 sPUj
=1 pu

The values of the DC capacitance for each VSC is considered to be the same for simplicity,

and their values are listed in Table 1.4, where the value of the considered Cy. is also given.
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The value of Cg of each converter corresponds to an electrostatic constant of Ho = 40 ms,
which is a typical value for HVDC converters [74].

Table 1.4 — DC Capacitor values of 2-level VSCs and DC grid

Variable Value Variable Value
0571 = CS’Q = 05,3 = 0574 195.31 uF Cdc 32.55 IUF

The theoretical response time 7, ... of the four-terminal MTDC grid can be calculated
based on (1.53), with the parameters from Table 1.4, and considering that vg., = 640 kV, and
P, =1 GW. The calculation of 7,,_,.,. is then given as:

0.15pu (640 kV)?
13. F—
813.80 uF o

Starting with a power flow as shown in Table 1.3, a step on P, , of 0.8 pu is applied at
t = 50 ms. The final voltage can be easily calculated from (1.57), as Avg. = —(0.15/3) x 0.8 =
—0.04 pu. The steady state error on the DC voltage is directly related to the droop gain k,
and the amplitude of the perturbation F,.4. Results are shown in Fig. 1.29. In Fig. 1.29a the
response of the DC voltage vg. is given, where the legend “SSTI” corresponds to the non-linear
model from Fig. 1.28, “L'TI” is the model from (1.54) and “Simp.” is the simplified model from
(1.52). As it can be observed, it is not possible to distinguish any difference between the three
models, validating the 50 ms of response time as predicted in (1.58).

k)d 1)2
7Cm Cﬂ =3 X
N, e p

Tvdc,mtdc = 3 X

= 50 ms (1.58)

‘ ‘ ‘ 1 ‘ ‘ ‘
1 = gig; I e S P, - SSTI
Udé _ LTI 05 n_:%:_:_:_:_ = Pa(t - LTI =5
£ 0.98] B ] vscs A =
< . f VSCL2
= A :
0.96 ~05) o —
Farm ?
I I I —1 VSC-1 I I
0 50 100 150 0 50 100 150
Time [ms] Time [ms]
(a) DC Voltage (b) AC Powers

Figure 1.29 — Simulation results of a four-terminal MTDC grid with 2-level VSC

In Fig. 1.29b, the results for the active power are shown. The three converters equipped
with the droop controller change their active power in the same amount since their droop
values are equal.

Dynamic analysis of MTDC LTI model

After the time-domain validation of the LTI model, the eigenvalues of the system are
calculated and shown in Fig. 1.30. The reference eigenvalues of the closed-loop for the current
controllers are close to the predicted eigenvalues (blue crosses). The pole from the simplified
formulation from (1.52) (with the legend “Simp.”) is also shown in this figure. As it can be
seen, there is one real pole from the “LTI” system which is very close to the predicted pole
with the simplified formulation, as it was expected due to the close match of the time-domain
results.
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Figure 1.30 — Eigenvalues of LTI model of HVDC Link with 2-level VSC

The participation factors for the real eigenvalue A\; is shown in Fig. 1.31. As it was expected,
the graphic shows that the state with more participation on this mode corresponds to the DC
voltage vge.
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Figure 1.31 — Participation factors of L'TI model of four-terminal MTDC grid - A,

To evaluate the range of validity of the simplified model, three different parametric varia-
tions are performed to the LTI system. First, in Fig. 1.32a, the droop gain k, is varied from
0.2 pu down to 0.05 pu (this last value corresponds to a voltage deviation of 0.0167 pu for a
DC power mismatch of 1 pu). Second, in Fig. 1.32b the electrostatic constant H,,;q., which is
defined in (1.59), is varied from 166.66 ms down to 16.66 ms. The value of H,,;4. = 166.66 ms
corresponds to the capacitance values from Table 1.4. Finally, in Fig. 1.32c, the response times
for VSC-1, VSC-2 and VSC-3 are varied from 7,¢ = 5 ms up to 20 ms.

2
1 Uden

Hae = icmtdc?n' (1.59)

As shown in Fig. 1.32, when the droop gain k4 or the electrostatic constant H,,;4. decrease,
the real pole from the simplified model and the complete LTT systems start to diverge from each
other. Moreover, when the current controllers are slower (higher values of 7;¢), the simplified
model does not represent accurately the LTI model. The reason is that the assumption of
infinite wideband of current controllers (without interactions with the DC voltage droop) during
the development of the simplified model is violated [74].

For highlighting the limit of the models validity, an example with k; = 0.05 pu, Hqe =
16.66 ms (Cg; = 48.82 i F) and 7;¢ = 10 ms is evaluated via time-domain simulations. With
these parameters, the theoretical response time of the MTDC grid is given by (1.60). Results
are shown in Fig. 1.33. As it can be seen, the simplified model cannot reproduce the oscillations
on the DC voltage. In the other hand, the LTI model does reproduce the oscillations on the
DC voltage and AC powers. However, the validity of the simplified model can be questioned
directly from (1.60). The theoretical response time is slower than the grid current controllers.
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Figure 1.32 — Parametric variations of kg, H,q. or T;c of the LTI model of a four-terminal
MTDC grid with 2-level VSCs

Since the DC voltage droop control is an “outer” loop, for avoiding interactions with the current
controllers, the response times for both loops should be separated in the time frames.

k y 0.05 640k V)>
Tosemae = 3 X ]\ZlCmtch]@m =3 x 3pu48.82uF(1GW)

= 4.66ms (1.60)

In this section, a linearized model of an MTDC grid is presented. Also, a simplified model
is recalled from [74], which yields a simple equation relating the power deviation and the DC
voltage which highlights the influence of the droop parameter and the stored energy on the DC
grid on the overall dynamics of the system. Even though strong assumption has been made to
lead to this simplified, for realistic values the model is accurate enough for a good indication
on the systems response.
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1.5 Chapter Conclusions

This Chapter introduces the methodological principles in the modeling and dynamic anal-
ysis of HVDC systems with power electronics converters used through this Thesis. The used
examples are based on simple DC systems considering classical 2-level VSCs in order to high-
light the modeling steps. The different models and nomenclature used in this Chapter are
summarized as follows:

o SSTP: Dynamic model (usually non-linear) whose state variables oscillate periodically
in steady state. This model is usually expressed in abc frame.

e SSTI: Dynamic model (usually non-linear) whose state variables are constant in steady
state. It may be obtained directly from mathematical manipulations of the SSTP model
without losing generality. This model is usually expressed in dgz frame.

o LTI: The linearized version around an operating point of the SSTI model and its associ-
ated controller (also in SSTI representation). The LTI models are very convenient since
there is a lot of mathematical theory readily available to be applied, such as stability
studies based on eigenvalues.

Once the different models of the single converter are well established, they may be easily
used to build up bigger systems such as HVDC links or MTDC grids. This Chapter presented a
point-to-point scheme, where the classical controllers (current and voltage) based on cascaded
control loops are introduced. Also, an MTDC case study is presented. The most common
distributed control strategy for the DC voltage, namely droop-control, is presented. Moreover,
a simplified model (first order transfer function) is developed which highlights the main key
components governing the droop-controlled MTDC grid dynamics: the droop parameter, and
the stored energy on the DC grid. Even though the model is very simplified, it us exploited
for the analysis of MTDC grids along this Thesis, mostly when considering the MMC-based
MTDC grids in Chapter 5.

The concepts in this Chapter serve as a prelude for the following in this Thesis. The
following Chapter is focused on the modeling MMC with Steady-State Time Invariant Solution.
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Chapter 2

Modeling of Modular Multilevel
Converters with Steady-State Time
Invariant Solution

2.1 Introduction

As a prerequisite for performing small-signal stability analysis of MMC-based HVDC sys-
tems, it is needed a suitable MMC model that can be linearized. In Chapter 1, the non-linear
model of the 2-level VSC was expressed in dq frame to achieve a Steady-State Time-Invariant
solution (SSTI) in a straightforward manner, obtaining a linearizable model. Obtaining a
linearized small-signal model of an MMC that can be analyzed by traditional techniques for
eigenvalue-based stability techniques requires a model formulation with a uniquely defined
equilibrium point for each operating condition, which corresponds to all state variables settling
to constant values in steady-state [64]. Thus, it is necessary to derive a state-space model with
a SSTT solution in a set of suitably defined Synchronously Rotating Reference Frames.

This Chapter presents a MMC model with SSTT solution which can be linearized involving
as few simplifications as possible in the derivation of the model. Indeed, the presented approach
is intended for preserving the fundamental non-linearity of the stationary frame average model
of the MMC that is used as starting point for the presented derivations. This is achieved
by utilizing the information about how the different variables of the MMC contain mainly
combinations of DC-components, fundamental frequency components (w), double frequency
oscillations (2w) and third harmonics (3w) in steady-state operation. By manipulating the
MMC natural variables corresponding to physical quantities of the upper and lower arms by
using the sum (X) and difference (A) between those quantities as MMC state variables, a nat-
ural frequency separation can be obtained where the A variables contain only a fundamental
frequency and third harmonic component, while 3 variables contain DC and double-frequency
components. Since the DC- and third harmonic components will be equal in all three phases,
they appear only as zero sequence components, and this frequency separation allows for ap-
plying appropriate Park transformations to each set of variables, resulting in an SRRF model
where all state variables settle to a constant equilibrium point in steady-state operation. The
derived model is validated by time-domain simulations in comparison to the average model
used as a starting point for the derivations and then confirmed by EMT detailed simulation of
an MMC with 400 sub-modules per arm.

The content of this Chapter was developed in collaboration with SINTEF and NTNU
(Gilbert Bergna, Jon Are Suul and Salvatore D’Arco) and is part of Journal II.
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2.2 Literature review on the MMC modeling approaches

Different types of studies are necessary for design and analysis of MMC-based HVDC trans-
mission systems, requiring various detail levels in the modeling [108]. A general overview of
MMC modeling approaches suitable for different types of studies is shown in Fig. 2.1. The most
detailed models allow for simulating the switching operations of the individual sub-modules of
the MMC, as shown to the left of the figure. Such models can be used for studying all modes
of operation and all MMC control loops, including algorithms for balancing the sub-module
voltages [109,110]. Two main models are found in this category with respect to [111]: “Model
# 1: Detailed IGBT-Based Model”, where each IGBT and diodes are modeled in detail; and
“Model # 2: Equivalent Circuit-Based Model”, which each sub-module switch is replaced by
a resistance with high value if the switch is off or low value if the switch is on. This last model
was first presented in [112], proving that the computation time can be reduced and is used as
the simulation EMT model in this Thesis as a reference for the rest of the developed models
(more details in Appendix F).

If equal voltage distribution among the sub-modules in each arm of an MMC can be as-
sumed, Average Arm Models (AAM) can be introduced, or also referred as “Model # 3: MMC
Arm Switching Function” in [111]. The AAM modeling approach allows for representing each
arm of the MMC by a controllable voltage source associated with a corresponding equivalent
capacitance, and introduces a significant reduction in complexity while still maintaining an
accurate representation of the internal dynamics [113].
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Figure 2.1 — Overview of MMC modeling approaches and their areas of application

Average modeling by the AAM representation, or by equivalent energy-based models, are
suitable for simplified simulations and analysis, and have been widely used as basis for control
system design [114-117]. However, the variables of such models are Steady-State Time Periodic
(SSTP), but most importantly, the currents and capacitor voltages in each arm of the MMC
contain multiple frequency components [118]. This prevents a straightforward application of
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the Park transformation for obtaining state-space models of three-phase MMCs represented in
a single SRRF, as already performed for the 2-level VSC in Chapter 1. As indicated in Fig. 2.1,
such a SRRF dgz model must be derived from an equivalent average model in the stationary abe
coordinates. If a non-linear model with a SSTT solution, corresponding to defined equilibrium
point, can be formulated, a Linear Time Invariant (L'TT) model suitable for eigenvalue analysis
can be directly obtained by the Jacobian linearization detailed in Section 1.2.4.

Several approaches for obtaining LTI state-space models of MMCs have been recently
proposed in the literature, motivated by the need for representing MMC HVDC transmission
systems in eigenvalue-based small-signal stability studies. The simplest approach has been to
neglect parts of the internal dynamics of the MMC, and to model mainly the AC-side dynamics
in a SRRF together with a simplified DC-side representation, as in the models proposed in
[119-121]. However, if the dynamics associated with the internal equivalent capacitor voltages
of the MMC and the interaction with the internal currents are ignored, such models may imply
significant inaccuracies. Especially if the MMC equivalent capacitor is directly connected to
the DC bus similarly as a 2-level VSC, like in [119,121]; in this case the model will only be
suitable for representing very slow transients. Therefore, more detailed dynamic state-space
models have been proposed in [122-128]. These available models have been developed for
representing two different cases as discussed in the following.

The approaches presented in [122] and [123] are based on the assumption that the modula-
tion indices for the MMC arms are calculated to compensate for the voltage oscillations in the
internal equivalent arm capacitor voltages, referred to as Compensated Modulation (CM) (more
details on the modulation indices calculations for the MMC are found in Appendix F). This
strategy for control system implementation limits the coupling between the internal variables
of the MMC and the AC- and DC-side variables. Thus, CM-based control allows for simplified
modeling of the MMC, where only the aggregated dynamics of the DC-side current and the
total energy stored in the capacitors of the MMC are represented. As a result, these models
can provide accurate representation of the AC- and DC-side terminal behavior of MMCs, but
imply that the dynamics of many internal variables cannot be analyzed. Nevertheless, these
modeling approaches are very useful for HVDC involving many converters and they are evoked
again in Chapter 4.

The approaches proposed in [124-126, 128] consider all the internal variables of the MMC,
under the assumption of a control system with a Circulating Current Suppression Controller
(CCSC) implemented in a negative sequence double frequency SRRF [109]. Indeed, the meth-
ods proposed in [124,125,128] model the MMC by representing the internal second harmonic
circulating currents and the corresponding second harmonic arm voltage components in a SRRF
rotating at twice the fundamental frequency. The same approach was followed in [129] and
further linearized in [130]. However, since the initial formulation of the MMC is performed with
respect to the arm quantities (i.e. “Upper-Lower” variables), where the w and 2w components
coexist in the same state variables, the harmonic superposition principles has to be assumed
in the modeling. This approach corresponds to the phasor-based representation and this could
affect the information about the non-linear characteristics of the MMC, and correspondingly
limit the applicability of the models in non-linear techniques for analysis and control system
design. A similar approximation was also made when separately modeling the fundamental
frequency and the second harmonic frequency dynamics of the upper and lower arm capacitor
voltages in [126].

The first contribution to the modeling approach from this Chapter was presented in [127],
but this Chapter extends the derivations from [127] to obtain a model that is applicable in-
dependently from the applied approach for calculating the modulation indices of the MMC.
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Furthermore, the model derivation has been expanded to include the effect of the zero-sequence
of the difference between upper and lower modulation indices m. in the MMC dynamics, which
was neglected in [127]. This extension of the model can be useful when third harmonic injection
is used for increasing the voltage utilization [131,132], and in case a zero sequence component
in the output voltage is utilized to control the energy distribution within the MMC. Also, it
is fundamental for having the possibility of considering different modulation approaches as it
will be explored in the following Chapter.

2.3 MMC Modeling in the stationary reference frame:
Topology, >X— A vector representation and frequency
analysis

2.3.1 Arm Averaged Model representation of the MMC topology

The basic topology of a three-phase MMC is synthesized by the series connection of N
sub-modules (SMs) with independent capacitors C' to constitute one arm of the converter
as indicated by Fig. 2.2. The sub-modules in one arm are connected to a filter inductor
with equivalent inductance L., and resistance Ry, to form the connection between the DC
terminal and the AC-side output. Two identical arms are connected to the upper and lower
DC-terminals respectively to form one leg for each phase j (j=a, b, c). The AC-side is modeled
with an equivalent resistance and inductance Ry and L respectively [108]. On the DC-side,
the smoothing reactors L, may be present or not depending on the vendor. In this Thesis,
these inductors are neglected, but the way of taking them into account is highlighted.
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Figure 2.2 — MMC Topology and AAM for the lower arm (phase C')

Assuming that all the SMs capacitors voltages are maintained in a close range, the series
connection of submodules in each arm can be replaced by a circuit-based average model, cor-
responding to the so-called Arm Averaged Model (AAM) as indicated in Fig. 2.2 for the lower
arm of phase ¢ [115,133]. With the AAM representation, each arm appears as a controlled
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voltage source, while a power balance is established between the arm and its equivalent ca-
pacitance [134]. Thus, each arm can be represented by a conventional power-balance-based
average model of a VSC, with a modulated voltage source in series with the arm inductor L,
and a modulated current source interfacing the arm equivalent capacitor Cg.p,.

The output of the controlled voltage and current sources of the AAM are here referred as
the modulated voltages v; and v),; and modulated currents 4f,; and i}, for the upper (U)
and lower (L) arms of a generic phase j, and are described by the following equations!:

v _, U, U L _ L L
Upj = 5 VG Upni = M5V 2.1a)

U _  UU L _  LL

g = M7 5 Ui = M (2.1b)

where vgj and Ugj are respectively the voltages across the upper and lower arm equivalent

capacitors; m;] and mf are the corresponding modulation indices for the upper and lower
arms, and zgf and ZJL are the currents in the upper and lower arms. The voltages and currents

of the equivalent capacitor are related through the following equations:

dvé- 1

dvgj U

C’m«mW = iy (2.2) Carm
It is important to mention that the variables vgj and véj present multiple frequencies at
the same time in steady-state [118] in addition to the DC value which is usually around vy,
as exemplified in Fig. 2.3, where v¥ . and v§_;,. are the vectors defined as [vZ, v¥, v¥.]" and
[vk, v&, vE.]T, respectively. This property makes it impossible to obtain a SSTI version of
the MMC model without further mathematical manipulations. For instance, these variables
cannot be referred to single Synchronous Rotating Frame with the Park transformation. For
this reason, more modeling efforts are needed to isolate different frequency components and

then apply the corresponding transformations.
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Figure 2.3 — MMC Steady-State Analysis - Arm capacitor voltages Upper-Lower

2.3.2 Modeling of the MMC with ¥ — A variables in the stationary
abc frame

As mentioned in the introduction of this Chapter, the proposed approach adopts the 3-A
representation as opposed to the more common one based on the Upper-Lower (U-L) arm
notation, to ease the derivation of an MMC model with SSTT solution. More precisely, under
this X-A representation, it is possible to initially classify the 11 states and 6 control variables
of the Arm Averaged Model of the MMC into two frequency groups; i.e., the A variables which

!The limits on the modulated voltages v%j and vk .

; are studied in Appendix E.
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are associated to the fundamental frequency w and 3w, and the Y variables which are in turn
associated to DC and —2w, and will be further discussed in Section 2.3.3.

It is therefore useful to redefine the voltages and currents that are defined in Fig. 2.2
using this nomenclature, resulting in (2.4). Indeed, if* is the current flowing through the AC-
side grid, whereas zj is the common-mode current of the MMC. The current zj is commonly
referred as “circulating current” or “differential current” [108,114]; however, the more general
term “common-mode current” is preferred in this Thesis, since i* is calculated as a sum of two
currents?. Also, the author considers that the term “circulating current” should be reserved
to the dg (or af) components of the three-phase 45 currents [135]. Moreover, vg; and v, are
respectively the difference and the sum of voltages across the upper and lower arm equivalent
capacitors.

AUt FE (b 0y k)2 o 0l k)2 (24)

In addition, it is also useful to define the modulated voltages given in (2.1) in the %-A
representation as in (2.5)% [117], as well as modulation indices as in (2.6).

U L
A ar “Umj T Vny St Umg T Vg (2.5)
me 2 2 '
f f
ms L ml —mk, m> € mf +mk (2.6)

Equations (2.5), (2.6) and the voltages from (2.4) can be gathered in a matrix relating the
“Upper-Lower” modulation indices (which in turn, are the physical inputs of the MMC), with
the internal modulated voltages “¥-A”, as shown in (2.7). This equation highlights one of the
main differences between the 2-level VSC with the MMC, since in the first, the modulated
voltage on the AC-side is a product with the actual DC bus voltage vg.. In turn, the AC
modulated voltage on the MMC depends on the arm capacitor voltages v and v3 (marked in
blue for highlighting the fact that v3 >> v&).

Upo vE, 0 0 | va 0 0 10oo0f1 0 o0 mY

v 0 vE 0 0 va 0 01 0[0 1 0 mY

mb Cb Cb b

v | 1] 0 0 w5 | 0 0 v 0010 0 1 mY (2.7)
U | 2| —vE, O 0 |—vg, O 0 100[-1 0 0 mk '
v, 0 —v& 0 0 -v& O 01 0,0 =1 0 mE

Ume 0 0 —v& | 0 0 —vi JLoo0o 1[0 0 —1][mk

Vc}:vﬁabc [mz T oA T]T
abc ’"""abc

For compactness, (2.7) is re-written in (2.8):

’Urzzzza c 1 diag an c diag vAa c mfa maz c
[ Ab]:[ (Cb>‘ (Cb) Ab VCmabc mAb (28)

Vmabe _diag<vgabc) ‘ _diag(vgab() LLLPT abc
where:
mazbc - [mf ml? m?]—r 'vrgrlmbc - [U}r:m Urz)ib Urzr:Lc]T ’vgabc - [Uga Ugb UEC]T
maAbc - [mf TnbA ch]T ’vﬁabc - [Uﬁm Uﬁb vﬁc] ’Uéabc - [Uéa Uéb Uéc]

Note that the matrix V24, relates the modulation indices with the arm capacitor voltages
in ¥ — A and abc frame.

2To the author’s knowledge, the term “difference current” was introduced in [113] since in the followed
arm currents convention, upper and lower currents “arrive” to the AC node. In [116] (and others), the same
current convention as this Thesis was maintained (opposite as [113]), while keeping the “difference current”
nomenclature.

3The limits on the modulated voltages v>

g and v4 - are studied in Appendix E.

J
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AC-grid current dynamics — “A”

Applying Kirchhoft’s law to the circuit in Fig. 2.2, the following equations are derived for

the phase j:
di¥ dif

Vde U A G __
=~ Umj Larmd—z — Rarmz — L;—- 0 — Ryi —vj =0 (2.9)
ik d A e
- — Lyym—2= rmls — Lp—— — = 2.1
2 + m] + Larm dt + Ra Z f dt R Z v; 0 ( 0)

With the addition of (2.9) and (2.10) and the consideration of (2.5), the three-phase AC-
grid currents dynamics 15, = [i2 5 i2]" are obtained, which are expressed using vector

nomenclature in the stationary frame as in (2.11),

dig, A ‘A
LZ; C;tc = VUnabe — abc Rgg abe’ (211)
where v&_ is the grid voltage vector defined as [v& v§ v¥]", whereas v4 ;. is the modulated
voltage driving the AC-grid current defined as [v53, v3, v2.]T, or more precisely as:
VA= 1 (mA VG e + M OVE, ) (2.12)
mabc 2 abc™ ¥ Cabc abc™~ Y Cabc :
where the upper and lower modulation indices (m{,m}) and modulated voltages (v),;,v};)

were replaced by their X-A equivalents for consistency. Equation (2.12) is obtained from
a mathematical manipulation of (2.1) with (2.5) and (2.6). It is worth noticing that the
operator “o” will be used here to represent the element-wise multiplication of vectors (e.g.
[5lola] = [5q]). Furthermore, RZS and L{; are the equivalent AC resistance and inductance,

respectively defined as R¢ + R /2 and Ly + Ly, /2 [114].

Common-mode currents — “X.”

With the subtraction of (2.10) from (2.9), the three-phase common-mode currents dynamics
in the stationary frame can be obtained, which are written by using vector notation as:

di> Vde .
LaTm datbc = 7 - v'rzr:mbc - Ra’/‘mszm (2]‘3)

where vq, is defined as [vge vge v4] " and v

2,5 2T
mode current defined as [v, v, v |

o abe 15 the modulated voltage driving the common-
, or more precisely as:

1
) _ P b)) A A
Umabe = 5 <mabcovCabc + mabcovCabc) ) (214)

where the upper and lower modulation indices and voltage variables were replaced by their
Y-A equivalents for convenience here as well.
Arm capacitor voltage dynamics — “Y” and “A”

Similarly, the dynamics of the voltage sum and difference between the equivalent capacitors
of the AAM can be expressed respectively as in (2.15) and (2.16).

dvgabc A .a%)c > -3
ZCaTm dt = M4gpc© 2 + M ebeClabe (215)
2y Pt _ 2 Jabe | o (2.16)
arm dt - abcC 2 abc~ “abc :
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2.3.3 Summary of MMC Model with SSTP Solution and frequency
analysis in Steady-State of the X — A variables

The equations presented in this section can be represented in a block diagram as shown in

Fig. 2.4. This figure highlights the functional relations between the different variables of the
system.

_”" AC Source “'Zl—

(Z vgbc = 0) vabc L ,,,,,,,,,,,,,,, 1 iabc (Z isbc = 0)
'vgabc G’
A pmomemeees v PG v || vt
UCabe » Calculations _afgc‘. Grid currents b T Calculations v&,p.
| ’U'Ietabc 3 UA i Zabc : i Uéabc
A ! i mabe :
Mabe =& Fq. (2.12) hﬂ‘—h Eq. (2.11) +—#—» Eq (2.16)
m>, _. Calculations v> . Common- mode‘ i _,y_. Calculatlons
Ve » currents 43y, —ﬁ——ﬂ—h VEabe
> : :
B ase o (214) > Eq (213) r—"“"l,??:f?f??,,,
A
VCabe
. Tt LS4 coozz20n Algebraic equations
Internal variables Labe - : . .
—/—| DC Source q_/_ cozzzzzzn Differential equations
States Inputs L.  cemmeeeen

(SRS » Source equations

Figure 2.4 — MMC representation >-A in abc frame

In the following, a simplified frequency analysis for the MMC variables in steady-state is
provided in order to evaluate their main harmonic content. For this task, a simple time domain
simulation is performed of the MMC from Fig. 2.4. The AC and DC voltages are imposed,
as well as the proper modulation indices from Fig. 2.5 which corresponds to an active power
transit of 1 pu, while maintaining the reactive power to zero.
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= vf z
= 0) e =
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(a) AC voltages in abe frame (b) DC Voltage
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A A A A > z x T
(C) Mabe = [m my Mg ] (d) Mabe = [ma my mc]

Figure 2.5 — MMC Steady-State Analysis - Inputs

The results of the MMC currents are shown in Fig. 2.6. In Fig. 2.6a, the AC grid currents

i4,. are shown. The Fast Fourier Transformation (FFT) is applied to ¢5, and results are
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shown in Fig. 2.6b, where it can be observed that the main frequency component corresponds
to the grids frequency w as expected and also 3w.

The common-mode current consists of a DC value, or a DC value in addition to oscillating
signals at —2w, depending on whether the second harmonic component of the common-mode
current is eliminated by control or not [136,137]. In this example, there is no control on these
currents and the —2w components are not eliminated for a better exemplification. Results
are shown in Fig. 2.6c, where it can confirmed that they are pulsating with negative-sequence
(“a—c—0b" instead of “a—b—c” as the grid voltages) double grids angular frequency. The FFT
of 4% is shown in Fig. 2.6d without the DC component, and confirms that the 2w component
is preponderant and also that a small component of 4w is present.
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(C) abe = [Za %p Zc} (d) FFT - 7’]’

Figure 2.6 — MMC Steady-State Analysis - Currents

Results of the arm capacitor voltages v8,;. are shown in Fig. 2.7a and the corresponding
FFT in Fig. 2.7b, where it can be seen that the most important harmonic components are w
and 3w. Furthermore, results from v, are given in Figs. 2.7c and 2.7d, showing that this
variable is composed mainly by a 2w component in addition to the DC value, which is more
important than the amplitude of the oscillations.

These results can be explained regarding the modulated indices from Fig. 2.5d, where
m; = 1, and from Fig. 2. 5(: where mA ~ mcos (wt) [108]. By inspecting the right-side of
(2.15) (i.e. mfif/2+ mFiY), it can be seen that in steady-state, the first product msi%/2
gives a DC Value in addltlon to an oscﬂlatory signal at 2w, while the second product mE E
gives a DC value in case a constant value of 45 is imposed by control (e.g. by CCSC [109])

a 2w signal otherwise. Thus, both cases will result in a dominant oscillation frequency of 2w
in vg; [138]. Similarly for véj, it is inspected the right-side of (2.16) (i.e. m}is/2 + mpi¥),

where the first product, m] ZA /2, oscillates at w, while the second product mA Z osc1llates at
w in the case the CCSC is used or will result in a signal oscillating at w superlmposed to one
at 3w otherwise [136]. If the assumption m} = 1 is no longer considered, but instead m3 is
allowed to have a second harmonic component superimposed to its DC value, the first term of
(2.16) will also produce an additional component at 3w.

As will be shown in the remainder of this Chapter, this additional 3" harmonic on the
A variables don’t affect significantly the initial frequency classification of the variables as it
will be captured and isolated by the zero-sequence component after the application of Park
transformation at w without affecting its corresponding dq components.
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Figure 2.7 — MMC Steady-State Analysis - Arm capacitor voltages

The modulated voltages are shown in Fig. 2.8. Similar behavior in terms of frequency
spectra as the MMC currents is observed, which is expected since these are the voltages that

drive the currents.
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Figure 2.8 - MMC Steady-State Analysis - Internal modulated voltages

This initial classification of the state and control variables according to their main oscillatory
frequency is summarized in Table 2.1 and is considered the base for the methodology presented

in the following section.

Table 2.1 — MMC variables in 3-A representation

Main frequency content: w, 3w

—2w, DC

Main frequency content:

i =1 —if

Unmj :A<_Umj + Umj)/2

N /A

;§:(§+wévz

ve; = (Ve +v6;)/2

Ur%j = (Ugv,j + U#j)/Q
my =mY +m¥
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2.4 Non-linear MMC model with Steady-State Time-
Invariant solution: X —A representation in dgz frame

In this section, the derivations needed for obtaining the state-space time-invariant repre-
sentation of the MMC with voltage-based formulation is presented in detail on basis of the
approach from [127]. This step is mandatory in order to be able to get a very accurate LTI
model of MMC which can be used for small signal stability analysis as explained in Chapter 1.
Moreover, thanks to the decomposition of the system, the root causes of internal phenomenon
of MMC can be explained.

As shown in the frequency classifications from Table 2.1, the “A” variables are associated
mainly with periodic oscillations of w, and the “X” variables with —2w. In the first attempt
to obtain Steady-State Time Invariant variables of the MMC, the A-variables (v8,;,, 15, and
m& ) are transformed into their dgz equivalents by means of a Park transformation P,, at the
grid fundamental frequency w (see Appendix A). By contrast, the Y-variables (v3 ., %o, and

m2,.) are transformed into their dgz equivalents by means of a Park transformation P.,  at
twice the grid frequency in negative sequence, —2w:

<A def A def A . def . A def

ldqz P, Il’abc’ deqz =P, wUCabes vmdqz P, vmabc? mdqz F, mabc (217&}
' def . def > def > def >
dqz P—2w abc) deqz ‘P-2wUCab07 vmdqz ‘P-2w mabe) mdqz ‘P-2wmabc (217b)

The Park transformations are applied to the time-domain results from Section 2.3.3. In
Figs. 2.9a and 2.9¢, results of the currents 4%, and modulated voltages vy, are respectively
shown. Since the grid currents are oscillating at a single frequency w, the results for iﬁlz are
constant values after the Park transformation is applied. Note that the zero-sequence of v2 .

is oscillating at 3w, but since there is no zero-sequence current path, the current 2 is null.
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Figure 2.9 — MMC Steady-State Analysis in dgz frame - AC and common-mode currents

In Figs. 2.9b and 2.9d, results of the common-mode currents 4%, and modulated voltages
v,%dqz that drive those currents are respectively shown. Note that the zero-sequence of the
modulated voltage v as well as the current i~ are composed only by a constant component.
The dgq components of both variables present a constant value, but also oscillations at 6w.
This component is the same as the 4w values found in the results from the Section 2.3.3 (in
abc frame, the 4w components with negative-sequence, are reflected as 6w pulsations after
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applying the Park transformation at —2w [136]). However, note that the 6w oscillations can
be considered as negligible.
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Figure 2.10 — MMC Steady-State Analysis in dqz frame - Arm capacitors

In Fig. 2.10a, the results of applying the Park transformations to 'védqz are shown, where
it can be seen that the dg components are constant, while the zero-sequence presents some 3w
oscillations [139]. Even though these oscillations may not be so important, it is detailed in
the following of the Chapter how to model these dynamics with constant values. Finally, in
Fig. 2.10b, the results for vgdqz are shown. At first sight, the three components dgz are almost
constant after the applied transformation. However, if a zoom is applied on the dq results, some
6w component can be found. These components will appear naturally during the development
of the MMC model with SSTT solution, and further neglected due to the minimal contribution
on the overall dynamics. It is also useful to observe in Fig. 2.10, that the most important value
is v, which corresponds to the DC value of the arm capacitor voltages. The dg components
of v5, and the dqz components of v& are related to the oscillations in steady-state presented
in v¥,. and vE&,,. (see Fig. 2.3).

The formulation of the MMC variables such that the initial separation of frequency com-
ponents can be achieved constitutes the basis for the proposed modeling approach. In the
remainder of this section, the mathematical derivation of dynamic equations with SSTI solu-
tion representing the dynamics of a three phase MMC will be expressed by using the approach
from [127]. The mathematical reformulation consists in expressing the vector variables in the
stationary abc frame as a function of their dgz equivalents at their respective rotating frequen-
cies. The equations from this section can be obtained with the Matlab code from Appendix D.

2.4.1 Voltage difference A SSTI dynamics derivation

Initial formulation

The SSTI dynamics for the voltage difference v4 is derived as follows. The starting point
is indeed the SSTP dynamics of the variables v4,;,. given in (2.16), and recalled in (2.18a) for
convenience. The first step consists in expressing the abc vectors in the stationary frame as

function of their respective dgz equivalents. This can be seen in (2.18b), where v&,;,., ™M

* A A
Laber Mabe

abe

A

; -1,,A 1% 1A -1
and 423, have been respectively replaced by P'vgy,., P, mg,., P i, PSmg,

and P_ 3> when considering (2.17).

deabc 3 icﬁ)c A >
26Varm dt = Mpe° 9 +mabco7’abc (218&}
AP} dvA, . Plid
2Carm V&8s + 2Cum P g:q =P, m},.0 qu+P ma,.oP, iy, (2.18b)
4 5 o5
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The equation expressed in (2.18b), must be multiplied by the Park transformation matrix
at the angular frequency w, so that it can be possible to solve for d’uédqz /dt.
Multiplying ®4 by P, gives:

A A dvédqz
P,®y = QCa,,medeqz + 2Cm 7 (2.19)

where J,, is defined as in (2.20):

. 0 w 0
dP}
J, ¥ P, d: =|-w 0 0 (2.20)
0 00
Furthermore, multiplying ®4 by P,, gives:
- P1is
P,®5 =P, (P_zlwmdzqzo ”;d‘”) = Mg, [if iy zf]T (2.21)

where M£B is expressed in (2.22). For simplicity, it will be considered that the system under
study does not allow for the existence of the zero-sequence grid current; i.e., i2 = 0, highlighted
in gray in (2.21). Under this assumption, only the dg component of (2.21) is time-invariant, as
the 3w oscillatory signals that appear in M@B are either multiplying 72 (third column of the
matrix) or appear in the last row. However, it is possible to rewrite also the dynamics of v5,
in SSTT form by means of additional mathematical manipulations, as will be shown further.

m3 + 2m?> —m? | 2m cos(3wt) er\j sin(3wt)
Mg, =i| _______ My —mg £2mE | 2my cos(3wi) + 2myg sin(3wt) | (2.22)
my cos(3wt) —my sin(3wt) my cos(3wt) + my sin(3wt) | 2m>

Finally, multiplying ®& from (2.18b) by P, gives:
- T
P,®5 =P, (P;lmquzoR ;wi,?qz) = Mg, |i7 if i (2.23)
where M is expressed in (2.24).

m5 + 2m2 cos(3wt) —m& —2m2 sin(3wt) | 2mf
Mg, =5 | __—mg +2m3sin@et)  —mg +2mcos(3wi) | 2mg | (2:24)
mg cos(3wt) + my sin(3wt) mg cos(3wt) — mg sin(3wt) 1 2ms
Here, M,ﬁc requires further mathematical manipulation to achieve the desired SSTT perfor-
mance, as the 3w signals also appear. Moreover, they affect not only the zero-sequence as in
the previous case, yet the dg components as well.
Replacing the definitions given in (2.19), (2.21) and (2.23) in P'®4 = P1®4 + P1®5
and solving for the voltage difference dynamics in their dgz coordinates results in (2.25):

dvédqz 1
At 2C.m

. . ATT . . 517
(M@B[@dA is ]+ MR |iF i >_Jwv§dqz (2.25)

q q z

Since neither Mg or Mg are SSTI, equation (2.25) is not directly providing a SSTI
solution. This issue is treated in the remainder of this section.
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Deriving the SSTI dq dynamics of (2.25)

First, the dg dynamics of (2.25) are addressed. As discussed earlier, since it is assumed
that 72 = 0, only M§, is hindering a SSTI representation for the dg dynamics due to the
appearance of the cos(3wt) and sin(3wt) in the 2 x 2 sub-matrix at the upper left corner of
Mg, in (2.24), referred to as Mﬁ;xz. One possible solution is to assume that the MMC
control will always set m2 to zero, as was done in [127], as m2 is multiplying all of the 3w
oscillating signals. However, this lead to a restrictive model from a control perspective as it will
be discussed in the following Chapter, and therefore such assumption is avoided here. Taking
inspiration from common engineering practices to increase controllability in VSCs [131], the
proposed solution is to redefine m2 as a third harmonic injection, as given in (2.26), where
m%d and m%q are two SSTT variables which are linked to the amplitude and phase angle of
A

2 -

third harmonic oscillations in m

mZ & m3, cos(3wt) +my, sin(3wt) (2.26)
Replacing the new definition (2.26) in (2.24) results in the sub-matrix Mg>*? from (2.27a),
which yields (2.27b) after developing.

A2x2 _ 1
Mg " =5

mg +2 (m%d cos(3wt) +m3, sin(3wt)) cos(3wt)  —mZ —2 (m%d cos(3wt) +m3, sin(3wt)§ sin(?)wt)} (2 27&)
5 .

—ms +2 (m%d cos(3wt) +m3, sin(3wt)) sin(3wt) —m4 +2 (m%d cos(3wt) +m3 sin(3wt)

cos(3wt)

A A
+mz, +mz,

ApAzx2 _ 1 + (m5 + m%d — qu + m%q + cos ((,5;;7‘5) + sin (6wt) (2.27b)
oc 2| _ qu _ m%q —(md — méd +sin (6wt) — cos (6wt) Amﬁl —m?d '

~0
Furthermore, the multiplication of the oscillatory signals at 3w induces some terms at 6w,
which can be neglected as will be confirmed via time-domain simulations.
Deriving SSTI expressions for the zero-sequence dynamics of (2.25)

The zero sequence dynamics equation of (2.25), is given again in (2.28) for convenience.

dvf, 1 [l, . , , ,
o, [8 (m?zf + quZqA +2m&iy + quAz?) cos(3wt) + ... (2.28)
s (=m3if +myid +2mdi5 — 2mbiy ) sin(3wt) + me
8 q°d d’q qd d’q 9 'z

By replacing the new definition of m2 given in (2.26) into (2.28), the zero-sequence dy-
namics of v5, can be written as:
dvg, 1
dt B Carm

[V, cos(3wt) + U, sin(3wt)] (2.29)
where ¥, and U, are defined as below.
w, :; (+mi2 + mSid + 2mi% + 2mAiZ + 4m,i%)
v, :; (—myig +miie +2miy — 2miiy + 4m3 iY)

Since the zero sequence dynamics in (2.29) are still time-varying in steady-state, further
reformulation is necessary to obtain the desired model with SSTT solution. This can be obtained
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by defining an auxiliary virtual state v, . shifted 90° with respect to the original “single-

phase” time-periodic voltage difference signal v, according to the approach from [127]. This
approach is conceptually similar to the commonly applied strategy of generating a virtual two-
phase system for representing single-phase systems in a SRRF [140] (also called Fictive Axis
Emulator [141]).

The real and virtual voltage difference zero-sequence variables can be labeled as v&, and
V&, 5 and together they define an orthogonal af-system. This af-system can be expressed
by (2.30a)-(2.30b), where the first equation is exactly the same as (2.29), while the second
equation replaces the cos(3wt) and sin(3wt) that appear in (2.29) by sin(3wt) and — cos(3wt),
respectively.

dvg 1
U0z _ [V, cos(3wt) + U, sin(3wt)] (2.30a)
dt Carm

dva 1
;tzﬁ = & [Vasin(3wt) — T, cos(3wt)] (2.30b)

Defining v, 5 2 [vE. V8 B]T, the equations (2.30a) and (2.30b) are written in a compact

form as shown in (2.31).
dvéza 5

= :Calrm {T3w \Z \Iqu} (2.31)

where T, is a rotation matrix at 3w as defined in (2.32).

i |cos(3wt)  sin(3wt)
T3, = [sin(?)wt) — cos(3wt) (2.32)

Furthermore, by defining v&, £ [Uézdvézqr which verifies:
'Uézaﬁ = T?::J'véZ7 (233)

replacing (2.33) into (2.31), multiplying by T3, and solving for the dynamics of v&, gives:

d’uéz 1 T A
7dt = 7Cm,m {[\Ifd \Pq} — CarmJ3vaZ} (234)
where Jj,, is defined as in (2.35).
J3, = [Z’w 0 ] ) (2.35)

Equation (2.34) will produce now a SSTI solution. The original oscillating zero-sequence
component v5, can always be re-created as a function of vézd and vézq by means of (2.33), as:

Ve, = Vo, co8(3wt) + vézqsin(?)wt) (2.36)

Final formulation

It is useful to redefine a new augmented vector for the SSTI voltage difference states v&y, 5
with capital Z), as:
ith capital Z

_ T
A af [A A A A
Vcdaqz — |Vcd VYcoq Vez, Uczq} (2.37)
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as well as for the “A” modulation indices, as:

, T
A wf [A A A A
Mgz = {md My Mz, mzq] (2.38)

With the new definitions vgy,, vézq and their associated dynamics given (2.34) as well as

taking into account the modified (sub-)matrix Mg A2X2 given in (2.27b); the SSTP dynamics
of v8y,. from (2.25) may be now expressed in thelr SSTI equivalents, by means of the 4 x 1
state vector v8y,, as shown in (2.39), with Jg defined in (2.40).

(mdE + 2m§) —m?
dVEuqz 1 ]1 —m? (—mE + 2m2)
“TCdaZ _ _ gopA 4~ = g d 2) | i+ .. (2.39)
dt CdqZ Carm 8 +m§ TTL? da
—my my
+(mg +m3z,) —(md+mz,) m
.._|_1 _qu_m%q _mﬁ_m%d qu 7,31
4 m? qu 2m§d 1
ma —m5 2m§q
0 w
Jo| —w o 022 (2.40)
02><2 J3w

2.4.2 Voltage sum > SSTI dynamics derivation
Initial formulation

The SSTI dynamics for the voltage sum can be derived in a similar way as for the voltage
difference. The starting point is indeed the SSTP dynamics of the variable given in (2.15) and
recalled in (2.41a) for convenience. The first step consist in expressing the stationary frame

abc vectors present in (2.41a) as functions of their respective dgz equivalents. This is done in

>

= and 12 have been respectively replaced by P__zlw'c%idqz7

iA

aber TN

(2.41b), where v&,;., m5

abe)

P! mdqz, P! quz, P_ mdqz and P_ quz Notice that here also, the choice of the inverse

Park transformation at w (P.!) or at 2w (R_;w) is according to the frequency separation of the

variables given in Table 2.1.
Equation (2.41b) can be divided in three parts: ®%, ®% and ®Z, as indicated in (2.41b).
These three parts are treated consecutively in the following.

dvgabc A .a%m > >
2Cfa,'rmT = M pc° 92 + ™MpcC%be (241&)
P, dvz Pl
2w » Cdqz -1 A w Ydqz -1 ) -1 .3
2Carm— VG age + 2w Py~ = Plmig 0= Pl mf 0P, i%,.  (2.41b)
% % ®g

The equation expressed in (2.41b), needs to be multiplied by Park transformation at —2w,
so that it can be solved for dvgdqz /dt. Multiplying ®% by P, gives (2.42), where J., is
defined as —2J,.

&% = 2C,mJ.

2w

P

2w

dvi
deqz + 2Ctm*m C(i?tdqz (242)
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Furthermore, multiplying ®F by P, gives (2.43), where Mg is expressed in (2.44).
P4 T
P, &, =P, (P'lmngo°’dqz> = Mg, [zg i z‘ﬂ (2.43)

As mentioned earlier, it is assumed for simplicity in this work that there cannot be any
zero-sequence grid current; i.e., i2 = 0 (highlighted in gray).

My, = 7| —m2 —2msin (30t) —m +2m2 cos (3wt) 1 2 (7 cos(3ut) — misin(set)) | (244)

Equation (2.21) does not yet produce a SSTI solution, as the elements in the upper left
2 x 2 sub-matrix of Mg in (2.44), contain sine and cosine signals oscillating at 3w. Note that
this is also the case for the terms highlighted in gray, but since these are being multiplied by
i% = 0, they are not considered in this work. To overcome this obstacle, the same solution
used in the previous section is applied: as all the oscillating terms are being multiplied by m2,
it is convenient to redefine m2 by a third harmonic injection as in (2.26), as a function of the
SSTI virtual variables m3, and m%q. Replacing (2.26) into (2.44) allows for re-writing (2.43)

as in (2.45).

+(mg +m3z,)ig — (mg —m3z, )iy
P, @5 = |— (m2+m3)i5 — (md —m3,) 2|+ - (2.45)
myig +mgiy
i [ cos(6wt)  — sin(6wt) ()—‘ {+m§dif —m32 s
-+ | —sin(6wt) —cos(6wt) O] |—m§qif —m3z,i5 |

Yoo 0o o o ]

~0

Equation (2.45) will become time-invariant only if it is assumed that the oscillatory signals
at 6w can be neglected, which has been confirmed via time-domain simulations.

In a similar fashion, ®Z; i.e., the second component on the right side of (2.41b), is multiplied
by P.,,, resulting in (2.46), which can be considered SSTI if the sixth harmonic components
are neglected. Here again, the validity of the approximation was confirmed via time-domain
simulations.

2% 2%
S 1 2m§z% + 2m%z§
P, ®c=- 2ZEmZ iy ;—Zqu i . + .. (2.46)
mgiy +myiy + 2mi;
S5 o5 (Gt — (1205 S win (6o
<+md ij —m, zq) cos(6wt) (/nq ig + my zq) sin(6wt)

e |[ —m%i} + mZi¥) sin(6wt) — (m>i5 + mTi> ('()S(Gwz‘)-}
[ q q q J

DO | —

q
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Final formulation

The SSTI dynamics of the voltage sum vector vgg,, are found by replacing the SSTI
equations (2.42), (2.45) and (2.46) in (2.41b) and solving for dvg,,/dt, resulting in (2.47).

% = T Veggs + - (2.47)
L[ [2mE 0 2my Ll mg +mz,) —(my —m3z,
e g O 2 2my g o | = (md +mg) — (mf —m3,) | i
om | FLmE omyo2md i md

2.4.3 Common-mode currents > SSTI dynamics derivation

The SSTI dynamics for the common-mode currents are derived in the following. First, the
equation of the dynamics for 3. in stationary frame given in (2.13) and recalled in (2.48a), is
rewritten by expressing the abc vectors in the equation as a function of their dqz equivalents,
as indicated in (2.48b).

di=

Vdc

Larm szbc = 92 - ,U'r%abc - Ra?"miczl:bc (248&)
dP, diZ
2w - -1 d -1
LGTmTdeqz + LarmP_zw d:z = 2 P_2 Umdqz RarmP quz (248b)

By further multiplying (2.48b) by P.,, and solving for di}, . /dt gives:

dig,. o . :
L 2 — {o 0 2] 020 — RarmiS, — Larmdgi, (2.49)
where vf,idqz = P_ vmabc, and v _, is defined in (2.14). Nonetheless, in order to assess if

(2.49) is SSTI, ’vmdqz needs to be rewritten by expressing the abc vectors in the equation as a
function of their dgz equivalents, as indicated in (2.50).

1 - -
s 1. % 1.5 -1, A -1,.A
vmdqz _2P-2w (P-zwmdqzop_zvadqz + Pw mdqzon deqz)
=[x .5 5] s[.A A . Al"
=V; {md m, mz] + V3 {md my mz] (2.50)

where V3 and V3 are expressed in (2.51) and (2.52), respectively.
05, 0 203,
V= 1| 0 08, 2vg, | + .- (2.51)
Ugd qu 21}%‘2

vgq cos(bwt) — vg, sin(6wt)  —v F(, cos(6wt) + z'*,sm((m/) 0
— g, cos(6wt) — vgysin(6wt)  —vgy cos(b6wt) + vg, sin(6wt) 0
0 0 0

|
|
I
[ ~0

+08y + 208, cos(3wt)  —vg, + 2vg, sin(3wt)  +2vg, cos(3wt) + 208, sin(3wt)
—vg, — 20, sin(3wt) —vg, + 208, cos(3wt) —2vg,sin(3wt) + 2vg, cos(3wt) | (2.52)
vE, va 205
Cd Cq Cz

.+

e —
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If the sixth harmonic components are neglected, V3° given in (2.51) can be considered as
SSTI. This is confirmed via time-domain simulations. However, this is not the case for V3
given in (2.52), as it presents non-negligible third harmonic oscillations. To overcome this
obstacle, it is necessary to replace into (2.51) and in (2.50) the new definitions of both m%
and v3, given in (2.26) and (2.36), respectively. Doing so, results in the SSTI definition of
Vpdq- i1 (2.53), where V3™* is given in (2.54) and is SSTT if the sixth harmonic components
are neglected.

T T
s _y=[.2 » b Sw [0 A A A A
Vpndgz = Va [md my mz} + Vg [md mg  mz, mz (2.53)
| [ FVCat+ vz, +VEs, —vE, Ve G,
S _ oA A A A A _ A
V™ = 1| Ve K VCz, —Vcd Z VCz, UAcq XCd + . (2.54)
Vcd Vcyg Vcz; Vegz,
+v8y, cos(6wt) + v8, sin(6wt) +vdy,, sin(6wt) — v8, cos(6wt)  +vd, cos(bwt) + vE, sin(6wt)  —v&, cos(6wt) + ve, sin(6wt)
1'%X‘J>i|1((5w'/) | 1%% cos(6wt) M'ﬁzw‘('(m((iw"/j | /'(Ar/‘\ill("(iw'/) v5, sin(6wt) + 1%{/(%)\((5.;/) Fv&, cos(6wt) I'(Ar(/\ill["(;w'/‘)
0 0 +z'f-zs cos(bwt) + 1'%7“ sin(6wt) +v,, sin(6wt) — v8, cos(6wt)
~0
Replacing (2.51) and (2.54) in (2.53), gives:
3T
my
) b ) A A A A A A b
Upnd 2ve, 0 2ugg | vegt+vez, Yoz, —Veg Voa  Veg m;
s | _ b % A A A A A A A
Vgl = =1 0 205, 205, | —ve, —Vez, VEz, —Vea Ve, —VCa mdA (2.55)
by ) ) b A A A A
Uz Voa  Vog 200, Vcd Veyq Yoz, Yoz, mg
L Mz, |

Note that in (2.55) the terms vZ, are highlighted in blue. The reason is that the numerical
value of vZ, is around the value of vg., while the remaining components in (2.55) are always

lower than vg4,.
Finally, the SSTI dynamics of the common-mode currents are given in (2.56), where the

sixth harmonic components are neglected.

di}; 1 !

Ydqz 55 s, Sk, A ;3

dtq - 7Larm 'U(C)lc - Rarmquz - (VA mdqz + VB *mdqz) - J—szdqz (256)
2 vfridqz

The dynamic equation in (2.56) can be expressed as a circuit diagram as in Fig. 2.11. The
dg components of ifqz are represented with two coupled circuits. These currents don’t flow to
the AC- neither DC-side of the MMC; they circulate inside the converter. In fact, that is the
reason why these components are called circulating currents. Also note that the zero-sequence
component 7> is proportional to the DC current, in fact iq. = 3 x i~. Moreover, in the circuit of
iZ it is added an inductor Lg. (marked in red). This inductor may represent the DC smoothing
reactor on the DC-side of the MMC as studied in [79], or the inductor from the DC breaker
which can have an important value [142]. Nevertheless, for the rest of this Chapter, L. is not
taken into account.
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Figure 2.11 — Common-mode currents circuit diagram

Finally, note in Fig. 2.11 that each modulated voltage v are driving each one of the dgz
currents. It may appear that the dg and z components are decoupled, but this is only achieved
by a proper selection of the modulation indices. This is due to the relations in (2.55), which
corresponds to a highly coupled matrix relating each component of v with all the modulation
indices (even with the “A” variables in d¢Z frame).

2.4.4 Grid currents A SSTI dynamics derivation

Finally, the derivation of SSTI expressions for the grid current dynamics are presented in
the following. The beginning of the proof is the SSTP dynamics equation of the grid current in
the stationary reference frame given in (2.11)-(2.12), and recalled in (2.57a) for convenience.
As for the previous cases, the dynamics are rewritten by expressing the abc vectors present in
(2.57a) as a function of their dgz equivalents, as indicated in (2.57b).

did
L t;tbc = U abe — Vope — RS0, (2.57a)

dP-l d Az -
Lty + LGP ;tq = Pv8,,. — PG, — RCPNS . (2.57b)

By multiplying (2.57b) by P,, and solving for diﬁlz/dt gives (2.58).

dig:
ng Cidtqz = ’Uﬁdqz quz - Racquz - LaCJ quz (258)
where v§ . = [v§ V5 0]T, V34e: E PuVimape and vy, is defined in (2.12). Nonetheless, v/,

needs to be assessed in order to verify if (2.58) produces a SSTI solution. For this purpuse,

vﬁdqz is rewritten by expressing the abc vectors in its definition as a function of their dgz

equivalents, as indicated in (2.59a).

1
’v,ﬁdqz =—P,- w3y (P mdqzoP vgdqz—kP mdqzoP 1védqz> (2.59a)
T
Vg =Va [m7 m m?] + Vg [mg md m2] (2.59b)

where VA and V& are expressed in (2.60) and (2.61), respectively.

1 —vod ZUCZ cos(3wt) +vg, + 20g, sin(3wt) —2v5,
Ve = 1 +vg, — 208, sin(3wt) +v&, — 205, cos(3wt) —208, (2.60)
—0g4 cos(3wt) — vg, sin(3wt) vgysin(3wt) — vg, cos(3wt) —2vg,
—vE, — 205, V&, —2ug, cos(3wt) + 2vg, s@n(?)wt)
Ve =1 U3y —203, + V5, —2vg, cos(3wt) — 2vg, sin(3wt) (2.61)
0, sin(3wt) — v, cos(3wt)  —vg, cos(3wt) — vg, sin(3wt) —2v5,
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Both matrices present non-negligible third order harmonic components preventing the possibil-
ity of considering SSTI solutions from (2.58). As performed in previous section, it is necessary
to replace into (2.60) and (2.61), the new definitions of m% and v2, given in given in (2.26)
and (2.36), respectively. Moreover, the zero-sequence of the modulated voltage v2, is defined
following the same approach as for m2 and v3,:

v s cos(3wt) + vﬁzq sin(3wt) (2.62)

mz mZg

By doing so, the definition of the modulation voltage v,ﬁdqz can be expressed as in (2.63),
where V3 and V2 are given in (2.64) and (2.65), and will result in SSTI solutions if the sixth
harmonic are neglected.

T T
A def A A A AT YA [ ) ) Af,,A A A A
’Umqu — [U’m,d?Umq’v’lrlzd?’umzq] - VAI |:md mq mz:| + VBI |:md mq mZd mzq:| (263)

ya _L| Fvey —vez, FVea T Vaz,  T2e, | | (2.64)
4 —vg —v5 —2v5 '
gd gq gZd
—U¢y, +vgy 2Uczq
—vgy, cos(6wt) — "'(%zq sin(6wt)  +vgy, sin(6wt) — U(%Zq cos(6wt) 0
4 | H9Cz, cos(6wt) — vEg, sin(6wt)  —vgy, sin(6wt) — vgy, cos(6wt) O
0 0 0
0 0 0
~0
-5y 221%2 —Iz—vgq . Uéd +v§q
yva Ll fv, 7206, 0 TV TVCa | (2.65)
/7 — - b _ b - b e .
4 UCq Ugq 2vg, 0
—f—vgq —vgd 0 —21%2
00 ’(%;q sin(6wt) — 1%:(,‘(“()5(6;07‘,) —'(%}q cos(6wt) — l%}d sin(6wt)
L {00 zvg, cos(6wt) — vgysin(Bwt)  —vg, sin(6wt) + vy cos(6wt)
- 0 0 0 0
0 0 0 0
~0

Replacing (2.64) and (2.65) in (2.63), gives:

me
A A A A A A ) by ) ) by my
U —Vgq — Voz, VoqtVCz, —2VCq | —VGq— 2VE; V&g —Vga V&g md
A bl bl z
Umq 1 Vcq — Vcz, Yod — Vcz, 2ch Ucq Voa — 200, Veyq Ved A
77777777 o VCaT Vozy TV0q | | Vg VCaT 2VC. TVGe. TVCa | | 2.66
vh N —v —va 205 —vG Vg 207 0 y )
mZg Cd Cq CZ, Cd Cq Cz mA
’UA A 2 A b} > 0 2 > o’
mZ, —Vcyq Vcd —2Vcz, Veq —Vcd —2Ucy m%
d
A
myz
L q

The complete formulation of v/, , from (2.63) is useful for control purposes as it will be
detailed in the following Chapter. As it was stated before, the zero-sequence current doesn’t
have a path to flow due to the AC-side connection, but it doesn’t mean that the voltage v2 .
should be equal to zero: this is a degree of freedom [143,144].
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Finally, the SSTI dynamics of the grid currents are given in (2.67), where V£* and Vi&*
are the sub-matrices from vj,,, 7, expressed in (2.68) and (2.69), respectively.

digy 1 ¢ oA s N R
g~ e | Vda — Fiita t (Vivmi. + Vet maz) o — Juid, (2.67)

€eq UA

mdq
VAx _ L[ —vgy — Uézd +Uéq + Uézq —205; | (2.68)
A 4| +vg, — Uézq 0B, — 8y, —208, | :
1| —vgy — 2 +oZ —v3, +vs

VA* _ Cd Cz Cq Cd Cq 9 69
B 4 [ +U§vq _2U§'z + Ugd —fugq _vg‘d ( )

The dg components are naturally coupled due to the Park transformation, with the terms
nggiﬁ and nggiqA. Moreover, they are also coupled due to the relation of the voltages v2
and the modulation indices A and ¥ in (2.66).

2.4.5 Modulated voltages in dg frame

The modulated voltages v}, ,,. from (2.55) and vy, from (2.66) can be expressed in a
single equation as shown in (2.70). This equation shows the relations between the modulated
voltages and the modulation indices (MMC inputs), with the arm capacitor voltages with the
“3-A” representation in dqz frame. This expression is a key point for the MMC control in dgz

frame.

= [ 28, 0 5, | Vet 18y, Uézq —vg, V& Vg my
vflq 0 0%, 21}(2;(1 fvéq — U(%zq Uézd - véd véq fvéd qu
D 1 Avgd A A qu A 2/0% by v ) Uéq Uézzd vézzq mg
vrgd = 1 —vACd — UACZd vgq + ngq —221? —V&q g 2ug, . (5 N —Ugd vog mci (2.70)
UK“Z Vcq —Vcz, Vca— Vcz, —2vg, Vcq Vgqa — 2V¢.  —Vgq  —Via m
Uzzd —v5y, —véq —QUéZd -5y —qu —20%, 0 mgd
L Uqu J L _véq ’Uéd _2véZq ’qu _vgd 0 _27)52 4L 77qu

A
Vémaqz

Equation (2.70) may be written in a compact form as:

vs:ld z A m§ z
A - VCmqu E‘ (271)
vmqu mqu

2.4.6 Summary of MMC Model with SSTI Solution

To summarize, the proposed MMC model with SSTT solution is graphically represented in
Fig. 2.12, where the SSTI dynamics can be represented by means of equations (2.39), (2.47),
(2.56) and (2.67), corresponding to the 12 SSTI state variables of the arm voltages difference
védqz, arm voltages sum vgdqz, circulating currents idzqz and grid currents iﬁl, as expressed
in (2.72). Moreover, this model accepts 7 SSTI control inputs represented by the sum and
difference of the modulation indices mng and mﬁ] z- In addition, the model receives 3 physical
SSTT inputs represented by the voltage at the DC terminals v4. and the dg components of the
grid voltage, 'vgp as expressed in (2.73).

-
S Y A A A A A 12
Voq Vog Yoz Vea Veq Ve- Yoz, Uczq} €eR (2.72)
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A
Mgy 7

mg,,

e = |my my mI mg my my, my v vg S| € R (2.73)

Control inputs Phys.

Internal variables

States Inputs
=
vC’dqz
S B —— S P J———— A
& .Calculatlons _#, _,ﬂ_. Grid currents ; Calculations | YCdqz
[} A 1
! mqu 3 ’Umdq 3 "’dq : ’( i deqZ
—® Eq. (2.66) —A#——® Eq. (2.67) 1 e Eq. (2.39)
g Calculations vf:ndqz ‘Common-mode! 7,dqz _#_.Calculatlons
. Emdqz ;—rff‘_h currents zd):qz _”__”_’ deqz
Vdqz ' Eq. (255) | —f» Eq. (2.56) I'_'””" Eq. (2.47)
’Uéqu
””””””””” 3iZ coooo220n Algebraic equations
_/_ DC Source ‘_/_ coozzzzzn Differential equations

[ttty - Source equations

Figure 2.12 — Summary of the MMC equations with SSTT solution in dgz frame

The physical meaning of the variables in dgz frame are discussed in the following:

1.

Grid currents “A” — ig, = [i i7]" — (2.67): The classical AC currents in dg frame,

with similar equation as for the 2-level VSC. These currents are driven by the grid

voltages v§, = [v§ v¥]" and the AC-side modulated voltages vz, = [Umg Umg) -

. Modulated voltages “A” — vh,; » = (Vi)' Vinz, vﬁzq]T — (2.66): The dq com-

mdq

ponents of vﬁdqz drive the AC-side currents iﬁl; while the components Uﬁzd and vﬁzq
allows a SSTT representation of the amplitude and phase of the periodic third-harmonic
component of the zero-sequence AC modulated voltage, which may be used explicitly for
improving the limits of the MMC [145]. Contrary to the 2-level VSC, where the modu—
lated AC voltage is given by chopping the DC voltage; in the MMC the voltages v/,
are obtained by the modulation of the arm capacitor voltages. As shown in (2.66), all the
modulated signals and capacitor voltages in dgz frame are involved in a highly coupled
mechanism for the generation of vﬁdq 4. With a proper modulation of these voltages, the
grid currents can be controlled.

Common-mode currents “¥” — i3 . = [iy i i7]" — (2.56): The dg components

corresponds to the internal circulating currents inside the converter. These currents are
driven only by the internal modulated voltage vZ, and viq. The 2z sequence component
(which is the sum of all currents in abc) is proportional to the DC output current and
hence, it is in charge of the active power transfer on the DC-side. This current is driven
by the DC voltage and the internal modulated voltage v

Modulated voltages “X” — v, = [vng Uny Uin.]T — (2.55): For the generation
of v mdqz, all the modulated signals and capacitor voltages in dqz frame are involved in
a highly coupled mechanism similarly as for the modulated voltages “A”. With these

voltages, the three common mode currents can be regulated.
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5. Arm capacitor voltages “X” — vg,,. = [if i, iy]" — (2.47): The dq variables
corresponds to the amplitude and phase of the three-phase arm capacitors voltages sum,
while the z component corresponds to the algebraic sum of the six arm capacitor voltages.
The way that these variables can be controlled is detailed in the following Chapter.

6. Arm capacitor voltages “A” — v, , — (2.39): As for the “S” variables, the dq
components correspond to the amplitude and phase of the three-phase arm capacitors
voltages difference. The 2z sequence, due to its natural time-periodic behavior, is modeled

with two state variables (vézd and vézq); representing the amplitude and phase of v, .

It is important to recall that all the variables of the MMC model from Fig. 2.12 reach a
constant equilibrium in steady-state operation. This characteristic presents several advantages
such as the direct calculation of operating points by numerical resolution of the state-space
equations; the application of Jacobian linearization for small-signal stability analysis based on
eigenvalue analysis as presented in Chapter 1, application of mathematical tools for dynamic
studies of linear models, among others.

2.5 Model validation by time-domain simulation

The objective of this section is to perform the validation of the obtained MMC model
by time-domain simulations. However, a control system with SSTI solution should be first
considered for this task. In the following section, the most basic MMC control is presented:
The AC current controllers in dg frame and the “Un-Compensated Modulation” (UCM).

2.5.1 Modulation and Grid Current Controllers

The considered AC current controller for the MMC in this section is basically the same as
for the classical 2-level VSC from Section 1.2.2. The implementation of the controller is shown
in Fig. 2.13a for the EMT model. In this figure, the angle 0+ is considered to be perfectly
estimated by the PLL. Moreover, the boundary between the dq and abc frame is given by a
green dashed vertical line, highlighting the Park transformations used to cross the boundary.
The references for the modulated voltages v is set to vg./2 [117].

For the EMT model, the modulation indices are calculated with the “Un-Compensated
Modulation” (UCM) [146] (also called “direct modulation” in [137]). This modulation is based
on the approximation that the arm capacitor voltages are near vg. (i.e. vE ~ vg.) while
considering that all the components from v5 are zero. With this assumption, the matrix

VZA . from (2.8) is approximated as shown in (2.74).

V5, 0 | v4, 0 0 vee 0 0] 0 0 0
0 vE, 0 0 v& O 0 ve O] O 0 0
sA 0 0 VE, 0 0 v, | 1| 0 0 we| O 0 0
Vemane = 5 —vs3, 0 0 [—vs, O 0 | 2/ 0 0 0|-ve O 0 (2.74)
0 —v& 0 0 —vg O 0 0 0] 0 —vg O
0 0 —wva.| O 0  —vZ. 0 0 0| 0 0 —va
VUCM

In this way, the modulation indices under the UCM method in abc frame are calculated as in
(2.75). More details on the implementation of MMC controllers for the EMT simulation are
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Figure 2.13 — Grid current controller for EMT model in mixed reference frames (abc for the
MMC, and dq for the controller)

given in Appendix F.
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The grid current controller for the MMC-SSTT is shown in Fig. 2.14a. In this figure, all

the variables are in dqz frame. The references for the modulated voltages v22* is set to vg./2,

while all the others are set to zero.
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Figure 2.14 — Grid current controller for EMT model in full dg for the MMC-SSTT model
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For considering the UCM for the dgz MMC model, it is approximated v, ~ vg., while
the rest of the arm capacitor voltages are neglected (the dg components from v, and all the
components from v5). With this assumption, the matrix Vgnﬁiq 4 from (2.71) is approximated
as follows:

vee 0 0] 0 0 0 0
0 ve 0] O 0 0 0
0 0 vge| O 0 0 0
Viimaz & 5| 0 0 0f-ve O 0 0 (2.76)
0 0 0| 0 —wvg O 0
0 0 0] O 0 —vg O
0 0 0] O 0 0 —va |
Vémdaz

In this way, the modulation indices under the UCM method in dgz frame are calculated as:

mE 1 ,UE*
dqz _ UCM mdqz (2 77)
mA - CmdqZ ,UA* :
dqZ mdqZ

2.5.2 Time domain results

To validate the developed modeling approach, results from time-domain simulation of the
following three different models are shown and compared in this section.

1. The proposed time-invariant MMC model derived in Section 2.4 and represented by
Fig. 2.12, corresponding to the SSTI dynamics in dgz of the arm voltages difference, arm
voltages sum, common-mode currents and grid currents. The implemented AC current
controller and modulation are given in Fig. 2.14. Simulations result obtained with this
model are identified in the legend by “SSTI”.

2. The AAM of a three-phase MMC (also called “Model # 3: MMC Arm Switching Func-
tion” in [111]). Each arm is represented by a controlled voltage source and where the
internal arm voltage dynamics is represented by an equivalent arm capacitance as indi-
cated in the lower right part of Fig. 2.2 [115,147,148]. The implemented AC current
controller and modulation are given in Fig. 2.13. The model is simulated in EMTP-RV.
Simulation results obtained with this model are identified in the legend by “AAM?”.

3. The system from Fig. 2.2 implemented in EMTP-RV for an MMC with 400 sub-modules
per arm, with a capacitance of 0.01302F each. The MMC is modeled with the so-called
“Model # 2: Equivalent Circuit-Based Model” from [111]. This model includes the
switching operations and the dynamics of the sub-module capacitor voltage balancing al-
gorithm from [109], as indicated in Fig. 2.1 [149]. The implemented AC current controller
and modulation are given in Fig. 2.13. Simulation results obtained with this model are
identified in the legend by “EMT?”.

It is worth mentioning that the verification of the scientific contribution represented by the
proposed modeling approach should be done first and foremost with respect to the model it has
been derived from; i.e., the AAM. This initial comparison, where the AAM is considered as the
reference model, is enough to evaluate the accuracy of the modeling proposal and the simpli-
fications it entails. Thus, the analysis of simulation results that will follow is mainly focused
on these two modeling approaches. Nonetheless, for a more practical-oriented comparison, the
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detailed switching model has been included as well, to provide an indication on the accuracy of
both the well-established AAM and the proposed modeling approach with respect to a detailed
switching model of the MMC. All simulations are based on the MMC HVDC single-terminal
configuration shown in Fig. 2.15, with the parameters given in the Appendix A.

VSC-MMC
mny A

n Labe

Vdc
- G
- Vabe

Figure 2.15 — MMC connected to AC and DC perfect sources

ige=3%i%

For comparing the models, the transient and steady-state responses are performed in dgz
frame and in per-unit quantities. Thus, in most cases, the results obtained from the reference
model are post-transformed into the appropriate SRRF's to ease the comparison. Starting the
simulation with a power transfer of P,. = 1 pu and Q,. = 0 pu, the following scenario is chosen
in order to excite the different dynamics existing in the models:

1. At t = 0.1 s: Reactive power reference (i.e. ig*) is set to —0.1 pu.

2. At t = 0.4 s: Active power reference (i.e. i3*) is reduced to 0.5 pu.

The dynamics of the dg components of the grid current are shown in Fig. 2.16. It is possible
to see that for this variable the reference model and the proposed model with SSTI dynamics
are practically overlapping.
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Figure 2.16 — Comparison of the proposed SSTI model with the AAM and EMT models: grid
current dq components

In Fig. 2.17, the results of the common-mode currents ifqz are shown. In the upper sub-
figure it is depicted the currents in abc frame for the EMT model. The dynamics of the
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circulating currents i§q and zero-sequence current 7> are shown in the middle and lower sub-
figures of Fig. 2.17. It can be noticed that the accuracy of the model is very good for the
zero-sequence component i>. The results of the dg components iffq for the compared models
are almost the same, only a large zoom (Fig. 2.18) enables to observe the 6" harmonic in the
reference models which is obviously not visible in the model obtained with SSTT solution. In
light of the results, the assumption of neglecting the 6'" harmonic in the modeling with the
SSTT solution is confirmed.

) —% — EMT —if — EMT —i* — EMT|
0"MW11111‘1‘11111111!11‘1III1‘1[11M1‘1M1‘1WMIWIW1‘1 &""‘1‘1‘W!'*‘1’1Wl‘l'l‘ﬂﬂﬂﬂﬂﬂﬂﬂﬂ1'1W&’1'1W1'1’1‘1MﬂﬂﬂﬂﬂﬂwﬂxM

Figure 2.17 — Comparison of the derived SSTI model with the AAM and EMT models: common-
mode currents idzqz i) dg components and ii) zero-sequence

The dynamics of the voltage sum vg,,, are illustrated in Fig. 2.19, where it can be seen how
the variables calculated with the AAM-MMC used as reference are overlapping those calculated
with the model with SSTT solution derived in this Chapter. Notice that the steady-state value
of vZ, changes with respect to each of the reference steps, since there is no regulation of the
energy stored in the MMC. Furthermore, the non-zero steady-state values of 'vgdq emphasizes
the 2w oscillations that this variable has in the stationary abc reference frame.

Similarly, the dynamics of the energy difference védqz are depicted in Fig. 2.20. More pre-
cisely, the upper figure is illustrating the dg components behavior of this variable under the
above described case scenario while the lower figure does the same for the zero-sequence. In
terms of accuracy, both of the sub-figures show how the proposed model with SSTT solution ac-
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Figure 2.19 — Comparison of the derived SSTI model with the AAM and EMT models:
capacitor voltage sum vgy,, i) dg components and ii) zero-sequence

0.9

arm

curately captures the behavior of the AAM-MMC model used as reference. This is particularly
true for the case of 'védq as almost no distinction can be made between the voltage waveforms
resulting from the two models. For v&, however, it is possible to notice a slight mismatch
between the derived model and the AAM, particularly during the transient behavior between
t =0.15sand t = 0.2 s. This is indeed associated to the neglected sixth harmonic components
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in the mathematical derivation of the proposed model with SSTT solution. Nonetheless, the
model accuracy is not compromised since it has a very little influence on the general dynamics.
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Figure 2.20 — Comparison of the derived SSTI model with the AAM and EMT models: arm ca-
pacitor voltage difference védqz i) dq components and ii) zero-sequence component transformed
to scalar, time-periodic, representation

Notice that the comparison between the reference and the proposed MMC model with SSTI
solution has been done using the SSTP signal v5, instead of its equivalent SSTI version v&,
defined in Section 2.4. This is done for simplicity, as the dynamics of the virtual system used
to create v&, do not directly exist in the reference AAM-MMC model. However, for the sake
of completeness, the dynamics of the SSTI v&, obtained with the proposed model are depicted
in Fig. 2.21, where it can be confirmed that both the vézd and vézq sub-variables reach a
constant value in steady-state operation.
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Figure 2.21 — SSTT representation of the voltage difference zero sequence

74



2.6 Chapter Conclusions

This Chapter presents a modeling approach for obtaining a state-space representation of
an MMC with Steady-State Time-Invariant (SSTI) solution. The presented approach can be
considered independent from the modulation and control strategy adopted, as only the physi-
cal equations of the MMC have been mathematically manipulated, gaining a more generalized
model compared to previous works available in the literature. Results from time-domain sim-
ulation of a detailed MMC model with 400 sub-modules per arm are presented as point of
reference to illustrate the validity of the derived model. These results demonstrate how the
model with SSTT solution accurately captures the MMC internal dynamics while all variables
settle to a constant equilibrium in steady-state operation.

The proposed model was achieved thanks to a voltage-current X-A formulation which
enabled separation of the MMC variables according to their oscillation frequencies as part of
the initial model formulation. A procedure for deriving equivalent SSTI dgz representation
of all state variables by applying Park transformations at different frequencies was presented,
referring the variables to three different rotating reference frames, rotating at once, twice
and three times the grid fundamental frequency. The resulting model captures the internal
dynamics of the MMC such as circulating currents and arm capacitor voltages.

Utilization of the proposed model can enable a wide range of studies related to MMC-
based HVDC system analysis such as small-signal stability studies by eigenvalue analysis,
considering an individual MMC HVDC terminal, or an HVDC terminal integrated in a larger
power system configuration. Furthermore, this model can be used for developing appropriate
controller architectures and fine tuning of their parameters, as it highlights one by one the
dynamic modes present in an MMC.

The MMC models used in this Chapter are exploited in this Thesis for dynamic analysis of
the converter and further integration in MTDC grids, which are referred as follows:

« EMT: The efficient MMC model for EMT studies from [112], and called “Model # 2:
Equivalent Circuit-Based Model” in [111]. This model includes also the sub-modules
balancing algorithm [109]. The MMC and its controller are implemented in EMTP-RV.

o« AAM: The Arm Averaged Model (or “Model # 3: MMC Arm Switching Function”)
implemented in EMTP-RV.

e SSTI: The MMC model with Steady-State Time Invariant solution developed in Sec-
tion 2.4 and represented by the Fig. 2.12. The considered SSTI representation of the
MMUC controller is detailed in the text and in the figure labels. This model is simulated
in Matlab/Simulink.
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Chapter 3

On MMC control for its integration in
MTDC grids

3.1 Introduction

This Chapter deals with the control strategies of the MMC for its integration in MTDC
grids. The objective is to make use of mathematical tools for linear model analysis in order
to study the stability of a MMC station associated to different control strategies. In this way,
the main characteristics of each configuration are highlighted thanks to the linear version of
the MMC model with Steady-State Time Invariant solution from the previous Chapter.

In Chapter 2, a very basic MMC control strategy based on the grid current controllers
was used to validate the MMC-SSTT model, where the Un-Compensated Modulation (UCM)
method was implemented. The idea of this controller was to modulate the AC voltages to
obtain the desired AC currents. However, as it was shown in the simulation results from
Section 2.5, a large amount of circulating currents appear inside the MMC (¢%,). For this
reason, in [135] it was introduced the Circulating Current Suppressing Controller in dq frame
(or simply CCSC). After the appearance of this strategy, it gained a lot of popularity as it was
widely adopted in the literature due to its simplicity, and several publications were already
focused on the dynamic analysis of the MMC with the CCSC as [125, 150, 151]. However,
as stated in [152], the CCSC controller may fail to guarantee stable operation of the MMC.
In this Chapter, it is further shown that the uncontrolled DC current may cause undesired
interactions with the DC grid being the root cause of the unpropitious behavior. For this
reason, the Fnergy-based controller strategy is introduced, where extra control loops in cascade
are added to regulate the dynamics of interest: for instance, the previously un-controlled DC
current and a stored energy regulator to balance the AC and DC powers explicitly [153,154].

Since many Energy-based control strategies rely on stationary frame per-phase control loops
[155,156], a similar mathematical methodology as in Chapter 2 is used to refer the MMC control
equations from stationary (abc) to rotating (dgq) frames. The developed controller is suitable for
obtaining the MMC and its control in SSTT representation, which can be linearized to obtain
a linear time invariant model where small-signal stability analysis can be performed [157].

The rest of the Chapter is organized as follows. After detailing the preliminaries on the
MMC controllers, in Section 3.2, the Classical CCSC strategy is introduced and analyzed. Also,
the issues with this basic strategy are highlighted. For improving the stability, the Energy-
based control strategy is deduced in Section 3.3. This strategy adds only two controllers to
the Classical CCSC. In Section 3.4, an advanced controller which specifically controls all the
MMC state variables is introduced.
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Preliminaries

Due to the complexity and flexibility of the MMC, several controllers can be found in the
literature [137]. For the proper operation of the MMC, the controller must fulfill the following
specifications [146, 158]:

1. Match AC and DC power flows: In Fig. 3.1a, it is shown that if an AC and DC
power mismatch occurs, the average of the internal stored energy per phase WJE will grow
continuously. When a proper energy regulation is set up, the energy can be maintained
at a desired reference level W]-E*, as shown in Fig. 3.1b) [108].

2. Horizontal balancing — Exchange energy phase to phase: The control system
must guarantee that the stored energy per-phase are maintained to a proper value, as
exemplified in Fig. 3.1c [114].

3. Vertical balancing — Exchange energy arm to arm: Within each phase leg, the
energy stored should be equally repartitioned within the upper and lower arms, as shown
in Fig. 3.1ds [159].

4. Sub-module balancing — Exchange energy SM to SM: This control level should
guarantee that the capacitor voltages at each SM are maintained in a close range with
respect to the SMs of their respective arms [110].

The last item (Sub-module balancing) is highly covered in the literature and it is not a matter
of interest in this Thesis since the main focus is given to the High-level controllers. However,
an implementation of the strategy from [109] is considered for the complete EMT model (See
Appendix F).

Py Pye Pye W = W b W /’ = VVh = Wr =
Energy
R NG - balancing S w .
iDC Source; | F— AC Source; iDC Source| | F=AC Source >
e Ti7s /e
SW/3 SW/3 H
W
il =
Time Time

(a) Power mismatch (b) Power match ) Horizontal balanc- ) Vertical balancing
mg

Figure 3.1 — Control specifications of the MMC: graphical description

For anticipating the inclusion of the MMC directly into MTDC grids, a configuration of a
single converter is used in this Chapter as shown in Fig. 3.2. A simplified model is assumed for
the DC bus dynamics consisting of an equivalent capacitor Cy. which emulates the capacitance
of the DC cables and other converter stations connected to the grid. This approach is similar
to what was presented for a classical 2-level VSC (see Section 1.2.3). Also, in parallel with Cy.
there is a controlled current source i; whose output power is F* as an equivalent model of the
power exchanged in the HVDC system. The equation of the DC bus used in this Chapter is
given in (3.1). Since the DC voltage is given by a dynamic state, the droop controller presented
in Section 1.4 is used.

dvdc Pl*

@Hﬁ:n—%:%;ﬂg (3.1)

For the analysis of the system from Fig. 3.2 when considering different control strategies,
the SSTI model from Chapter 2 is used, where (3.1) is taken into account for the DC side as
shown in Fig. 3.3
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Figure 3.3 — MMC SSTI model of the reference configuration with MMC connected to a DC
bus capacitor and a DC ideal power source

3.2 Classical Circulating Current Suppressing Controller
Strategy

As it was shown in the simulation results from Section 2.5, when the MMC controller
is only controlling the AC currents in combination with the Un-Compensated Modulation
(UCM), a non-negligible amount of circulating currents z'dzq exists inside the MMC. These
currents augment the RMS value of the arm currents, increasing the internal losses in the
converter. For eliminating these circulating currents, several options were already investigated
in the literature [137]. The widely adopted method is called “Circulating Current Suppressing
Controller”, or simply “CCSC”, which is shown in Fig. 3.4 [135]. This controller monitors
the circulating currents i§q and, with two PIs controllers in double SRRF, the currents are
controlled to zero at every time. This means that in abc frame, the oscillations at double line
frequency are canceled in steady-state. As it is highlighted in Fig. 3.5, there is no closed loop
control for the third-current i>*. One peculiarity of this control strategy lies in the fact that
the modulation index m? is a constant value. This is due since v=* is set to v4./2, and when
obtaining m> with UCM from (2.77), results in m% = (v4./2)/(2/v4.) = 1 [108].

For demonstrating the effectiveness of the controller proposed in [135], a similar simulation
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Figure 3.4 — Circulating Current Suppressing Controller structure

as in Section 2.5 is performed (i.e. an MMC connected to ideal AC and DC sources and
also, the same models are compared: EMT, AAM and SSTI). With the same initial operating
point as in Section 2.5, the CCSC is activated at ¢t = 0.1 s. The controllers gains of the
CCSC are calculated to achieve a theoretical response time 77 of 5 ms and (* of 0.7 (See
Appendix C). The output DC current of the converter is left uncontrolled with this strategy,
and it is naturally adjusted to balance the AC and DC power flow [115]. Results are shown in
Fig. 3.5. In Fig. 3.5a, the common-mode currents in abc frame 2, are shown (only the EMT
model). Before the activation of the CCSC, it is noticeable the high amount of 2w components
in the currents i},,. When the CCSC is activated, the currents i3, are controlled to zero

abc*
(meaning no oscillations in abc frame) as shown in Fig. 3.5b.
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Figure 3.5 — CCSC Validation - Common-mode currents i~ - CCSC activated at t = 0.1s

The addition of the CCSC in conjunction with the already presented controller from Sec-
tion 2.5.1 forms the first control strategy that is investigated in this Thesis, named as Classical
Circulating Current Suppressing Controller (also named as “Global Control # 1”7 in [108] or
“Non-energy based control” in [114]).

Since the strategy from Fig. 3.6 is based on the current control of the AC side and the inter-
nal circulating currents in rotating frame (dg), the mathematical expression of this controller
is already in a “Steady-State Time Invariant” (SSTI) representation. This means that it is
readily adapted to the MMC-SSTI model developed in Chapter 2. In the following sections, an
analysis of the single terminal HVDC system from Fig. 3.2 is performed to highlight the main
characteristics and limitations of this strategy.
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Figure 3.6 — Classical CCSC strategy with UCM associated with DC voltage droop controller
— SSTT representation

3.2.1 Model linearization and time domain validation

For evaluating the Classical CCSC' strategy, first an equivalent linear model (LTI) is ob-
tained by direct linearization of the MMC-SSTI with the associated controller. The non-linear
time-invariant model presented in Section 2.4 with the control from Fig. 3.6 are connected as
shown in Fig. 3.7.

vge —® Classical CCSC | mZ,. m&,z < G
P(:CO — Strategy —  » MMC + DC buS qu
Qoc — ; = ; «— I

=0 Figure 3.6 15, 19y VG, Vde Figure 3.3 !

Figure 3.7 — SSTI model of MMC, DC bus and Classical CCSC

This interconnected model is represented by a subset of ordinary differential equation, with
Tcese Tepresenting the states of the system as in (3.2) and weese the inputs as in (3.3).

_ A 2 b A T 17
Leese = [615 515‘ 'qu quz deqz deqZ Vde ] cR (32)
- - DCb
Controllers MMC us
= [v* * * 3% Sk GG x 1T 8
Uecse = [Vie Pioo Que 10" 4" vi o B 1T € R (3.9
—_—— =~
Controllers AC grid DC grid

The non-linear model resulting from Fig. 3.7 can be linearized around a steady-state oper-
ating point by means of the Jacobian linearization method, resulting in a LTI representation
(See Section 1.2.4). The obtained LTT model is used for evaluating small-signal dynamics and
stability by eigenvalue analysis.

Starting with a DC power transfer of 1 pu (from DC to AC), a step is applied on P of
—0.1 pu at 0.05 s. The reactive power is controlled to zero during this scenario. Simulation
results are gathered in Fig. 3.8. The dynamic response of the DC power P, is shown in Fig. 3.8a
(i.e. measured power in the reference model and the calculated power for the linearized model
as Py. = 3iZvg.). The step applied on P produces a power imbalance in the DC bus, so the
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MMUC reacts with the droop controller and its internal energy to achieve the new equilibrium
point. The DC voltage results are shown in Fig. 3.8b. Due to the DC voltage droop control
(proportional controller with gain ky), a steady-state error is obtained after the transient. The
internal energy of the MMC participates in the dynamics of the DC voltage regulation by
discharging its internal capacitors into the DC bus during the transients, as seen in the voltage
vE,. The behavior of vZ, is similar to vg. as expected from the discussion in [160].
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Figure 3.8 — Time domain validation Classical CCSC — Step applied on P, of 0.1 pu— EMT:
EMTP-RV simulation with detailed converter, LTI: Linear time-invariant state-space model
in Simulink

The results of the common-mode currents are shown in Fig. 3.8c for the zero-sequence and
in Fig. 3.8d for the dg components. The EMT model presents oscillations at 6w in steady
state in the dg components. These oscillations were neglected during the development of the
time-invariant model (See Chapter 2). As seen in the comparisons from Fig. 3.8d, the model
captures the average dynamics with reasonable accuracy even if the 6* harmonic components
are ignored (notice the scale). For all other variables, there are negligible differences between
the different models.

3.2.2 Stability analysis

Since the linearized model from Fig. 3.7 has been validated, it can be used for small signal
stability analysis and indirectly infer about the reference system (in this study, the complete
Simulatio model in EMTP-RV). The impact of three main parameters influencing the DC
voltage dynamics are evaluated: the DC capacitance, the droop gain k4 [160] and the response
time of the current loops.
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Influence of the DC capacitance

In MTDC systems, the value of the equivalent DC capacitance depends on the number
of MMC stations connected to the grid as well as the cable lengths [160]. This value may
vary because some converters could be disconnected or the grid topology reconfigured. For
this reason, the MMC should be able to operate under different situations that can result from
changes of the DC grid topology and parameters. For evaluating the impact of the DC side
capacitance on the small-signal stability, a parametric sweep is performed on the electrostatic
constant Hy. which is defined as,

1 V2
Hy = =y 3.4
de = 5Cacp (3.4)

The value of Hy. is varied from 40 ms down to 5 ms. This last value represents a small
capacitance of the DC bus (24, 4uF << (6 x Cypm)), which could represent the DC capacitance
of a short cable. The first results consider a power direction from DC to AC side of 1 GW
(1 pu) of power transfer. Results are shown in Fig. 3.9a. In this case, for the selected values
the system remains stable.

It is known that the converters dynamics depend on the operating point [161]. The same
parametric sweep as the previous example is performed with the opposite power transfer di-
rection (i.e. from AC to DC side). The results are shown in Fig. 3.9b, demonstrating that the
system becomes unstable when the equivalent DC capacitor decreases.
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Figure 3.9 — Parametric sweep of DC capacitor Hg. — DC Operating point vgo = 1 pu —
kg = 0.1 pu — Classical CCSC

Influence of the droop parameter

In this case, the droop parameter k4 is varied from 0.2 pu down to 0.05 pu. The considered
power direction is from AC to DC since it is the worst case from the previous section. Results
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are shown in Fig. 3.10. When lower values of droop are used, the eigenvalues A, o shift to the
right-hand plane (RHP) resulting in unstable behavior.
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Figure 3.10 — Parametric sweep of Droop parameter k; — DC Operating point vz = 1 pu,
Py = —1 pu — Classical CCSC

Influence of current controllers

For evaluating the impact of the current controllers on the stability, the response times
of the grid current control loops are varied as well as the circulating current control loops
(CCSC). Results are shown in Fig. 3.11a for the variation of 7/ and Fig. 3.11b for 7*. When
faster controllers are used (lower values of response times), the eigenvalues A o shift to the

RHP.
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Figure 3.11 — Parametric sweep of response time of current controllers — DC Operating point

Vdco = 1 pu, Pch =-1 pu
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3.2.3 Identification of unstable eigenvalues

As observed in the previous results (Figs. 3.9, 3.10 and 3.11), the system may become
unstable due to the same pair of eigenvalues for all cases (A1 2). For understanding the origin
of these eigenvalues, participation factor analysis is performed for the case from the previous
sub-section and the results are shown in Fig. 3.12.
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Figure 3.12 — Results from participation factor analysis - Eigenvalues A\; o — 72 = 10 ms;

TiE = 5 ms; k‘d =0.1 pu; H;. =40 ms

Results from Fig. 3.12 indicate that the states with the highest participation in the critical
modes are i~ (i.e. the DC current), v, (the state of the MMC which represents the internally
stored energy) and vg. (DC voltage). It also shows that the internal circulating currents z'?q
do not have significant influence on these eigenvalues and neither do the integral part of the
controllers (with the chosen bandwidths).

The impact of the proportional gains of the controllers are evaluated by calculating the
participation factors for each point from Figs. 3.11 and the results are shown in Fig. 3.13.
In Fig. 3.13a, a similar pattern is observed for the participation factors as in Fig. 3.12. For
fast response times of the CCSC, the dg components of vZ participate more on the studied
eigenvalues, but the system is unstable as shown in Fig. 3.11b. Nevertheless, for realistic
values of response times, the most important states are i=, v5, and vg., which corresponds to

the results in Fig. 3.12.
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Figure 3.13 — Participation factors for different response times — Dashed lines correspond to
the states that are not listed in the legends — DC Operating point vy = 1 pu, P9 = —1 pu
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3.3 Small signal stability improvement of an MMC with
Energy-based controller

Since the instabilities identified in the studied cases are due mainly to the uncontrolled
output current >, the next step is naturally the explicit control of this current for improving
the behavior of the system.

3.3.1 Energy-based controller # 1

The considered control strategy from previous section controls two out of three common-
mode currents i~. The uncontrolled zero-sequence component of 7> may cause interactions
with the DC bus and the internal capacitor voltages, and can potentially make the system
unstable. To improve the stability of the studied system, it is proposed to add a DC current
control loop (or what is the same, a controller for i>).

In the Classical CCSC strategy from last section, the energy is naturally following the DC
bus voltage. The DC current is adjusting itself to achieve an implicit balance of energy and
between AC and DC power in steady state. When controlling the DC current, this natural
balance is lost so the DC current has to be determined explicitly to regulate the internally
stored energy and balance the AC and DC power flow.

Inner control loop — Z-sequence Y current

The design of the controller for i is based on the z-component from equation of (2.56)
which is re-written in (3.5) for convenience, and a simple PI can be deduced as shown in

Fig. 3.14. For tuning purposes, v _ is supposed to be equal to v>*.
diz 1 Vd D)
z _ac — Rorm 'E> 3.9
= (5 v~ Run? (35)
Z-seq. ¥ Current Controller Equation (3.5)

™M
&M

Fq

. 1
(271) +$ Lorms+Rarm >
Vdc
2

Figure 3.14 — Block diagram of the i current control

Outer control loop — Energy controller

For generating the current reference i>* an outer loop is needed. The proposed strategy is

based on the explicit control of the the total stored energy W= on the MMC capacitors Copp
given by the power balance between AC and DC sides [117]. For designing this controller, a
model with the explicit relation between the DC current iq. and the total stored energy W=
is needed. Assuming P;. ~ P,., a simplified expression of the sum energy dynamics can be
defined as [117]:
dW?=
dt

~ Pj. — P ~ vg. 31 — P, (3.6)
~~

lde
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The deduced controller structure is shown in Fig. 3.15. For tuning purposes, the inner

current controller is considered as a unity gain.

Equation (3.6)

Total Energy Controller

Figure 3.15 — Controller design for W=

Finally, the complete control structure is shown in Fig. 3.16, where the response time for
the total energy 73y is set to 50 ms (i.e. 10 times slower than the inner ¥ current loop). At this
moment, the energy reference W>* is set to 1 pu in this Chapter, for maintaining a constant
level of stored energy (corresponding to the rated capacitor voltages). As explained in the
Appendix G [162], the energy WZ is calculated from the dgz components as in (3.7).
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Figure 3.16 — Complete Energy-based control - Current and Energy controllers

W (v%‘d)Z N (vgq)z N (ngf G Y (1}@7’“)2 (3.7)
2 2 hedgZaZ, 2

In general, the additional set of cascaded controllers (for the energy W and the current
iZ) could make the tuning of the controllers more complicated. If they are not properly tuned,
the use of cascaded loops could also cause poorer dynamics or additional stability problems
(or problems with windup etc. if there are saturation limits) in case of large signal transients.
However, the tuning of the current control loop > can be based on the same approach as for
the other current controllers. Thus, the added controller of the zero sequence current doesn’t
add much complication to the control system. The tuning of the energy controller W* could
be considered more challenging due to the coupling between the various states and controllers
in the system. However, this issue can be addressed with the help of the energetic model from
(3.6); the tuning can be done directly from this simple system. Selecting a time response of
T = 10 X 7%, as it is usually done, a proper decoupling between both loops can be achieved.
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3.3.2 Model linearization and time domain validation

In a similar way as in Section 3.2.1, the system comprising the non-linear SSTT model from
Fig. 3.3 and the controller from Fig. 3.16 are connected as shown in Fig. 3.17.

vy, —]
P*d Energy based my,. mﬁqz MMC + DC bus e
6‘5:0 controller # 1 > dq
W Figure 3.16 iy Gy VI Vde Figure 3.3 B
oo S o — ¢ VCda |
a W | W*calculation

A
Equation (3.7) | 2Cdaz |

Figure 3.17 — SSTI model of MMC, DC bus and Energy-based controller # 1

In this case, the number of states is n = 19, since the additional ordinary differential
equations from the added controllers (for the energy W, and the current i) are also considered,
resulting in a vector of states xy as in (3.8) (the additional states with respect to the Classical
CCSC are marked in blue). The vector of inputs ww 4, for the Energy-based control, with
m =9 elements, is shown in (3.9) (the additional input with respect to the Classical CCSC is
marked in blue).

— A 3 > A T 19
TW#1 = [57’22 gla, €iﬁl Eiﬁ:q qu ’quz deqz deqZ Vdc ] eR (38)
Controllers MMC DC bus
_ PIE * * 3k Y% G G x 1T 9
uW#l - [Wz Vde PacO Qac tq Zq Vg Uq ‘Pl ] S R (39)
—— =~
Controllers AC grid DC grid

To validate the developed small-signal model of the MMC with Energy-based control, re-
sults from time domain simulations are shown in Fig. 3.18. The event and parameters are the
same as for Section 3.2.1, but it can be observed that the transient behavior of the DC power
and voltage are well controlled contrary to the oscillatory behavior from the Classical CCSC
strategy (Fig. 3.8).
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Figure 3.18 — Time domain validation Energy-based # 1 controller — Step applied on P, of
0.1 pu - EMT: EMTP-RV simulation with detailed converter, LT'I: Linear time-invariant
state-space model in Simulink
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3.3.3 Stability analysis with Energy-based controller

As shown in Section 3.2.2, when the Classical CCSC from Fig. 3.6 was considered, some
instabilities were observed with low values of droop gain k; or low equivalent capacitance on
the DC side (i.e. low values of H,.). For demonstrating the stability improvement with the
Energy-based controller from Fig. 3.16, the same parametric sweep is performed as for Fig. 3.9
and Fig. 3.10. The results are gathered in Fig. 3.19. For both situations, it is only shown
the case where the power flow is from the DC side to the AC side since it was the case where
the instabilities occurred in Section 3.2.2. However, with this controller, the system presents
similar behavior from both power directions.
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(b) Influence of droop gain ky — Hg. = 40 ms

Figure 3.19 — Parametric sweeps for Energy-based control # 1 — vgqeo = 1 pu, Py = —1 pu,

ks = 0.1 pu — Power flow: DC <= AC

For the case of the variation of Hg. in Fig. 3.19a, as well for the variation of k; in Fig. 3.19b
it can be clearly observed that stability is guaranteed for the studied cases.

3.3.4 Stability comparison with the Classical CCSC

For comparing the stability improvement, the eigenvalues from Fig. 3.9b and Fig. 3.19a
with an electrostatic constant Hy. of 14.2 ms are shown in Fig. 3.20. The value of Hy. is chosen
for highlighting the stability limits for the Classical CCSC. The unstable poles have a value of
2.81 £ 5781, which corresponds to a frequency of 124 Hz approximately.

The stability improvements with the Energy-based controller are highlighted by a time
domain simulation. The operating point is the same as for Fig. 3.20 and the simulated scenario
considers an step of 0.1 pu applied on F,. Simulation results are shown in Fig. 3.21. Since,
for this set of parameters, the configuration of the MMC with Classical CCSC' is unstable, the
simulation is started with an extra capacitor connected in parallel with Cj,. for stabilizing the
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Figure 3.20 — Eigenvalues comparison Energy-based # 1 and Classical CCSC control — DC
Operating point vy = 1 pu, P9 = —1 pu, Power flow: DC <= AC — k; = 0.1 pu

system, which is disconnected at t = 0 s. The frequency of the oscillations corresponds to the
frequency of the unstable eigenvalues from Fig. 3.20.
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Figure 3.21 — Time domain comparison in EMTP-RV with detailed converters with Classical
CCSC and Energy-based # 1 strategies — Step applied on P, of 0.1 pu — Hy. = 14.2 ms

The reader may refer to [163] for additional simulation results, such as the improvement
of the system stability when considering the Energy-based # 1 for fast active power reversals,
where the Classical CCSC results unstable.

3.3.5 Issues with Energy-based controller # 1

The Energy-based controller # 1 described in this Section complies with all the specifica-
tions illustrated in Fig. 3.1. However, the current and voltage variables of the MMC are highly
coupled as it is demonstrated in the following time-domain simulations. In this case, a step on
the reactive current reference iqA* of 0.3 pu is applied at ¢ = 0.05 s and the results are shown
in Fig. 3.22.
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Figure 3.22 — Time domain results with Energy-based # 1 strategy (with UCM) — Step applied
on iqA* — Hge =40 ms — kg = 0.1 pu

The dynamic response of z'qA doesn’t present a pure second-order response type as for the
2-level VSC' from Section 1.2 (See simulation results from Fig. 1.9). Also, as it can be observed
in the grid current on the d axis, the dq currents are not decoupled, even if the decoupling terms
are added to the grid current controller. Moreover, the change on the AC-side reactive current
causes a small perturbation on the DC bus. In the presented simulation case, the coupling
doesn’t imply that the system behavior is not acceptable, but it may limit the system for
designing advanced control strategies where fast current controllers are needed [164]. Finally,
in the lower-right figure from Fig. 3.22 shows the results of the arm capacitor voltages in abc
frame, where it can be observed that the voltages are balanced during the simulation.

Decoupling state variables with Compensated Modulation

As it was explained in Section 2.5.1, the modulation indices of the MMC for the EMT
model or the SSTI were calculated until now with the Un-Compensated Modulation (UCM),
and recalled in Fig. 3.23a for a generic phase j. As observed, the modulation index mg-] (mJL) is
calculated dividing the modulated voltage reference v7* (U%) by vg., without assuring that the
actual applied voltage is equal to its references, i.e. v}, # v5* (v} # vl%). This coupling is
preventing to accurately control the d and ¢ axis of the grid currents, among other drawbacks.
However, this issue can be easily solved by compensating the arm capacitor fluctuations using
the actual measure (or estimation) of vgj and véj for obtaining the modulation indices by simply
inverting the relation of the Physical system given in (2.1), and expressed in Fig. 3.23b [116].
This technique is referred as “Compensated Modulation” (CM), and it allows to assure that
vl =i and ) = vl% simultaneously [114,146].

The concept of the compensated modulation is easy to understand when it is approached in
abc frame with “Upper-Lower” representation and considering each phase individually as it was

done in Fig. 3.23. However, in dgz and “3-A” representation for a three-phase approach this
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Figure 3.23 — Un-Compensated and Compensated modulation for the Arm Averaged Model in
abc frame with “Upper-Lower” representation for the phase j

task is more cumbersome since complicated matrix relations are needed. For the representation
of the CM in dqz, let us develop mathematically the modulation process in a three-phase
approach and abc frame using the appropriated matrices in “3-A” representation for ease of
understanding. First, consider the relation given in (2.8), which is repeated in (3.10) in matrix
form for convenience. This equation represents the Physical system similarly as in Fig. 3.23, but
now it is relating the modulation indices with the modulated voltages in “¥-A” representation
by means of the 6 x 6 matrix V22, ..

Cmabce

[ wZ, 00 | W& 0 0 g
0 w3 0 0 w5 O mg
0 0 wvZ, | 0 0 &, m>
—v3, 0 0 |—-vg, O 0 ma
0 —v5 0 0 —wvg 0 ma
0 0 —va.| 0 0 VG, ma

A

(3.10)

In the controller, the expression of the compensated modulation technique in matrix form is
then given by (3.11), where the modulation indices are calculated with the reference modulated
voltages multiplied by the inverse of the 6 x 6 matrix V24, .

S 33
ODQ“DQ

3 33
SMSME M

= (Vg:rr?abc)

-1

(3.11)

By analogy, the same process in matrix form is performed for the MMC-SSTT controller to
represent the compensated modulation technique in dgz frame. First, the relation between the
MMC modulation indices with the modulated voltages in “¥-A” representation and SRRF dgz
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by means of the the 7 x 7 matrix Vgﬁquz developed in in Section 2.4 is recalled in (3.12).

A A

- 1 r b oY A A A A - -
UELd 2ve, 0 20¢, Vog t Yoz, Yoz, —Vcq VCd Vg m§
> b)) P A A A A _ A »
U, 0 2ve, 2vg, Vcq — Vcz, VYcz, —Vca Viq UCa m
K > 5 5 A ! A A )
Uz 1 UCa UCq 2vg, Vcd Veq Vez, Vcz, m;
_ iy A A A A Oy o) by ) b A
Uma | = 1 —Vgq = Voz, VogtVoz, —2vg, | —Voq — 20¢, Ucyq —Vcd Ucq m‘i (3' 12)
A A A ® Y ) bl oY
vAnq Vcq — Vcz, Ycd— Vcz, —2vg, Ucyq Vog — 20g,  —UG,  —VEy m
UXZd —UXd —Zéq _21)§Zd —’Ugd —UEQ —2'1%2 0 mg‘i
b b Y
Umz, | L —V¢yq Vg —2vgy, VGq —UCq 0 —2vg, | [ Mz, |

A
VCmqu

Finally, for the SSTI representation of the compensated modulation technique in dqz frame
the inverse of the the 7 x 7 matrix V25, , is used, as expressed in (3.13).

[ my ] [ V]
my 1 Uz
mgq = (VCX’:n?qu) Um;kl (313)
mgA UT%;
mz, Ur%*Zd
[ M2, | [ vm, |

The relation given in (3.13) can be solved symbolically obtaining (3.14). This may be performed
with commercial software such as Matlab (with Symbolic toolbox) or Wolfram Mathematica,
among others. However, the expressions given by foar1 to foarrz are highly complex to be
written in this Thesis?.

mczl = fCM,l 'Ufrizqzv 'Uﬁ:;qz’ vgdqz? Uéqu
my = fouma U,)ff,}qza VAnazs Vdqzs VEaqz
sz = fC’M,3 ’Urxnzqz? Ur%jqu? vgdqz? 'v(%qu
mc% = foma U,z,};,}qz’ Uﬁqua vgdqm Ivéqu (3.14)
qu = fCM,S ,U'rEr:quz’ 'Uﬁfqua vgdqz? Uéqu
m%d = fCM’G vrzr::iqz? 'Uﬁ;an ,Ugdqz? véqu
m%q - fCM77 v?zZqz7 vﬁéqZ? ’vgdqﬂ Ivéqu

For summarizing, Fig. 3.24 shows the modulation indices calculation process for the three-
phase system in abe (for the classical AAM model) and dgz (for the SSTI-MMC model).

It is important to highlight that at this point that, even if the zero-sequence voltages
references UTAH*Zd and vﬁ*zq are set voluntarily to zero, it doesn’t imply that the modulation
indices m%d and m%q are zero as well. This was the case for the UCM, but not anymore for
the CM. This is the main reason of the modeling efforts in Section 2.4.1 by not neglecting the
modulation indices m%, and m%q.

In Fig. 3.25 it is depicted the MMC-SSTI model considering Energy-based controller # 1

with CM. Since the algebraic equations have changed with respect to Fig. 3.17, a new LTI

Tt is recalled that the matrix Vc%ﬁdq » has now 7 columns and rows instead of 6, since the z-seq. of the A
variables were split into 2 components Z; and Z, for achieving an SSTI representation.

2When assuming that CM is used, a different formulation for the SSTI-MMC model can be performed, as
in [165]. In that case, the state variables of the MMC are the energies W= and W*, instead of capacitor
voltages.
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Figure 3.24 — Relating modulated voltage references with the actual modulated voltages -
Modulation indices calculation

model should be considered by the linearization of the equations formed with Fig. 3.25 (note
that the model order remains unchanged). Once the LTI model is obtained, the same simulation
is performed as in the previous sub-section. A step on the reactive current reference i(f‘* of
0.3 pu is applied at ¢ = 0.05 s and the results are shown in Fig. 3.26.

Vg —

Py FEnergy based Mgz Magz | MMC + DC bus e« o€
ac controller # 1 > dq
@ac Figure 3.16 4 s—Xx <& _ « P
WX—»l& CM Eq. (3.13) tdq dq Vdq Vdc Figure 3.3
sz;‘ =0 J WZ > - vg’dqz
. | WZcalculation [ —

A
Equation (3.7) |g-2Cdaz |

Figure 3.25 — SSTI model of MMC, DC bus and Energy-based controller # 1 with CM

When comparing the results of the grid currents i® from Fig. 3.22 (with UCM) and in
Fig. 3.26 (with CM), it can be noticed that when the CM is considered, an accurate decoupling
between the currents in d and g axes can be achieved. However, as shown in Fig. 3.26, the arm
voltages are not balanced and presenting undamped oscillations. On the one hand, a perfect
decoupling between the grid currents are achieved, but on the other hand, results for other
variables are deteriorated.

In Fig. 3.27 it is shown the results of the eigenvalues of the LTI model. As it can be seen,
the real-part of two pairs of eigenvalues are near zero (A2, with a natural frequency of 100 Hz
and A3 4 with 50 Hz). This proves that if the CM is considered with the Energy-based controller
# 1, the stability is not ensured as it was observed with UCM [166].

For understanding the origin of the unstable eigenvalues, participation factors are calculated
and the results are shown in Fig. 3.28. As it can be observed, the states that participate in
the two pairs of critical eigenvalues are the arm capacitor voltages v, vgq for A; 2, and va,,
véq for Az 4. In fact, the Energy-based controller # 1 only deals with the total energy on the
MMC (Specification from Fig. 3.1b), but the energy “re-allocation” (i.e. horizontal and vertical
energy balancing) is left uncontrolled (Specifications from Figs. 3.1c and 3.1d). When the UCM
was considered, this energy balancing inside the MMC was obtained intrinsically [115,166]. If
the CM is considered, the energy inside the MMC should be explicitly controlled for assuring
a correct dynamic behavior of the converter, as discussed in [159].
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Figure 3.27 — Eigenvalues of Energy-based # 1 with Compensated Modulation — DC Operating
point vg.0 = 1 pu, P9 = —1 pu, Power flow: DC <= AC — k; = 0.1 pu
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Figure 3.28 — Participation factor analysis of Energy-based # 1 with Compensated Modulation
— DC Operating point vgo = 1 pu, P9 = —1 pu, Power flow: DC < AC — k; = 0.1 pu

For improving the dynamic behavior while guaranteeing the control specifications from
Fig. 3.1, a complete Energy-based controller should be considered [114,116].
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3.4 Complete Energy-based controller # 2 with Com-
pensated Modulation

The concept of Energy-based controllers is not new by itself. Several studies were already
performed detailing the cascaded controller for the management of the stored energy in the
MMC [108,114,146,167]. Normally, these controllers are developed in the stationary reference
frame abc, where an inversion-based technique from the energetic model of each leg of the MMC
can be followed [116]. Also, several studies focus on the energy controllers in the stationary
reference frame oz, which is particularly useful when considering unbalanced situations on
the AC grid [79,168,169].

Due to the extreme complexity of the MMC-SSTI model in full dgz frame, it was preferred
not to develop a new controller based on the new model in this Thesis. For this reason, the
intention is to refer an already existing and well documented abc controller into dgz SRRF for
evaluating the stability of the MMC with complete energy-based controllers. In the following,
a resume of the findings in [162] is given.

3.4.1 Energy-based controller in mixed reference frames

An overview of the structure for a typical Energy-based control strategy which verifies the
specifications is shown in Fig. 3.29 [117] (referred now as Energy-based control strategy # 2).
The AC-side controller is similar to the one already presented in Fig. 3.6 and Fig. 3.16. More
details on this controller can be found in the Appendix F.

v

dc :..................................: ; :................................: A*
P, » DC Voltage droop; lﬁq* i Grid current — U ibe
> ‘7§L>- controllers in dg =4 P('u
ac gAC Power control; 3 frame mgbc

dq frame (w) Modulation 7 >
1 ’UU’L —{ indices
Cualie calculations 7 >

2 :.................................
Wabz £ WE Common-mode Maube
7 » controller - > current : >
: hase . icontrollers in abci ™" gy 2%
A : per phase: N frame ... 5 mabc
€3  (oooooocoocooooooooon
Wabc wAa 1
: controller !
DT lIEsE; abc frame

Figure 3.29 — General scheme Energy-based control # 2 in mixed reference frames (abc and
dg)

For controlling the time-averaged® energy sum W]E for each phase, three independent PI
controllers are implemented. The time-averaged value W]E is obtained with a second-order

notch filter tuned at 2w [170]. Setting the same energy reference for each phase (i.e. WQE* =

3The term time-averaged is used to highlight that WJE is a DC value in steady state, and all the oscillations
are filtered before sendind the signal to the controller.
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sz* = WCE*), the specification from Fig. 3.1c is assured. These controllers generate the DC
component of the common-mode current references i%a for the corresponding phase. The detail
of the controller structure is shown in Fig. 3.30.

Figure 3.30 — Energy sum (3) controller (phase j)

The energy difference controller is depicted in Fig. 3.31, where V¢ is the RMS value of the
AC grid voltage, R is defined in (3.15) and K is defined in (3.16) . This controller guarantees
specification 3 (i.e. vertical balancing). The control details can be found in [159].

—Ax

cos (wt) 0 0
R=2 0 cos (wt — %’r) 0 (3.15)
0 0 cos (wt — %’r)
1 -4 -
K=|-3{ 1 -1 (3.16)
1 _1 7
2 T2

The three common-mode currents (for each phase j) are corrected to their references via
three independent PI controllers as well [170]. Finally, the modulation signals mJU and m]L are
obtained according to the CM from (3.11).

3.4.2 SSTI-SRRF representation of Stationary Frame Energy-based
controllers

For obtaining the full representation of the system in SRRF frame, it is still needed to
reformulate the controllers in stationary frame of the control structure from Fig. 3.29. The
overall Energy-based controller in dqz frame is shown in Fig. 3.32. The expressions of the MMC
energies W=* and W2 in dqz are related with the arm capacitor voltages 'vgdqz and védq 2, and
their deductions are found in Appendix G.1.

In the upcoming subsections, the equations of the controller in abc are referred to their
corresponding SRRF's with a similar approach than used for the MMC modeling in Chapter 2
according to the following classification:
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Figure 3.32 — General scheme Energy-based control # 2 in full dgz frame

o Common-mode “}” current controllers at —2w: In Fig. 3.29, the common mode currents
are regulated through three independent PI controllers (one per each abc phase). The
details for referring the three-phase regulators from abc to dgz frame are given in Ap-
pendix G.2.1. It should be remarked that the resulting current controller is not the same
as the CCSC structure from Fig. 3.4. As seen in Fig. 3.32, the current references zfl:* are
provided by the outer loops (i.e. energy controllers).

e Energy “W?*” controllers and averaging filters at 2w: Similarly as for the current con-
trollers, three independent PI regulators are used to control the energy stored in each
phase-leg of the MMC. Moreover, notch filters tuned at 2w are used on the measures to
obtain the time-average value of the energies WJZ The energy references in dqz frame
are discussed later.

« Energy “W#”controllers and averaging filters at w: Again, three independent controllers
are used for the energy differences. Similarly as for the arm capacitor voltage difference
'vgdqz, the energy W2 is not in a SSTI signal. For this reason, the same concept as or v5,
is used: the energy W2 is represented by two state variables, Wg‘d and Wg‘q for modeling
the dynamics of the amplitude and phase of W2; both are SSTI variables then. For the
measures, the notch-filters per-phase are referred to the SRRF as well.

3.4.3 Energy X controller reformulation

The PI controller and the notch filter used in W* controllers from Fig. 3.30 are expressed
in dqz frame with the methodology explained in section G.2.

Averaging filter for energy “Y” measures

The energy sum W, = [WS WE W] is filtered to obtain Wy, = [W. W, W.]" before
sending the signals to the PI controller in abc frame (Fig. 3.30) with a notch filter. In dgz

frame, the variables Wfqz = [Wy W WZ]T are filtered to obtain Wiqz = [W§ Wf WZE}T,
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and the variables are obtained as in (3.17).
Wabc = P-zlwwilqz; Wfbc = ‘P_-zlwwng (317)

Considering the SSTT representation of a generic notch-filter tuned to block the frequencies
at w, (see (G.24)), the filter associated to the energy measures W§qz can be expressed as in
(3.18) with w, = 2w and a damping ratio given by (, which is set at 0.7 for all notch-filters in
this Thesis.

dFE teqz

dt - F 2dqz 4C(,d ldqz 4wadqz J—2w 1dqz (318&}
dF: d z
dtq = —4dw 2F‘ldqz J-ZwF 2dqz (318b)
S

W gz = Fldqz + quz (3.18c¢)
The state variables of the second-order filter in dqz frame are expressed in Fyy, . = [Fiy Ft, Fi2]T

and Fyy o = [Foy Fy, F3]T.

PI controller for energy “X”

The PI controller expressed in dgz frame is obtained with the methodology explained in
G.2.1 for a generic three-phase independent PI regulators in abc referred to the SRRF at nw.
In this case, nw = —2w and the methodology is applied to the controller from Fig. 3.30. The
result is shown in (3.19). The output of the controller is then the “DC” current reference i, 4.
as expressed in (3.20) [114].

= éd z Tk T
,IZLW dtq = quz - quz -2w£dqz (319)
0
= =0 KWV (W, — Wy, 3.20
’quz,dc - Ve | P (édqz + D ( dqz dqz)) ( . )
%
The three state variables for the PI controllers are given by €. = [€)V” ¢V” ¢V*]T. The

choice for the reference values Wdzq*z =Wy, W, W>"]T is explained in the following section.

Energy “Y.” references in dqz frame

In abc frame it is a common practice to set equal energy references per-phase to ensure the
horizontal balancing illustrated in Fig. 3.1c. However, in dgz frame the choice of the references
may not be trivial. For clarifying this concept, a simple analysis is carried on. In Fig. 3.33,
the three-phase measures of W2, are filtered to obtain the variables Wfbc. and the signals
before, and after the filter are transformed into dgz variables with P,

For the sake of clarity, let us consider a generic three-phase signal Wabc oscillating at —2w
with negative sequence with amplitude W and phase a3y, and the DC component of each
phase is equal to W ;. The expression of each component of Wab can be expressed as in

(3.21).

C

VVaE = Wi+ Wa cos (—2wt + aa,)
Wy = Wop + Wy cos (—2wt — 2/3 + agy ) (3.21)
(

W= = Wo + W, cos (—2wt + 21/3 + oza,)
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Assuming a perfect notch-filter, the filtered values of each VVjE, namely W?, don’t present
any oscillations at the notch frequency (2w for this case). The expressions of the energies
post-filtered are then given by (3.22).

W, = Wi + Wy cos (~20tFay ) = Wo
sz = WOJ, +M: W07b (322)
W = W, +M: Wo.

In fact, the energy controllers per-phase regulate the DC component of each energy by setting
WJE to the DC reference value Wy ,. If equal level of energy is desired for each phase-leg, this
is achieved by the selection of Wy, = Wg, = Wy .= W,

Assuming equal amplitude of oscillations for the energy per-phase such that W, =W, =
W, = W, and also considering that the energy is equally split between the phase legs so
Woa = Wop = Wy = Wy, after applying Park transformation at —2w to W2, from (3.21)
yields:

W3 = +W cos (aa,)
qu = —W sin (a%v) (3.23)
WZ=Wwg

As observed in (3.23), the dg components are constant values which depends on the amplitude

W and phase a3, of the energy oscillating part. These variables are correlated to the operating
point of the converter. Moreover, the z sequence is representing the energy level W;. With the

same assumptions, applying Park transformation at —2w to Wfbc from (3.22) yields (3.24):

o

Wd - 0
W, =0 (3.24)
WL =W

As shown in (3.24), the dg components of the filtered energies “¥.” variables are zero. This
means that the amplitude W and phase ajj, are not being imposed by the controller: the
information about the operating point of the converter has been filtered. For this reason, the

energy references Wdz* and Wf* are set to zero. The total stored energy is settled by the

zero-sequence component Wf Finally, the structure of the energy ¥ controller W2, in SRRF
is illustrated in Fig. 3.34.
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Figure 3.34 — Detail of the Energy ¥ controller Wdzqz in SRRF

3.4.4 Emergy A controller reformulation

In this section, the controllers and the notch filter used in W controllers from Fig. 3.31
are expressed in dq¢Z frame (i.e. d,q, Zy, Z,) with the methodology explained in section G.2.

Averaging filter for energy “A” measures

= [WA WS WA]T are filtered with a

The three-phase energy dlfference measures Wabc ;

notch filter tuned at w, obtaining Wabc = [Wa Wb WCA]T, before sending the signals to the
PI controllers in abc frame as shown in Fig. 3.31 [159]. Prior to the transcription of the abc
controller into the SRRF dgqz, it is first needed to express the abc signals as a function of their
dqz components by means of the inverse Park transformation. As for the other “A” variables
studied in Chapter 2, the zero-sequence of the energy difference is not represented by a SSTI
variable: it oscillates at 3w [165]. For overcoming this issue, the same approach is followed
as for the zero-sequence arm capacitor voltage difference, i.e. v3,, which was solved by the
separation of the variable into two SSTI state variables in the axes Z; and Z,. Taking this into
account, the zero-sequence of the energy difference is expressed similarly as used in (2.36), by
means of the virtual variables VVZA and VVZA Finally, the expressions of the “A” energies as a

function of their dgZ components is given by (3.25) and (3.26) for W4, and Wﬁw respectively.

.
Wi, =P} {WdA I/VqA W2 cos(3wt) + Wé‘q sin(3wt)} (3.25)
. A A _ T

Wﬁ,e =P} [WdA VVqA W?d cos(3wt) + W?q sin(3wt)} (3.26)

For referring the notch-filter from abc to dgZ frame, the methodology described in Ap-
pendix G.2.2 is followed. However, since in this case the zero-sequence is represented by 2
state variables, the same approach as used in Section 2.4.1 is followed. Then, the notch filter
tuned at w with damping ratio ( = 0.7 of Wﬁ,z in dgZ frame is expressed as in (3.27).

dFS. ,
% = Fiyyy — JaF{,, — 2w (Wi, + FS,) (3.27a)
dF& ,
# = —wFfy,z — JaFayz (3.27b)
—A
Wz =Waz+ Flags (3.27¢)
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where Jg was deﬁned in (2.40). The state Variables of the second-order filter in dgZ frame are
expressed in F dqz = [F5 FA FlAZd FIAZq]T and F. quz = [F& FQAq FQAZd FQAZq]T.

PI controller for energy “A”

Finally, the PI controller from Fig. 3.31 is now referred to the dgZ axes (i.e. d,q, Z4, Z,).
The same procedure as before is used on the zero-sequence component, where the four states
of the integral part of the PI controller are given by (3.28):

A A A alT
ey = [e" e et el (3.28)
The four differential equations of the integral part of the PI controller is given in (3.29).

wa dgqu
‘ dt

=A% —==A
- quz - quz ']ngqZ (3-29)

Then, the output of the PI controller is obtained applying the Park transformation at w and
3w to the control law from Fig. 3.31, which yields (3.30):

I3 e = (sdqz + KV (Waay — Wagz)) (3.30)

For multiplying the output of the energy-difference controller by the matrix R and K
defined in (3.15) and (3.16) respectively, it is necessary to obtain the three-phase vector I2*
as a function of the components dqZ, which is obtained as:

be,ac

I3
Iipeac = P} L, (3.31)
175 o cos(3wt) I%;‘ ue SIn(3wt)

Note that the inverse Park transformation in Fig. 3.31 has a frequency of w and not 2w as the
other “X” variables. The reason is that the frequency of the “ac” component of the current i*
reference used for balancing the W2 is w.

Finally, for obtaining the common-mode currents reference in dqz frame, the Park trans-
formation at 2w is applied to the controllers output from Fig. 3.31. The results are shown in
(3.32) where the 6 harmonic has been neglected.

Py,i%eae = P, (KR, ,.) (3.32)
, 3 [d ac [Zd ac
S A— + r (3.32b)

dgz,ac 2\/_ q,ac Zq,ac

Finally, the structure of the energy A controller Wﬁw in SRRF is illustrated in Fig. 3.35, where
it can be seen that the filtered energy references are set all to zero. This choice guarantees
equal energy distribution between upper and lower arms per-phase of the MMC.

3.4.5 Complete control structure

The complete control structure represented in dqz coordinates is summarized in Fig. 3.36.
The modulation indices calculation (mg, and mJ,.) is performed with the CM from (3.13).
The common-mode current controllers for 43, is obtained from Fig. G.3 with n = —2w. The
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Figure 3.35 — Detail of the Energy A controller W(ﬁ]z in SRRF

current and energy control loops sum and difference are tuned for a response time of 5 ms,
50 ms and 100 ms respectively.

This controller resulted from the transcription of the scheme from Fig. 3.29 to dgz frame.
It is important to note that this formulation highlights the decoupling of the z-sequence of the
energy sum W (proportional to the total stored energy) and the common-mode current 7>
(proportional to the DC current). This characteristic is explored in Chapter 4.

3.4.6 Model linearization and time domain validation

In a similar way as in Section 3.3.2, the system comprising the non-linear SSTT model from
Fig. 3.3 and the controller from Fig. 3.36 are connected as shown in Fig. 3.37. The system
states are gathered in (3.33), while the inputs in (3.34).

_[zA. ;2 | 3 . A . .
Twx2 = [qu’ ,I’dqz7 deqz; dean Vdey -+ (333)
Phys.
A T 39
Fldqz’ quz’ EWquzv ézz ) 5 Flqu7 quZv deAqZ} eR
Control
— G * 1T 13
Uw 2 = [Udc acO Qac quz quZ Ud Uq Pl ] eR (334>
——— =
Controllers AC grid DC grid

Once the SSTI model from Fig. 3.37 is linearized to obtain the LTI version of the model, a
new time domain simulation is performed. For validating the controller, the linear model is not
mandatory, but it is useful to perform stability analysis. Starting with a DC power transfer
of 1 pu, an step of —0.1 pu is applied at ¢ = 0.05 s. The simulation results are depicted in
Fig. 3.38.

As shown in Figs. 3.38c and 3.38d, the energies related with the arm voltages oscillations
are well controlled during the transient. This can be seen in the results in abc frame in
Fig. 3.38h. The total stored energy W2 in Fig. 3.38¢ is maintained in the nominal value
as well. The zero sequence W2 results is shown in Fig. 3.38f, which is post-processed with
W2 = W2 cos(3wt) + WZAq sin(3wt) for the LTI model. Finally, the modulation indices of the

modulation indices m%z are shown in Fig. 3.38¢g, where it can be seen that the zero-sequence

m2 is not zero during the simulation due to the CM method.
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Figure 3.36 — Complete structure Energy-based control# 2 in SRRFs — Mathematical equiv-
alence of Fig. 3.29.
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Figure 3.37 — SSTI model of MMC, DC bus and Energy-based controller # 2 — Energies
calculations Wdzqz and Wquz are given in Appendix G.1

It is important to note that the LTI model clearly reproduced the dynamics of the complete
system. For this reason, the eigenvalues can be calculated to study the full order EMT model.
In Fig. 3.39 it is shown the results of a parametric sweep of the DC capacitor Hy. in Fig. 3.39a,
and for the droop parameter k; in Fig. 3.39b.

As seen in the eigenvalues results from Fig. 3.39, the system is stable for the considered
parameters, while guaranteeing an accurate decoupling of AC active and reactive power is
achieved thanks to the CM. These results validate the approach followed for the Energy-based
controller # 2 from this Chapter.
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Figure 3.38 — Time domain validation Energy-based # 2 controller — Step applied on P, of
0.1 pu—- EMT: EMTP-RV simulation with detailed converter, LT I: Linear time-invariant
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Figure 3.39 — Parametric sweeps for Energy-based control # 2 — vqe0 = 1 pu, Py = —1 pu,
ks = 0.1 pu — Power flow: DC <= AC

3.5 Chapter Conclusions

This Chapter dealt with the MMC control strategies for its integration in MTDC grids.
For this reason, a variable DC bus voltage and the proportional droop-controller is considered.
Two main control strategies of the MMC were detailed. First, the Classical CCSC' controller
was presented, which is widely adopted in the literature. This classical controller is interesting
since its implementation is rather simple. However, by the analysis of the linearized model
of the MMC and the Classical CCSC' strategy, it is demonstrated that this method may fail
to guarantee stable operation for several situations. The reason is that the DC current is left
uncontrolled, so the risk of interactions with the DC grid could be problematic. Nevertheless,
this strategy is still considered in the rest of this Thesis due to its popularity.

As an improvement of the Classical CCSC strategy, the Energy-based control approach is
introduced. The first variant (Energy-based control # 1) results from a basic modification of
the Classical CCSC approach by the addition of the DC current controller. For generating
the reference for the DC current, an energy controller is designed. It is based on the possibility
that the MMC provides to control the AC and DC powers independently. Even if this strategy
showed good results, the existing coupling between the AC and DC sides does not allow a
fully independent control for the AC active and reactive powers. For solving this issue, the
Compensated Modulation is introduced. However, the Energy-based control # 1 with CM
fails to guarantee the stability of the internal variables of the MMC. For this reason, the
Energy-based control # 2 is introduced. The novelty from this Chapter is the mathematical
transformation of the control equations from abc to dgz frame to adapt the controller for being
used with the complete SSTI model from Chapter 2. Finally, this controller is validated in
time domain simulations, and the eigenvalue analysis showed that the stability characteristics
from Energy-based control # 1 are maintained, while guaranteeing an independent control of
the AC active and reactive powers.

Since the MMC and the Energy-based control # 2 have 39 state variables, the high number
of eigenvalues for one single converter results in difficult analysis of the LTI model. When
considering an MTDC system, where several MMCs are connected to the same grid, the number
of eigenvalues grows rapidly, making the analysis a very complex task. For this reason, the
simplified models are mandatory for the study of large systems, as long as the simplified models
reproduce accurately the AC and DC interactions of the converter and controller.
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Chapter 4

On the application of SSTI-MMC
reduced order models for interfacing
AC and DC grids

4.1 Introduction

In the previous Chapter, a very detailed model of the MMC associated to different types
of controllers have been developed. It allows carrying on very accurate studies but may be too
complex to be integrated in large-scale systems like MTDC grids or large AC systems including
HVDC links [171]. For this reason, the availability of open and generic models is important
when performing system studies specially for operation and stability analysis [172]. Many
techniques for model order reduction were already successfully applied on the AC systems,
however the fast and coupled dynamics of DC grids complicates this task [173].

When considering the MMC, the development of reduced order models depends on the
applied control system on the real converter. As it was stated in Chapter 3, there are many
control techniques available in the literature [137]. Two main strategies arise between the
vast options: the Classical CCSC and the Energy-based control. This Chapter focuses on the
validity of the simplified reduced order models of the MMC when considering each of these
two control strategies.

The methodology applied in this Chapter is depicted in Fig. 4.1. Starting with the complete
Steady-State Time-Invariant (SSTI) MMC model interfacing simplified AC and DC grids (Full
order model), some physical assumptions are made to derive the reduced order model presented
in [123] (Reduced order model); this is performed in Section 4.2. Once the reduced model is
obtained, the applied methodology deals with the comparison of the small-signal dynamics of
the MMC model that results when considering the Energy-based control with Compensated
Modulation (CM) from Section 3.4, or the Classical CCSC from Section 3.2. For the compa-
rison tests between the linearized models, there are endless possibilities to consider but in this
Chapter only some of the most representative examples are carried on.

Full order . Full order
VR 85 e Siotion el Conoler | [SERPRT } Fi
O ages ndices
¥ ; b
Reduced Order Reduced Order Reduced Order :> “ITT” Red Reduced order
MMC Model r{fjﬁfgﬁf Modulation Medulation Controller g0 model

Figure 4.1 — Comparisons of SSTI-MMC models
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The rest of this Chapter is organized as follows. In Section 4.2, the physical system used
as a benchmark for comparing the full order and reduced models is presented. In Section 4.3,
the Energy-based control is assumed for the complete model. The full and reduced order
models are linearized and validated trough time domain simulations, comparing them against
a detailed EMT Simulation model. Then, further analysis is carried on with the comparison of
the resulting L'TT models. In Section 4.4, a similar work is done but considering the Classical
CCSC for the complete MMC. In Section 4.5 an analysis based on the frequency response of the
obtained LTI models is performed. Finally, the Chapter conclusions are stated in Section 4.6.

4.2 MMC model with AC and DC side connections

4.2.1 System description

The comparison methodology is based on the small-signal analysis of the schematic shown
in Fig. 4.2, where two different VSC-MMC models are considered. For this task, it is assumed
that the MMC is connected to an equivalent AC grid modeled by a voltage source in series
with an inductance. Contrary to the previous studies, the AC system is not considered as
infinite anymore and the Short Circuit Ratio (SCR) will be taken into account in this Chapter.
The DC side is the same as the one already introduced in Chapter 3, and the dynamics of
vge were given in (3.1). The consideration of a simplified AC grid model allows to compare
the interactions of the MMC with the AC and DC sides at the same time with the different
reduced order models.

DC Bus VSC MMC AC Side Connection
................ |
3 Vree/n VGAO
1 g
: A a,c ac :
‘Pl* Labe L v L€ RG ?’abc ’i :
Vdc: H i pcc G
dei ' i mabc T Vabe ’vabcT w
Ideal power source i This is modified _L_ -l-
for each model . _— =

Figure 4.2 — MMC Connected to AC and DC equivalent grids

AC Side Connection

In case of classical 2-level VSCs there is a bulky passive capacitive filter at the Point of
Common Coupling in the AC side (PCC-AC), but in case of the MMC this filter is nonexistent
due to the low harmonic content on the AC output voltage v2 .., especially when a high
number of levels is considered (more than 100) [174]. As it can be observed in the system from
Fig. 4.2, the AC side connection is modeled with two “RL” circuits connected in series: Rg; Ly
and RYLY, so the current is the same for both circuits (i.e. ¢5, = 15,.). The relation of the
parameters R% and LY with the SCR is recalled in the Appendix A. The AC current dynamics

are modeled as in (4.1):

diA
ac G dgz A ac G ac G A
(Lo + L) = U g — Ve (Rec+ RO)igy, — (Loo + LO) Juidy.  (41)
where v, = [v§, v{, 0]T mdq- 15 the AC-side modulated voltage of the MMC in dgz

frame. Since there is no closed-loop circuit for the current 2 to flow, it is neglected.

and vA
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The voltage at the PCC-AC is measured between the two “RL” circuits from Fig. 4.2,
i.e. Upe. This voltage is not modeled as a dynamic state, so an algebraic equation is used
instead [81,175]. The expression of the voltage at the PCC-AC (i.e. v%,. transformed into

abc

vt £ [vh™ vr]T) is calculated as a function of the MMC output voltage vjg,, the grid
voltage vg*;, and the current ifq as shown in (4.2):
ac RGLac o RaCLG LG
pee eq G eq eq A A
Vg = (W) vy + < ng + IG )Zd + (W) Umd (42&)
ac RGLac _ RaCLG LG
C =\ gerze) T pe )t e ze ) o (4.2b)
q Lee+ L q Lae + L q Lee 1L q

Reference SSTI-MMC model

Since this Chapter deals with the fidelity of the SSTI model order reduction, the model used
as a reference is based on the model developed in Chapter 2. The block diagram of the reference
SSTI-MMC model is shown in Fig. 4.3, where it can be seen that the AC side connection and
DC bus are considered as “outside” the MMC model.

G __yp ACSide | ce
Vdq " Connection ;* USq
‘Eq. (4.2) & A Internal variables
v»ﬁdq ' Ea. (4.1)  —#7%aq States Inputs
vg'dqz
|| cacntuions | e Colcuins | 78
! —#— ‘ :
A ! vmqu 0 ’;/ —: véqu 1
Mgz —%  Eq. (2.66) —#% taa | o Ea. (239) |
A B |z S |
my,. _. Calcg:lations LI iCommon—I.r;:odeiidzqz _,y_. Calct}lgations
- Vindqgz ;—lff‘_h” : currents 7 —ﬂ——ﬂ‘—h VGdg= i
vgdqz 3 Eq. (2.55) ! _IL.; Eq. (2.56) ! r% Eq. (247) | =
Vyyz| —mmm———m—rm— & - ——
q
P T2 —— Algebraic equations
vge ¢ DC bus :‘_/_Z coozzzzzn Differential equations
1 ‘ Vdc 1 Pl

Figure 4.3 — MMC with SSTT Solution: Reference Model in this Chapter

The following subsection derives a reduced order model, using Fig. 4.3 as a starting point.

4.2.2 Reduced order model

A reduced order model can be obtained by performing some assumptions from a functional
point of view [79]. In the following, results from the findings in [123] are summarized. In
Fig. 4.4, the steady-state results in dgz of an EMT simulation considering the complete MMC
with Classical CCSC transmitting 1 pu of active power are shown. The “}” currents are
shown in Fig. 4.4a and, as expected, the circulating currents idzq are almost zero during the
steady-state due to the CCSC, while the DC current (which is proportional to z component)
is near 1 pu. Even if the MMC equations in dgz frame developed in Chapter 2 showed that
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there is a complex coupling between the circulating currents (mostly in the modulated voltages
“¥"), the MMC controller will always guarantee that the circulating currents are suppressed.
This means that the currents iffq may be omitted for the development of a reduced order model
of the MMC. However, since the DC current is responsible for the exchange of active power
with the DC side, this current must be taken into account (i.e. i%).

1 1 1
0.8 0.8 0.8 "y
= 0.6 B 1 B i
= 2 06 —vg| | & 06 A
IN] —ZE X b N UCZ
S d ) Ycq )
A% 0.4 S WS 0.4 S 43 04)
td ol 3 — Vg, S
0.2 —3XEl g 0.2
0 0 0
0 01 02 03 0 0l 02 03 0 01 02 03
Time [s] Time [s] Time [s]
(a') Zdzq and idc (b) ’Ugdq and ’ng (C) v(AZ’dqz

Figure 4.4 — Steady-State results of EMT model for justification on the selected variables for
the reduced-order model

As discussed in Chapter 2, the arm capacitor voltages “¥X” in abc frame are composed by a
DC component with superposed oscillations. The DC value corresponds to the average level of
energy stored on phase leg of the converter station; this information is reflected! in the variable
vg,. The oscillations around the DC value in abe, which are much lower in magnitude than
the DC component, are transferred to the dg variables vgy,. For this reason, the voltage v,
takes values around 1 pu while the dg components are near zero as shown in Fig. 4.4b. Since
the 2z component takes much more important values than the dg components, 'vgdq may be
neglected while keeping the state variable v, .

In normal operation, the MMC controller guarantees that the energy stored in the upper
and lower arms for each phase are equal in average (with or without an exclusive controller
for this task). This is manifested in the arm capacitor voltages “A” in abc frame as oscillating
variables around zero. Once they are reflected in dgz frame, the variables 'védqz are not so
important in terms of numerical value, as shown in Fig. 4.4c. For this reason, the voltages
védqz may be neglected for the development of a reduced order model.

Summarizing, the model simplification is performed by neglecting the dgq components of v
and i¥; and also neglecting the v5 variables, as described in Table 4.1 (i.e. from the internal
variables, only the state variable vZ, and i are kept).

If the MMC state variables i§q, vé:dq and védqz are neglected, the mathematical equations
of the MMC in dqz from Chapter 2 are highly simplified. For instance, since the circulating
currents ’l%:q are neglected, the zero-sequence component v, can be re-written as in (4.3), where

!Partially, since the expression of the energies in dgz frame are also coupled between the three compo-
nents, so it is not possible to affirm, a priori, that v%z includes all the information about the stored energy.
See Appendix B.
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Table 4.1 — MMC state variables in dqz frame to keep or neglect

State Variables Description & Comment Keep?
szq AC grids currents in dgz frame YES
A Internal circulating currents NO
i Proportional to DC output current | YES
Vg Information of the oscillations of v || NO
Vg, Sum of all arm capacitor voltages YES
'védqz Arm capacitor voltage difference NO

(4.3a) corresponds to the expression of (2.47) for the z axis.

C’armczzfz—;(mﬁz?+m i ) ( yy+m }y—i—Qm ) (4.3a)
C’Wmdz)l?z = é (mdAsz + mAzA) + ;m?zzE (4.3b)

The zero-sequence “Y” current dynamics (i) are obtained from (2.56) as follows:

i 1
Larm% - §'Udc - 'USJ@Z - }%armizE (44)

The AC current dynamics equations remain the same as for the complete model, i.e. as in
(4.1). However, the expression for the modulated voltages “¥” and “A” are simplified. The
modulated voltages are obtained from (2.70), where only the components v;, ., v;m, and v, are

considered, and neglecting the variables from Table 4.1. The result is shown in (4.5).

[vs. ) [205. 0 0 1[m
v, = 1 0 —2vg5, 0 ms (4.5)
Ui 0 0 —2v5,] (mf
The states of the reduced order model corresponding to the physical variables are gathered
in Z{fiic:
aled = [zf qu iZ g, vdc} e R’ (4.6)
The reduced order MMC model is then expressed by the dynamic equations (4.1), (4.4),

(4.3) and the algebraic equation given in (4.5). This model accepts 3 control inputs: mg, =

[mg m2]" and m?. The block-diagram of the reduced order MMC model is shown in Fig. 4.5
where the physical inputs are the same as the complete model from Fig. 4.3.

It is recalled that both models (complete model from Fig. 4.3 and reduced from Fig. 4.5) are
obtained with the amplitude invariant Park transformation (See Appendix A). At this stage, it
is convenient to convert the reduced order model with the power invariant Park transformation,
for allowing us to draw a comprehensive electrical circuit as it was already performed in [123].
For obtaining the mathematical scaling between the variables of the developed model from
Fig. 4.5 and the one in [123], (4.7) is used:

. def . drt def . def d( f
gd - Zd? 9q 2 q ) Umd = 2 md7 Umq 2 mq7 Ud? 99 7/0

Note that the grid currents are named as i4q and iy, for the power invariant version of the
MMC model (the counterparts of 25,), the grid voltages are vyq and vy, (for v§,), and the
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Figure 4.5 — Reduced order MMC model with SSTI Solution

modulated voltages for the AC side are v,g and vy, for v2,.. With (4.7), the grid current

mdq-
dynamics can be expressed as:
dZ . ac .
(Lo + L) d%d = Vma — Vga — (Rl + RY) iga — (L2 + LY) wi, (4.8)
di , e ,
(Lo + L) = Uy — Vgq — (Rec+ R) gy + (LS + L) wiga (4.9)
Moreover, the arm capacitors v, dynamics can be rewritten as?:
dvg, . : .
Cmchf = —Mglgq — Mylgq + Mdclde (4.10)
where,
i O[3 A i O[3 A .
mdd:f _Z §md, q e _Z 5 g mdcd:fmg (411)

and Cpme = 6 X Cyppp. Taking into account that ig. = 3i2, the DC current dynamics are
expressed as:

dig. .
Lg; d;l = VUde — Umde — quzdc (4.12)
where,

Vpnde = 20 (4.13)
Ll 2y Ries2p 4.14
eq — g arm) eq — g arm ( . )

Finally, the modulated voltages are expressed as in (4.15).

[vmac]  [og. 0 0] [mac]
vma | =10 w3, 0 ||mg (4.15)

Vg 0 0 w3, |[my

ZNote that the signs of the modulated AC currents in (4.10) are in opposite direction with respect to (4.3).
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With the differential equations from (4.8), (4.12) and (4.10); and the algebraic equation
(4.15), the circuit diagram of the simplified MMC can be obtained as depicted in Fig. 4.6. With
this circuit, the double-stage nature of the MMC operation is clearly highlighted [79], which is
not evident when seeing the complete MMC structure as in Fig. 2.2. This implies that the DC
bus capacitor Cy. is not coupled directly with C),,,., as it was the case for the 2-level VSC
(See Section 1.3). As it will be detailed in further sections, this can be a disadvantage since
the DC voltage vg. is governed only by the capacitor Cy. [176].

w (L& + L) igq (L2 + LE)(RE + RE)

o lgd

DC Bus

1

wa%i Lgq

Figure 4.6 — Circuit diagram of SSTI-MMC simplified model from [123]

4.3 Comparison I: Considering Energy-based controller
# 2 and Compensated Modulation

The aim of this section is to verify the accuracy of the reduced order model when the
MMC is considered to be controlled with the Energy-based controller # 2 from Section 3.4
in conjunction with the Compensated Modulation (CM)3. As stated in the introduction of
this Chapter, the comparison is performed based on the small-signal dynamics of both MMC
models.

4.3.1 Controller for the reference model

First, the Energy-based controller # 2 strategy is slightly modified with respect to the
control strategy detailed in Section 3.4. The modifications are necessary for taking into account
the added AC simplified model.

It should be noted that the dg variables from the AC side of the MMC (currents i5;) and
the AC grid (voltages 'vggc) are referred to the SRRF which is rotating at the angular frequency
w imposed by the synchronous generators from the AC grid. In the MMC control system, the
frequency w is estimated typically by a Phase Locked Loop (PLL). The estimated frequency
is noted as wc, and the angle between the phasors V¢ (AC grid) and VP (point of common
coupling) is noted as 6¢.

In steady state, the frequencies w and w¢e are equal, but during transients they can expe-
rience a deviation due to the non-infinite wideband of the PLL. This concept of two frequencies

31t is recalled that with CM, the relation v, = v}, for ¥ and A variables is always valid.
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involved in the modeling of the MMC and its controller (w and wc¢) is illustrated in Fig. 4.7a
where it is highlighted the new axes dg® corresponding to the SRRF defined by the PLL.

In the control system, the voltages vsgc and grid currents iqu are referred to the axes dq®
defined by the PLL with the transformation matrix T¢(0¢), as shown in (4.16) [177]. In (4.16),
a generic variable x4, = [z4 7, is used to exemplify the projected variables into the dg® axes,
obtaining «§, = [z5 ] [69,119].

[ZZ] _ [008(90) —Sin(QC)l [xd] (4.16)

sin(fc)  cos(fc) | |4

Tc(fc)

The structure of the PLL is shown in Fig. 4.7b, where it can be observed the transformations
Tc(0c) applied to vl ig and 43, only if they are controlled in dg frame (as for the Classical

CCSC, as it will be used in Section 4.4).

pce

o d Vg —f To(6c)
d vbee_y) cl\bc
Oc qC\ we
td —» - 14 td —» - 14
0 A Tc(0c) AC O E Tc(—20c) 5.0
< ') w q — > g tg — —» Ig
q ...if CCSC' is used
(a) dq reference frames (b) PLL structure and measures

Figure 4.7 — Phase Locked Loop

The controller in SRRF considered for the generalized MMC model with SSTT solution is
shown in Fig. 4.8. Note that the grid current controller is referred to the axes given by the

PLL, with an angular rotation of we. For this reason, the transformation Tp' (f¢) is used to
rotate the voltage references vﬁ;g* back to the grid SRRF, obtaining ’UTAn; -

In the EMT Simulation model, the control for the energy sum W?* and energy difference
W4, and the common-mode currents i* are implemented in abc frame [178], i.e. it is almost
independent from the PLL (the W2 uses the estimated angle for aligning the AC component
of i2* with the grid voltage). In the full-dgz model, this is equivalent to refer the controller

equations of W*, W2 and i* to the SRRF of the AC grid, i.e. to w. Only the grid current
controllers 2 are referred to the SRRF defined by the PLL.

4.3.2 Controller for the reduced order model

Since there are less state variables of the physical system of the reduced order model
(Fig. 4.5), the control structure is also simplified. The control model is obtained from the
structure presented in Fig. 4.8, where the dgq components of the energy “¥” are neglected.
Also, the energy difference controllers are not taken into account since the reduced order
model considers that the vertical balancing (i.e. W?#) is perfectly controlled and decoupled
from the rest of the system [159]. The Compensated Modulation for the reduced order model
is obtained from (3.13), as expressed in (4.17). The resulting controller is shown in Fig. 4.9.

Ax Ax Sk
A Umd . A Umq . ¥ Umz (4 17)

Ma =g M T T T T s
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Figure 4.8 — Modified Energy-based controller # 2 for reference SSTI-MMC model from Fig. 4.3
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Figure 4.9 — Reduced Energy-based controller for simplified SSTI-MMC model from Fig. 4.5

Note that in Fig. 4.9, the notch filter for W is present, even if this variable is “pure DC”.

This is due to the fact that in the complete model, this filter exists for the three dgz variables

(See Section 3.4.2). The states of the controllers for the reduced order model are listed in xZ¢%:

.
ales = [0 &u FLL Fyl Gws &z & &a] € R (4.18)

4.3.3 Models Linearization: Time domain comparison

The MMC model in dgz frame with the AC and DC connections is summarized in Fig. 4.10
(Fig. 4.10a for the complete model and Fig. 4.10b for the reduced order model). The Linear
Time Invariant (LTI) models for each configuration is obtained with the Jacobian lineariza-
tion of the MMC and DC bus (System I) and the AC grid (System II) separately, with the
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methodology explained in Section 1.2.4. Then, both systems are coupled with the methodology
explained in the Appendix B.2 [9]. The reason of the separation in two different systems is
due to the algebraic equation used in the calculation of v}, in (4.2).

; N - ; A -
DC Bus lde VSC-MMC VUmdq AC Sld.e DC Bus tdc VSC-MMC Vpndq AC Sld‘e
‘ . Connection - " Connection
Eq. (3.1) | Ve Fig. 4.3 i Eq. (4.1) Eq. (3.1) | e Fig. 4.5 %y Eq. (4.1)
a s o= & T N ) &
e mg, Ldqz> VCdqz| o mg, UC2
i mie | g Yuaz Eq. (42) F mE| LiE Bq. (42)
T T
Energy-based pec ! TvG Energy-based pPee ! TUG
Vger Paey Qacy W2 —  controller # 2 ‘_.__1_)?3 _________ : dq Vier Pacy Qaer W2 — controller ‘_.___fi:] _________ : Eu
System I Fig. 4.8 System IT System I Fig. 4.9 System IT
(a) SSTI-MMC Reference Model (Full) (b) SSTI-MMC Reduced order Model (Red.)

Figure 4.10 — Reduced Order Model Validation of MMC with Energy-based controller

The states of the Full-order model are gathered in (4.19):
a:dF;z” [F> FEI, ok 2q7 §Wz, Swzs § &is; i zqz; Vo vgq,... (4.19)

A A . . . . . .
Fldv F1q7 FZd7 FlZ7 F2d7 F2q7 FZd7 FZZq gWA £WA fWA §WA7 UCdv ch, UCZdv UCZq

41
907 fplly 12; FQza SWE fz z; UCz; Udc;s § 5@ ) Zda q] €R

Common states between the full and reduced order model

while the states of the reduced system are listed in zfed:

T P
Red. . ) . RO STD Y . . A 13
Liq= = [eCa gpllv F1z7 FQz7 €W227 61?) 1,5 Veys Vdes ZA7 fz Zd 7l } eR (420)

Finally, in (4.21), the inputs for both LTI systems are gathered.

— [p*. ,G. ,G. * . 8
Udgz = [Pl 3 Vg s Uq? Udm ac? Qac? W ] eR (421>
N——
Physical inputs Control inputs

To validate the developed small-signal models of the MMC, results from a time-domain
simulation of three different models are shown and discussed in the following:

1. EMT: The MMC Simulation model with the AC and DC simplified representations as

in Fig. 4.2, implemented in EMTP-RV with 400 submodules (as used in Chapter 2 and
Chapter 3).

2. Full: This model represents the linearized time-invariant model of the interconnected
system from Fig. 4.10a, implemented in Matlab/Simulink.

3. Red.: This model represents the linearized time-invariant model of the interconnected
system from Fig. 4.10b, implemented in Matlab/Simulink.

The operating point corresponds to the parameters given in Table 4.2.

Starting with a DC power transfer of 1 pu (from DC to AC), a step is applied on P of
—0.1 pu at 0.05 s. The reactive power is controlled to zero during the whole simulation. Results
are gathered in Fig. 4.11.

The dynamic response of the DC power P,;. and DC voltage vy, are respectively shown in
Figs. 4.11a and 4.11b, showing a perfect match between the compared models. The AC grid
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Table 4.2 — Operating point of MMC for linearization

Variable Value Variable Value
Pio 1pu kq 0.1 pu
Vdco 1 pu C1dc 4 x Carm F
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Figure 4.11 — Reduced Order Model Validation of MMC with Energy-based controller. EMT :
EMTP-RV simulation; Full : LTI model from Fig. 4.10a; Red : LTI model from Fig. 4.10b.

peak voltage 0P°° is shown in 4.11c (calculated as (4.22) for both LTI models). The estimated
AC frequency by the PLL w¢ is given in Fig. 4.11d.

ﬁpCC — \/(USCC)Q + (0500)2 (422>

As it can be seen, the EMT model presents high frequency oscillations in 97 and we. This
is due to the switching of the submodules which is transferred directly to the modulated voltage
v2, causing an AC current ripple. In turn, this originates the high frequency components in

m’
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the voltage ©P°. This phenomena is due to the physical behavior of the system, and it is
always present when considering the MMC model with all the submodules. Since, in this case,
there are no filters on the AC voltage measures before sending the signals to the PLL, the
high-frequency components are transferred to the estimated frequency we. For limiting the
impact of the switching noise, more advanced PLL systems can be considered with appropriated
filtering techniques. Nevertheless, this phenomena is proper to the EMT simulations (and in
the “real” converters), and the LTI model only captures the time-averaged of these signals.

Finally, it is shown in Figs. 4.11e and 4.11f the results of the AC grid current i, and
the total stored energy WZ. For these and the rest of variables, no noticeable difference is
observed, validating the LTI models (Full and Red.) for the considered condition in terms of
control tuning and physical parameters.

The time domain comparisons show that the reduced order model is very accurate for repre-
senting the MMC and the Energy-based controller with CM from the AC and DC standpoints.
In the following section a more detailed comparison is performed with the modal analysis from
both models.

4.3.4 Models comparisons with respect to their small-signal dynam-
ics
In this section the complete and reduced model are compared in order to verify the validity

of the simplified one. The first comparison is performed on the eigenvalues of the linear systems
validated versus the EMT model previous section, which are shown in Fig. 4.12.
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Figure 4.12 — Eigenvalues comparison of the complete and reduced MMC model with Energy-
based control # 2 and CM

Results from Fig. 4.12 show that several eigenvalues from both models are virtually identi-
cal. The first hypothesis is that these eigenvalues are correlated to the similar state variables
from both models. In the following, several tests are carried out to compare both models with
more details.

Decoupling of the complete model

The eigenvalues of the full order LTI model are firstly studied, with special attention to
the common eigenvalues found from Fig. 4.12. Second, the participation factor analysis are
shown, where an important decoupling can be observed between a subset of MMC variables.
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The eigenvalues of the Full order model plotted in Fig. 4.12 are shown in Table 4.3, where
the common eigenvalues with the reduced order model are marked in blue. Note that these
eigenvalues correspond only to the complete model, and not the reduced one.
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Table 4.3 — Eigenvalues of the complete Figure 4.13 — Eigenvalues of the complete model
model (common eigenvalues from Full (common eigenvalues from Full and Red from
and Red from Fig. 4.12 marked in blue)

Fig. 4.12 marked in blue)

The information given in Table 4.3 is used to numerate and classify the eigenvalues for the
following analysis. The participation factor analysis is used to verify if the 13 common state
variables of the complete system with reduced order interact with the un-modeled state vari-
ables. The participation factor matrix is shown in Fig. 4.14, where the 13 common eigenvalues

from Table 4.3 are grouped at the beginning of the “x-azis”.

Al011 A16,17 A2223 Ao A2030 Assae Al

)\41

Aoz A

Q67 Aso A213 Aa1s Aisiag A2021 A2a2s Assar Asisz Aszaa Aszas Azgao
Eigenvalues

Figure 4.14 — Participation factor analysis of the complete LTI model
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The results from Fig. 4.14 give some valuable information about the complete model. As it
can be seen, the lower-left part (i.e. common state variables and eigenvalues) and upper-right
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part (i.e. un-modeled variables of the reduced order model) of the participation factor matrix
are decoupled: this means that the 13 state variables captured by the reduced order model
are decoupled from the rest of the system. For this reason, the simplifications performed when
developing the reduced order model are valid. Nevertheless, it should be recalled that the
development of the MMC controller was performed in order to achieve a decoupled behavior.

Variation of operating point

Due to the non-linearities of the MMC, there is an impact of the choice of the operating
point in terms of active power transfer for the linearization on the resulting eigenvalues [161].
For this reason, it is performed a parametric sweep in terms of DC power transmission P,
from 1 pu to —1 pu. Results are shown in Fig. 4.15.
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Figure 4.15 — Eigenvalues trajectories for P, variation (k; = 0.1 pu) — Complete and reduced
MMC model with Energy-based control and CM

As it can be seen from Fig. 4.15, several eigenvalues are shifted with respect to the different
operating points. For both models, the 13 common eigenvalues are similar. Moreover, the
stability is guaranteed for the considered variations.

Variation of DC capacitor

As it was shown in [179], the energy stored on the DC grid have an impact on the network
stability. For this reason, the DC electrostatic constant Hy. is varied from 40 ms down to
5 ms. Results shown in Fig. 4.16.

For this kind of variations, the complete and reduced model gives similar results. It is
also interesting to observe that the modes of the complete model which are not represented
by the reduced model are not shifted by these variations: they remain at a fixed position.
This confirms that the DC side is decoupled from the internal dynamics of the MMC for this
Energy-based controller [160].

Variation of DC droop gain

In this case, the DC droop gain k; is varied from 0.2 pu down to 0.05 pu, and the results
are shown in Fig. 4.17. Similarly, as the previous case, the reduced order model replicates
accurately the mode shifting of the complete model.
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Figure 4.16 — Eigenvalues trajectories for Hy. variation (P;. = 1 pu) — Complete and reduced
MMC model with Energy-based control and CM
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Figure 4.17 — Eigenvalues trajectories for ky variation (P, = 1 pu) — Complete and reduced
MMC model with Energy-based control and CM

Variation of common-mode current and energy sum controllers response times

The following tests are performed with a variation of the response times of the common-
mode currents = and energy sum ¢tV*. Both response times are modified at the same time,
keeping a time separation factor of 10, as expressed in (4.23), which is a common practice for
avoiding interactions between the inner and outer control loops.

tE =10 x ¢ (4.23)

The response time of ¢ (t¥*) is varied from 5 ms (50 ms) down to 1 ms (10 ms). Results
are shown in Fig. 4.18, where it can be observed that there are many eigenvalues sensitive to
the performed variation.

Due to the extreme shifting of many modes in Fig. 4.18, the interpretation of the results is
very complicated. But it can be observed that the complete model is unstable for a response
time of ¢ between 1.5 ms and 2 ms. The limit is found around ¢** = 1.67 ms and t}* = 16.7 ms
as shown in Fig. 4.19. Moreover, it can be seen that only the complete model is unstable, while
the reduced order model is stable. This means that the instability is produced by the internal
variables not modeled in the simplified model.

For validating the results, a new time-domain simulation is performed with the complete
EMT Simulation model. The physical parameters considered for this simulation are the same
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Figure 4.18 — Eigenvalues trajectories for ¢* and tV* variation (P = 1 pu) — Complete and
reduced MMC model with Energy-based control and CM
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Figure 4.19 — Eigenvalues for ¢t** = 1.67 ms and t¥* = 16.7 ms variation (P;. = 1 pu) —
Complete and reduced MMC model with Energy-based control and CM

as in Section 4.3.3, while the control parameters of i~ and W* controllers are modified. The
simulation events are listed as follows:

1. For t < 0.15 s, there is a power transfer of Py = 1 pu. The response times '~ and V>
are set to 1.83 ms and 18.3 ms, respectively.

2. At t =0.15 s, the response times ¢ and t!* are set to 1.67 ms and 16.7 ms, respectively

(i.e. the unstable case from Fig. 4.19).

At t = 0.2 s, an step on P, of —0.1 pu is applied.

4. At t = 0.75 s, the response times of ¢* and !> are set back to the initial values (i.e.
1.83 ms and 18.3 ms, respectively).

©w

The simulation results are gathered in Fig. 4.20. The results of the DC power are shown
in Fig. 4.20a where no noticeable change is perceived when the gains of the controllers are
changed. The same statement stands for the DC voltage results in Fig. 4.20b. When the
power step is applied, the transient results are more oscillatory for the DC power and voltages
compared with the case in Section 4.3.3. This is normally due to an undesired interaction
between the energy controllers and the DC voltage droop control.

In Fig. 4.20c it is shown the results for the common-mode currents ing. It can be observed
that the current i> is not affected by the change of the controllers parameters, while the
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Figure 4.20 — Unstable operation — Validation of MMC with complete Energy-based controller

currents z'gq clearly show the oscillatory instability. The same results, but in abc frame, are
shown in Fig. 4.20d. When the controller gains are set back to their initial values, the system
recovers the stability for ¢ > 0.75 s. Finally, in Fig. 4.20e is shown the results for the arm
capacitor voltage vgdq, and Fig. 4.20f gathers the results of the arm capacitor voltages in abc
frame. For both plots, the occurred instability and further clearance is observed as well.

It is recalled that this particular instability found and analyzed for the EMT Simulation
model is observed only for the complete MMC model: the reduced order model is not capable
to capture this behavior. More detailed studies should specify clearly the origin of the unstable
behavior of the complete model for this condition, however this is out of the scope of this
Chapter. As a partial hypothesis, this issue is originated by a strong interaction between the
W?* and W2 controllers. The reason for this hypothesis is that the same simulation without
W4 controller doesn’t present the same behavior. Even if the control structure of W?* and
W4 are designed in a decoupled way in abc frame, the internal variables are highly coupled at
the inside of the MMC (more specifically, the variables vy, and 'Uédqz)-
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Variation of AC grid strength

The last comparison is based on the variation of the AC grid strength. This change is
reflected in the modification of the SCR, where lower values of SCR correspond to a higher AC
grid impedance. Since the AC grid vector current controllers as they were presented and used
up to this point on this Thesis are not suitable for weak grids (SCR < 3 [180]), they are modified
according to [181] and shown in Fig. 4.21. This modification introduces a first-order filter before
sending the feed-forward signals of the AC voltage on the current controllers outputs, and their
time constants are chosen to be T4, = 20 ms as in [182]. With the consideration of this modified
controller, the L'TT models for the Full and Reduced order model are re-generated prior to the
eigenvalues comparisons. The controller gains are maintained during the parametric sweep.

Figure 4.21 — AC Grid Current controller for weak grids

In Fig. 4.22 the eigenvalues from the linear models deduced from the complete SSTI-MMC
model and the reduced order model are compared (lower figure corresponds to a zoom of upper
figure). As it can be seen, the common eigenvalues from both systems presents a similar
behavior when the SCR is varied. Both systems are unstable when the SCR is lower than
approximately 2.8.

Results from this section reveals that, if the internal variables of the complete MMC are
well controlled, the reduced order model replicates the main behavior from the AC and DC
port characteristics. The complete model is useful for assuring that the internal variables are
stable. However, for interfacing the MMC with Energy-based controller #2 with CM (i.e. full
control of internal variables), it is recommended to use the reduced order model, since the
accuracy from the AC and DC standpoints is not compromised. Also, the computational effort
for linearizing and calculating the operating point when CM is considered in the Full order
model is very high (more than 10 minutes? for only one operating point), while for the Reduced
order model it is needed less than 30 s for a single point. This big difference in computing
effort is due to the numerical resolution of the complex equations that are involved in the CM
calculation (inversion of the 7 x 7 matrix from (3.13)).

4Using Matlab with Intel Core i7 2.7 GHz and 16 GB of RAM.
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Figure 4.22 — Eigenvalues trajectories for SCR variation (P;. = 1 pu) — Complete and reduced
MMC model with Energy-based control and CM

In the following section, the same methodology is applied on the Classical CCSC with
Un-Compensated Modulation.

4.4 Comparison II: Considering Classical CCSC and Un-
Compensated Modulation

In this Section, it is studied if the reduced order model can reproduce in a macroscopic way
the behavior of the MMC when it is controlled with the Classical CCSC' strategy considering
UCM. First, the modifications on the controllers for including the PLL are discussed.

From the discussion about the PLL and the two rotating frames (physical and controller),
the Classical CCSC strategy used in the reference Full order SSTI-MMC model is the one
shown in Fig. 4.23. Note that the transformation T (f¢)™ is used to obtain the vector v,
but also the transformation T (-20¢)™ is used for vy%, since, in the EMT mode, the Classical
CCSC is implemented in the SRRF defined by the axes dq® given by the PLL.

4.4.1 Reduced order model with Classical CCSC

For the reduced order SSTI-MMC model from Fig. 4.5, the adaptation of the Classical
CCSC control strategy from Fig. 4.23 is needed. Since the simplified model doesn’t consider
the internal circulating currents ’L'Eq, the term “CCSC” may not be representative; however,
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Figure 4.23 — Classical CCSC strategy with UCM considering PLL dynamics for SSTI-MMC

this nomenclature is kept for ease of understanding. For the representation of the UCM, (4.24)
is used, which is directly obtained from (2.77). Finally, the control model is shown in Fig. 4.24.
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Figure 4.24 — Classical CCSC strategy with UCM considering PLL dynamics for Reduced order
model

It is interesting to redraw the reduced order MMC model when considering UCM, specially
by the fact that with this strategy the modulation index m?> is imposed by the control to 1, as
expressed in (4.24). With this consideration, the circuit from Fig. 4.6 is modified as shown in
Fig. 4.25, where the modification is impacted on the DC side.

This circuit helps to explain partially the oscillatory phenomena already shown in Sec-
tion 3.2. It can be thought that there is a resonant “RLC” circuit formed by the DC capaci-
tance, the internal capacitor C,,me and R¥L%. Since the current i4. is left uncontrolled, it is

eq-eq*
clear that this current experiences several oscillations during transients. The resonance f, ¢ 4c
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Figure 4.25 — Reduced order MMC model when considering Classical CCSC strategy with
UCM

is calculated as [108]:
1

2WL (1/(1/Cge +1/Crume))

With the parameters from the Appendix A, and considering that Cy. = 4 x C,,,,, the resonance
fres,ac 1s approximately 99.7 Hz. The damping is provided by the resistance Rgg.

Note that the obtained model from Fig. 4.25 is fundamentally the same as the “Model
#4: AVM of MMC” from [111]. This model became very popular in the literature due to
its simplicity [142,183]. However, the aim of this section is to verify if it’s safe to consider a
simplified model without modeling explicitly the circulating currents (as the circuit in Fig. 4.25)
for representing the complete SSTI-MMC model when considering the Classical CCSC with
UCM; specifically if AC- and DC-side interactions are studied.

fres,dc = (425)

4.4.2 Models Linearization: Time domain comparison

The LTI models are obtained similarly as shown in Section 4.3.3, however, the complete

model is represented as in Fig. 4.10a; while in Fig. 4.10b it is shown the summary of the
connections for the reduced order model.

; A - ; A -
DC Bus “e | VSC-MMC Ymdq A idte DC Bus “e | VSC-MMC Ymdq AQ St
- - Connection - —— Connection
Eq. (3.1) | Y Fig. 4.3 4y Eq. (4.1) Eq. (3.1) | % Fig. 4.5 4y Eq. (4.1)
s & A &
s m, ldq o myg,
PIT m.i:, Eq. (4.2) P, e Eq. (4.2)
Classical CCSC pee i el Classical CCSC pPeC i TvG
Vier Pacs Qac—] controller ‘_.__ffl_‘l _________ : i Vier Pacr Qac— controller .___fi_q _________ : 4
System I Fig. 4.23 System 1T System I Fig. 4.24 System 1T

(a) SSTI-MMC Reference Model (Full)

(b) SSTI-MMC Reduced order Model (Red.)

Figure 4.26 — Reduced Order Model Validation of MMC with Classical CCSC

The states of the Full-order model are gathered in (4.26):

Full
mdqz
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>
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Common states between the full and reduced order model
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Red..

while the states of the reduced system are listed in @y,

. . . T
zhet = |0 Gus 055 v va §ai G i iy| € R (4.27)
Finally, in (4.21), the inputs for both LTI systems® are gathered.

Q)T eR’ (4.28)

_ *, .G, G, | x . *
Udgz = [Pl 3 Vg s Uq’ Udes P, ac

ac)

%/_/
Physical inputs Control inputs

The developed small-signal models of the MMC are compared with time domain simulations
against the EMT model with Classical CCSC, the LTI models (whose parameters are given in
Table 4.2) are discussed in the following:

1. Full: LTI model of the interconnected system from Fig. 4.26a, implemented in Simulink.
The operating point corresponds to the nominal ratings.

2. Red.: LTI model of the interconnected system from Fig. 4.26b, implemented in Simulink.
The operating point corresponds to the nominal ratings.

Starting with a DC power transfer of 1 pu (from DC to AC), a step is applied on P
of —0.1 pu at 0.05 s. The reactive power is controlled to zero during the whole simulation.
Simulation results are gathered in Fig. 4.27.

At first glance, it is evident that the simplified model doesn’t reproduce accurately the
behavior of the complete model. The oscillations on the electrical variables are poorly damped
in the Reduced order model with respect to the Full order and EMT models. The frequency
of the oscillations is around 100 Hz for both models, as it was expected by (4.25).

4.4.3 Models comparisons with respect to their small-signal dyna-
mics

In this section the complete and reduced model are compared in order to verify the validity
of the simplified one. The comparisons are performed by different parametric sweeps as it was
done in Section 4.3.4.

Variation of operating point

The first comparison is performed via a parametric sweep in terms of DC power transmission
Py from 1 pu to —1 pu. Results are shown in Fig. 4.28.

As it can be seen from Fig. 4.28, an interesting phenomenon is observed: when the power
decreases from 1 pu to —1 pu, the eigenvalues that corresponds to the DC current (See Sec-
tion 3.2.3) become more damped for the Full order model, while the eigenvalues of the Reduced
order model become less damped. This phenomenon is verified with a similar time domain sim-
ulation as performed in Section 4.4.2, but in this time the initial DC power direction is given
by P;. = —1 pu, and the simulated event is a power step P, of 0.1 pu. Results are gathered in
Fig. 4.29, where it can be seen that the Reduced order model present more damping than the
EMT and Full order model.

5The Full order model has also the circulating currents references 113; but since they are set to zero the
whole time they are not added in (4.28).
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Figure 4.27 — Reduced Order Model Comparison of MMC with Classical CCSC' - P,;. = 1 pu.
EMT : EMTP-RV simulation; Full : LTI model from Fig. 4.26a; Red : LTI model from

Fig. 4.26b.
1
1000 - i) @o | 05
o . o ke
= 0 R VS ® E
-2 L : oxX © B 0=
S X o S
— - m'x —0.5
—1000+ e @ o |
[0 Full X Red |
—250 —200 —150 —100 —50 0

Real

Figure 4.28 — Eigenvalues trajectories for Py. variation (k; = 0.1 pu) — Complete and reduced

MMC model with Classical CCSC and UCM

Variation of DC droop gain

In this case, the droop parameter k; is varied from 0.2 pu down to 0.05 pu. The considered
power direction is from AC to DC since it is the worst case as seen in the previous section.
Results are shown in Fig. 4.30. When lower values of droop are used, the pair of eigenvalues
related to the DC current shifts to the right-hand plane (RHP) in both models. However, the
Reduced model becomes unstable first.
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Figure 4.30 — Eigenvalues trajectories for ky variation (P;. = 1pu) — Complete and reduced
MMC model with Classical CCSC and UCM

Variation of AC grid strength

For the last comparison, the AC grid strength is varied. In this case, the grid current
controllers are modified as depicted in Fig. 4.21, by the addition of first order filters on the feed-
forward AC voltage compensations. As already performed for the Energy-based controller, the
SCR is decreased from 10 down to 3. Results are gathered in Fig. 4.31. Conversely, comparing
to the droop gain variation, the Full order model is unstable for higher values of SCR than the
Reduced order model. However, the difference is not highly noticeable.

As it is was shown in the eigenvalues comparisons from Figs. 4.28, 4.30 and 4.31, the
Reduced order model cannot replicate with high accuracy the complete model when the MMC
is considered to be controlled with the Classical CCSC and modulated with the UCM. When
considering bigger systems, the noticeable difference in the behavior of both models from an
AC and DC standpoints could potentially lead to false or biased results as a consequence of
different couplings and interactions. However, it is recalled that the Reduced order model that
results from these control considerations was already widely used in the bibliography [184]. In
terms of computational time, the use of the Full order model doesn’t necessarily correspond
to big differences with respect to the Reduced order model. For this reason, when Classical
CCSC and UCM is considered, it is recommended to consider the Full order model for not
compromising the accuracy of the results.
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Figure 4.31 — Eigenvalues trajectories for SCR variation (P;. = 1pu) — Complete and reduced
MMC model with Classical CCSC and UCM

4.5 Frequency domain analysis

The impedance-based system stability studies gained a lot of popularity in the past years
[185,186]. Recent works already dealt with the impedance modeling with complete analytic
formulations of the MMC AC and DC side impedances [187,188]. However, the control strategy
adopted for the MMC was the Classical CCSC. The following comparison is carried out on the
frequency domain characteristics of the Full and Reduced order models already compared via
time-domain simulations and eigenvalues. It is important to note that this study is performed
only to give a final conclusion on the utilization of the reduced order MMC model for linear
analysis. In this section, it is proven that accurate representations can be obtained directly
from the respective LTI models (for the full and reduced order model). Also, the comparison
between the different control strategies highlighted in this Chapter allows to determine the
validity of the reduced order model for representing the complete MMC from an AC or DC
standpoint.

Firstly, it is recalled how to obtain the relation between one input and output (i.e. SISO)
from the complete state-space LTI model (i.e. MIMO). Let us consider the MIMO system from
(4.29) where s is the Laplace operator.

{ S Toys(5) = Asys Toys(5) + Biys Usys(5)

4.29
Yeya(5) = Cuya Tays(5) + Daya taa(3) (4.29)

In (4.29), the vector @y, represent the system states, and it is only considered one input sy,
and one output ys,s. The matrices Agys, Bsys, Csys and the constant Dy, are obtained from

130



the linearization of the SSTI models. Note that the operating point defined by (Zsys0, Usyso)
used for the linearization is already embedded in the matrices from (4.29). The relation between
the input wus,s and output y,,s is then obtained as:

Csys (SI - Asys)_l Bsys + Dsys (430)

From a physical perspective, if the input ug,, is the perturbation current #; and the output
Ysys 18 chosen as the DC bus voltage vg., the relation from (4.30) gives the DC impedance
Zge(s) as follows®:

Ysys(8) _ Vac(s)
Za(s) = = — (4.31)
usys(s)  ii(s)
Contrariwise, if the input s is a perturbation around the input voltage v§ and the output
Ysys is chosen as the grid current i, the relation from (4.32) gives the AC-side admittance
Y,c.a(s) as follows:

Ysys(s) _ v (s)
Yac,d(s) Usys($> ZdA($> (432)
The DC-side impedance and AC-side admittance for the LTI models (Full and Red.) are
obtained from the direct application of (4.30) or (4.32) for each model. For obtaining the
frequency responses of the EMT simulation model, the procedure detailed in [189] is used”.

4.5.1 Energy-based controller with CM

The DC side impedance Zg4.(s) is calculated for the Full and Reduced order model, and
compared in the frequency domain in Fig. 4.32 for P;. = —1 pu. As it can be seen, both results
are the same for the considered operating point (nominal ratings) and chosen controllers.
Moreover, both LTI models match very accurately with the EMT simulation, in which the 400
sub-modules per arm and associated balancing controllers are taken into account.

In Fig. 4.33, the comparison of the AC-side admittance Y, 4 is shown. In this case, a small
offset can be observed for the EMT model with respect to both LTI models. This is due to the
losses in the MMC which are not exactly the same as the LTI model. For frequencies higher
than 1 kHz, a small but noticeable discrepancy is noticed on the magnitude and phase of the
frequency response.

As it was previously discussed, the parametric sweep with respect to a variation of Py,
doesn’t cause significant shift of the eigenvalues (See Fig. 4.15). In the frequency domain, this
means that the DC-side and the AC-side admittances are not modified due to the DC operating
point change. Most importantly, the use of the Full or Reduced order model for this particular
control strategy is indistinct, i.e. same results can be obtained from both models for this type
of linear studies.

4.5.2 Classical CCSC with UCM

In Fig. 4.34, the DC side Z4.(s) impedance that results from both LTI models for P, =
—1 pu is shown. As it can be seen, the amplitude and phase of both models are very similar

6Strictly, a new current should be introduced on the DC bus independent from the DC power source to
obtain Z,4.(s). However, since the expression is linearized, perturbing the DC power source for small variations
is equivalent to a current perturbation.

"The author acknowledge Dr. Hani Saad for helping with the simulation for obtaining the EMT results.
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for frequencies lower than 20 Hz, and higher than 200 Hz. Between 20 Hz and 200 Hz, the
impedance is very different. There is a noticeable peak around 100 Hz (although, not exactly at
the same frequency), which is the frequency of the oscillations seen in the time-domain results
from Fig. 4.27 (for P;. = 1 pu) and Fig. 4.29 (for P;,. = —1 pu). However, the magnitude of
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the impedance at 100 Hz for the reduced order model is higher compared to for the full order

model.
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Figure 4.34 — DC side impedance Zz.(s) - EMT, Complete and reduced MMC model with
Classical CCSC and UCM - P;. = —1 pu

In Fig. 4.35, the comparison of the AC-side admittance Y, 4 is shown. For frequencies
higher than 500 Hz the LTI models start diverging from the EMT simulation model. This is
highly noticeable in the phase for the high frequency range (> 1 kHz).

When considering the Classical CCSC control strategy with UCM, the MMC dynamics
depends highly on the active power direction, as discussed in Section 4.4. This means that
for each active power operating point, the DC-side impedance and AC-side admittance varies
considerably. Nevertheless, for a frequency range lower than 1 kHz, the MMC-SSTT model
from Chapter 2 (i.e. Full order model) is able to reproduce the internal dynamics and AC-
and DC- port behavior of the converter. However, the Reduced order model fails to reproduce
the frequency response of the EMT model.

Once more, it is shown that it is not a good choice the use of the Reduced order model for
representing the MMC when it is controlled with Classical CCSC with UCM.

4.6 Chapter Conclusions

The development of simplified MMC models for interfacing AC and DC grids is an impor-
tant topic nowadays for the large-scale studies such as MTDC grids. However, to guarantee
the validity of results for the DC grids, the fidelity of the reduced order model should not be
compromised as little as possible. In this Chapter it was first introduced a simplified MMC
reduced order model. Then, the small-signal dynamics of the resulting systems where studied.
This task was performed for two different control strategies developed in Chapter 3.

For the analysis of MTDC grids in the following of this Thesis, two models will be adopted

with respect to the control strategy adopted in the MMC:
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o FEnergy-based controllers with CM: For this control strategy, the use of the Reduced
order model is adapted for AC and DC grids without compromising the results. As it was
introduced in Chapter 3 and formally demonstrated in this Chapter, the adoption of these
control strategies allows a perfect decoupling between the internal MMC variables. For
this reason, the Reduced order model reproduces accurately the MMC from a macroscopic

way.

e Classical CCSC with UCM: In this case, the use of the Reduced order model will
not be adopted in this Thesis. Instead, the Full order model is used. Thanks to the
adopted modeling tools, the limitations of the usage of the Reduced order model were
highlighted (also called called “Model #4: AVM of MMC?”).

Other control mixes, such as the utilization of Energy-based controllers with UCM, can
be studied with the elements provided in this Chapter. However, due to the high number of
control combinations, this Thesis will focus only on the aforementioned possibilities.
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Chapter 5

Dynamic Analysis of MMC-Based
MTDC grids for Interoperability
Studies

5.1 Introduction

In multivendor MTDC grids, it is possible that the control strategies adopted on each con-
verter station may differ. As it was studied in previous Chapters, different control techniques
result in different DC voltage dynamics. Since, as discussed in Section 1.4, the analogous
variable to the AC frequency on the DC grids is the DC voltage, the accurate control of this
variable is fundamental for the proper functioning of the grid. For exemplification purposes,
let us consider a generic four terminal MMC-based MTDC grid as depicted in Fig. 5.1. Com-
paring this scheme with the 2-level VSC-based MTDC grid from Fig. 1.27, it can be observed
that in Fig. 5.1, the DC capacitors are no longer part of the converters themselves, but from
the equivalent capacitors from the cable models (marked in blue) [176]. The aforementioned
capacitance may be more than 30 times smaller than for the case of 2-level VSC, meaning that
the voltage dynamics at each endpoint is highly volatile (see Appendix A and H).

Equivalent capacitances
from cables only

ey

|

MMC-2 IR S S MMC-4

inside the DC grid

Figure 5.1 — Four terminal MMC-based MTDC grid: Available DC measures for each converter

In MTDC grids, the power flow is driven by the different DC values at each endpoint and
the impedances of the DC grid, which depends on the DC grid scheme. If no communication
is considered between the converters, when the DC voltage in a given station is perturbed
(e.g. a change on the DC power setpoint), currents inside the grid are generated (marked
in red). The propagation of the perturbation inside the grid is not instantaneous due to the
DC grid impedances. Since the only available DC measure on the the other stations is their
respective DC voltage, the MMC should react as fast as possible to clear the perturbation.
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If the DC voltage dynamics at each endpoint are properly controlled, the risk of interactions
between stations is highly diminished. Linear analysis tools can be used to study the MTDC
dynamics but the generalization of findings and conclusions is a difficult task without taking
into account each possible configuration [190]. In this Chapter it is intended to highlight
the main key parameters of the DC grid dynamics with special focus on the DC voltage for
MMC-based MTDC grids and how the MMC could be controlled to improve the DC voltage
dynamics. Improving the behavior of the DC voltage reduces the interactions and enhances
the interoperability of different converters.

This Chapter is focused on the DC dynamics in N — 1 conditions, where heavy and abrupt
changes on the DC power flows occur [191]. This case, which may be considered as a possible
scenario, should be resolved by the converters with the measures that are available at each
endpoint. In the considered MTDC, the converters connected to onshore terminals are equipped
with droop controller to ensure a distributed control of the DC voltage at each endpoint
without relying on external communications [192]. The rest of this Chapter is organized as
follows: In Section 5.2, the modeling basis of the four-terminal MTDC grid are given: the
EMT configuration as well as the linearized L'TI model are detailed. In Section 5.3, the small-
signal analysis tools used in the rest of the Chapter are described: eigenvalue analysis and
Singular Value Decomposition (SVD). The influence of the MMC internal energy on the MTDC
dynamics is studied in Section 5.4. Two different control options for the energy management
in Energy-based controllers are presented in Section 5.5. In Section 5.6, a final time domain
simulation is performed with detailed MTDC model in EMTP-RV, contrasting the results and
validating the concepts discussed along the present Chapter.

5.2 MMC-Based MTDC modeling

5.2.1 EMT modeling of MMC-based MTDC grids

The four terminal MMC-based MTDC grid used as a benchmark for this Chapter is shown
in Fig. 5.2. This configuration is similar to the one already introduced in Section 1.4. In
the EMT Simulation model used as a reference, the MMCs are modeled with the so-called
“Model # 2: Equivalent Circuit-Based Model” (ECBM) from [111] as already performed in
the rest of this Thesis. However, the use of “Arm Averaged Models” is also a valid option for
reducing the simulation time [193].

§ P Py %
i : N Freq. dependent model VA i :
SCR=10 MMC-1 MMC-3 SCR=10
401-level ¢ 401-level
§ P2 P4
: : A VA
MMC-2 MMC-4 i
SCR=10 401-level 401-level Wind Farm

Figure 5.2 — Four terminal MMC-based MTDC grid used as a benchmark in this Chapter

Converters MMC-1, MMC-2 and MMC-3 are connected to onshore AC grids and they are
equipped with DC voltage droop controllers. Even if many different droop techniques can be
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found in the literature, the most common proportional droop control is taken into account
as discussed in Section 1.4.1. For simplicity, each AC grid is considered to be equal, with a
SCR of 10. In this Chapter, the focus is given to the DC-side interactions and not too much
emphasis on the AC-side.

The model of the Wind Farm (WF) and its associated converter (MMC-4) is modeled® as
shown in Fig. 5.3a. Note that the WF model and its power P, is modeled similarly as the “DC
side connection” from Chapter 4 [95,194]. The capacitor C, has a value of 10 uF (with the
base parameters from Appendix A, corresponds to an electrostatic constant of H., = 2.05 ms).
This value corresponds a very low level of DC energy storage, which allows to excite the
dynamics of the complete MTDC grid when the power P, is varied.

Simplified Wind Farm model
+ MMC-4

‘n4

| -
AN — Lt b f
= T wa L)dc, +

MMC-4 Iwind Farm
401-level

(a) Equivalent representation of Wind Farm and MMC-4 simplified(b) Equivalent circuit of “FD-II model” with
model for DC grid analysis 3 parallel branches

Figure 5.3 — Wind farm and cable models for EMT simulation

The DC grid is composed by four sections of cables with equal length for simplicity (70 km),
namely “C17, “C27, “C3” and “C4”. Each cable is modeled with the Frequency Dependant-PI
model (FD-II) from [195,196], which is shown in Fig. 5.3b. Modeling details and parameters
of the FD-II are detailed in Appendix H.

5.2.2 Small-Signal modeling of MMC-based MTDC grids

The small-signal model of the MTDC grid is performed following the methodology explained
in Section 1.4, where several steps are carried out [197,198]. The most important concept is that
the overall state-space representation of the MTDC system is obtained by the concatenation
of different linear sub-systems (DC grids, AC grids, MMCs and their controllers) [9,74]. The
complete system is shown in Fig. 5.5 and the main steps for obtaining the state-space linear
representation (LTI model) are discussed as follows:

1. Creation of DC grid state-space representation: The grid is formed with four
FD-IT cable models detailed in Appendix H. This model is linear by nature (only RLC
components). The capacitors of each node of connection with the MMCs are not consi-
dered in the state-space representation of the DC grid; instead, they are considered in
the modeling of the MMCs. This way, the boundary of each converter results similar as
the configurations already studied among this Thesis (e.g. in Chapter 3).

2. Creation of LTI models of Converters with DC capacitor and controllers in
linear state-space representation: The considered structure is shown in Fig. 4.2, but
in this case the DC input is a current resulting from the sum of all the currents arriving

1Strictly, the offshore MMC should be modeled similarly as the onshore MMC, and the WF model should
be feeding the AC-power: this is adopted in Journal II, but the results of this Chapter don’t lose generality.
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to the node of Point of Common Coupling on the DC side (PCC-DC). Also, note that
the considered capacitor for each MMC is the sum of all the DC cables capacitors of the
cables being connected to the PCC-DC (See Fig. 5.4). It is recalled that the adopted
MMC model depends on the control strategy considered: if the MMC is controlled with
the Classical CCSC with UCM, the full order SSTI-MMC from Chapter 2 model is
adopted. Contrariwise, if the MMC is controlled with the Energy-based controller with
CM, the reduced order SSTI-MMC model is used instead, as concluded from Chapter 4.

i cable 1

tde,n

J ’+
— e
= h —‘Tcables) (cables)

MMC-n

Figure 5.4 — Example of LTI MMCs with DC capacitor for small-signal MTDC model

3. Calculation of Operating Point: First, a DC load flow calculation is used to obtain
all the DC voltages and currents at each PCC-DC [199]. This information is used as
“known variables” for solving the non-linear equations of each MMC in a step-by-step
process. This means that the process is sequential and it is not intended to solve all the
system equations at once due to possible numerical convergence issues.

4. Concatenation of linear subsystems: Once the solutions of the operating point are
obtained, it is possible to transform the matrices of the linear systems for each component
and then combined into a single state-space global representation with the methodology
explained in Appendix B [9].

5.2.3 Time Domain Validation

In order to validate the small-signal modeling approach, time-domain simulations are per-
formed with the EMT model of the MTDC grid in EMTP-RV and the small-signal model with
Matlab/Simulink. All DC cables are considered to have an equal length (70 km each one). The
simulation case starts with a DC load flow provided in Table 5.12. This DC operating point
is independent from the control strategy adopted for the converters. At ¢t = 20 ms, a sudden
reduction of 0.1 pu of wind power production P, is simulated. In the following, the same case
scenario is carried out considering Classical CCSC, or Energy-based control strategies.

Table 5.1 — DC Load Flow for time-domain simulations — Base values: 1000 MW; 640 kV

Station Nominal power [MW] Py [pu] va [pu]

MMC-1 1200 1.1930 1
MMC-2 1000 0.4 1.0017
MMC-3 1000 -0.6  1.0041
Wind Farm 1000 -1 (P,s) 1.0053

For setting the droop parameter k4 for each controller, the methodology explained in Sec-
tion 1.4.2 is applied based on the steady-state deviation for a total loss of 1 pu of wind power

2Note that the Nominal Power of MMC-4 is 1200 MW, and the common base is chosen as 1000 MW.
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Figure 5.5 — SSTI model equations of MMC-based MTDC grid for linearization

production referred to as AP,y, which is an N — 1 condition. For an allowed £0.05 pu of DC
voltage deviation around the operating point in N — 1 conditions, the droop parameters k; are
set to 0.15 pu (see (1.57)).

Converters with Classical-CCSC

The first comparison considers that the control strategy for each MMCs is the Classical
CCSC from Section 3.2 [135]. The simulation results of the DC powers are shown in Fig. 5.6a,
which show that both modeling approach conduce to similar time-domain results. The DC
power step on P, causes an imbalance in the DC power inflow, so the MMCs equipped with
droop controller adjust their powers for achieving a new steady state condition.

Results of the DC voltage are gathered in Fig. 5.6b. As it can be seen, there is an offset on
the final value for the DC voltages due to the voltage droop controllers. Results from Fig. 5.6a
and 5.6b validate the small-signal model of the MTDC grid.

Converters with Energy-Based controllers

On this comparative study based on EMT simulation, the converters are equipped with
the Energy-based controller described in Section 3.4. The EMT model takes into account the
complete non-linear model and its controllers, while the L'TI model is formed with the Reduced
order model detailed in Chapter 4.

Simulation results of the DC powers at each endpoint are shown in Fig. 5.7a. In comparison
with previous results where Classical CCSC was considered, the DC power transient results in
less oscillations, and the steady-state condition is achieved faster. In Fig. 5.7b, the results of
the DC voltages at each endpoint are shown. Comparing with Fig. 5.6b, the voltage transients
present less oscillations, but a more pronounced peak after the simulated event is observed.
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Nevertheless, results from Fig. 5.7a and 5.7b validate the LTI model of the MTDC grid when

considering Energy-based controllers for the converters.
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5.3 MTDC Linear analysis tools

In this section, analytic tools for the validated LTI system are applied. First, a brief analysis
based on the eigenvalues of the MTDC is given. Then, the singular value decomposition method
(SVD) is used for characterizing the system.

5.3.1 Eigenvalue analysis

Converters with Classical-CCSC

In this case, the complete LTI system is represented by 70 dynamic states (19 states from
MMC-1, MMC-2 and MMC-3 and their controllers, as shown in (4.26), 1 state from MMC-4
and the Wind Farm and 3 states for each inductance of the cables). The eigenvalues of the LTI
model when considering the converters with Classical-CCSC from Section 5.2.3 are shown in
Fig. 5.8. This figure also shows the zone (marked in gray) where the damping of the eigenvalues
laying inside the region have a damping ¢ higher than 0.6 [72]. As it can be observed, many
eigenvalues are placed outside this marked zone, meaning that many poles of the system are
poorly damped. Also, several modes overlap due to the similar parameters of the converters.
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%: 1000 l oo \ \ -
g et @ 0 000 37 .ﬂ’. e
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Real
Figure 5.8 — LTI Eigenvalues - MMC equipped with Classical-CCSC

From the participation factor analysis (which is not shown since it doesn’t provide addi-
tional information), it can be observed that many poles are related to many state variables
from different converters. This coupling makes extremely difficult the proper analysis based
only on the modes and they may even lead to uncertain conclusions [85]. From Fig. 5.8, spe-
cial attention will be given to the eigenvalues As; 32, A3334, A37,38 and Ay344, since they have
participation from the DC voltage states. The selected eigenvalues are listed in Table 5.2.

Table 5.2 — DC Voltage related eigenvalues — MMOCs with Classical CCSC

A Eigenvalue Freq. | Damp. Dominant States
[Hz] | ratio (From Participation Factor analysis)
31,32 —137 £ 73162.1 503.3 0.04 izl S Vded ; Vde2 } Vdes ; Vdea § 150 5 15
A3334 | —145.5 + j4001.3 | 636.8 0.03 Too ; Vde2 ; o 5 Vdo3 ; Uol 5 bor 5 8ors Gor
| Agrss | —168.74£413989 ] 2227 | 01 | 08 o 8 W B3 0 |
| Magaa | —173.7£54900.9 | 780 | 0.03 | Vde,l 5 Vde2 ; Vde3 ; ISt ; 050 |
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Converters with Energy-based controllers

In this case, the analysis is carried out considering the Energy-based controllers, which was
validated by time-domain simulations in Fig. 5.7. The complete LTI system has 52 states
states (13 states from the reduced order models of MMC-1, MMC-2 and MMC-3 and their
controllers, as shown in (4.20), 1 state from MMC-4 and the Wind Farm and 3 states for each
inductance of the cables). Note that there are less eigenvalues than for the previous case, since
now the Reduced order model is adopted; if the full order SSTI-MMC model had been used,
the LTI would have had 136 states making difficult the linear analysis. The eigenvalues of the
LTI system are plotted in Fig. 5.9. Also, as in previous case, several eigenvalues are overlapped
due to the similar parameters used for the converters. After a participation factor analysis on
each eigenvalues, the modes that have participation of the DC bus voltages are highlighted in
blue, and listed in Table 5.3.
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Figure 5.9 — LTI Eigenvalues - MMC equipped with Energy-based controller

Table 5.3 — DC Voltage related eigenvalues — MMCs with Energy-based controllers

Ai Eigenvalue Freq. | Damp. Dominant States
[Hz] ratio | (From Participation Factor analysis)
Ag031 | —217.5 £ 53608.7 | 574.3 0.06 Vde,2 5 Vde,3
Ag233 | —218.7 £ j4572.9 727.8 0.05 Vde,1 5 Vde,2 5 Vde,3 ; izcll ; 2'512
Asa3s | —240 £ j2737.1 435.6 0.08 Vde1 5 Vded ; 150 5 157
| Ao1 | —300.8 +£,1061.9 | 169.02 | 0.27 | Vded ; 10g 5 g \

Comparing the eigenvalues from Tables 5.2 and 5.3, it can be seen that the eigenvalues
related to the DC voltage at each converter are poorly damped, and the frequency range is
between 400 Hz and 800 Hz for this particular configuration. This means that, a priori, the
choice on the MMC controller as it was presented up to this point doesn’t guarantee proper
dynamics of the DC grid: the dynamics should be improved, and the issue of surpassing the
allowed DC voltage deviation should be addressed. In the following, it is intended to explain
the origin of this poorly damped modes of the system, and most importantly try to improve
their locations for a better dynamic behavior of the MTDC grid.

The eigenvalue analysis is very powerful when the study is focused on the stability of
the system. Nevertheless, when considering large MTDC schemes the number of dynamic
states grows rapidly, and so the number of eigenvalues. For this reason, the utilization of
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participation factors or sensitivity analysis are not easy to use and obtain general conclusions
[27,85]. Moreover, those techniques are only based on the A matrix of the linearized system,
so the input-output relations of the system are not explicitly evaluated.

5.3.2 Singular Value Decomposition

For Multi-Inputs and Multi-Outputs (MIMO) systems, an useful tool is the Singular Value
Decomposition (SVD), which is equivalent to the transfer function approach from Single-Input
and Single-Output (SISO) systems [194,200]. More information about the theory behind the
SVD analysis can be found from [84]; in this Section it is only mentioned for a practical use.

SVD Theory recall

Once the linearized model is obtained, some inputs and outputs of interest are chosen. In
this case, it is chosen the power reference from the Wind Farm as input (u = P,f). The
considered outputs are the four DC voltages, s0 Y = [Vge1 Vde2 Vde3 vch]T. Then, the matrix
G(s) is created, which relates the chosen inputs and outputs [9], as shown in Fig. 5.10. Each
element of the matrix G(s) is obtained as the SISO transfer functions as shown in Section 4.5.
Of course, other options can be chosen at this step for the matrix G(s); this depends on the
desired input-output relations of interest [201].

AQ}dc,l
AUdc,2
Avge 3
Avch

u=APyf — » G(s)—> Y=

Figure 5.10 — SVD - Matrix G(s)

The gain of the system G(s) between the input signal u(w) and the output y(w) is given
by, in terms of the L? norm [9]:

ly@)ll, _ 1G@)u(@)lly _ y/ AV + Avios + Aoy + Avi,y
lu@)ll, ~ Jlw@)], APZ,

(5.1)

The singular values of the system transfer function G(jw) at the frequency w are given by:

\//\ (Jw) TG (jw)) (5.2)

where \;(+) is the i-th eigenvalue of the matrix G G. The maximum singular value 7 (G(jw))
is defined as the largest gain for the input u(w) at the pulsation w:

_ et |G (w)u(w)||,
o (G(jw)) = e e, (5.3)

The maximum allowable voltage deviation and the maximum possible power reference
change of the converters can then be represented as a gain boundary in the multi-variable
frequency response of the MTDC system. In fact, by ensuring that the maximum singular
value does not bypass the gain boundaries corresponding to the DC voltage deviation, the
linear MTDC system is assured to comply with the imposed constraint [9].
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The boundary for a maximum allowed deviation of the DC voltage of any converter of 5%
respect of a power variation of the wind farm of 1 pu (i.e. N-1 condition) is given by?:

\/Avgc 1 + AUC%C 2 + AU%C 3 + Avﬁc4 4(005)2
’ : : ‘ — 20 ].Oglo —_—

201og
v ( JAPZ, V12

Application of SVD to the MTDC with Classical CCSC

) =—20db  (5.4)

In this section, the SVD tool is used to evaluate the MTDC grid with the MMCs controlled
with Classical CCSC strategy. The first results illustrate a power variation of the WF P, ¢
from 0 pu to 1 pu, and results are shown in Fig. 5.11. Note that the boundary shifts for each
value of P, calculated with (5.3). When P, is equal to 1 pu, the limit is defined by (5.4).
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Figure 5.11 — SVD results for a sweep of the power from the Wind Farm — Onshore MMCs are
controlled with Classical CCSC' strategy

As seen on the SVD results from Fig. 5.11, it can be observed that the different values of
P,¢ don’t affect considerably the frequency response. Four different frequency ranges may be
distinguished:

1. Low frequency range — Frequency < 10" Hz This range corresponds to the steady state
deviation. Note that the droop constant used for this example is calculated for obtaining
a DC voltage deviation of 5% for a variation of 1 pu of DC power (from any converter)
with the theoretical calculation from Section 1.4.2. The SVD results for the low frequency
ranges coincide with the value calculated in (5.4).

2. Mid-low frequency range — 10'Hz < Frequency < 102Hz In this frequency range it can
be observed that the maximal gain of the system tends to become smaller. This means
that for slow changes of P, ¢, the MTDC grid will not have an important impact on the
DC bus voltages and they will be easily maintained within the desired limits.

3. Mid-high frequency range — 10°Hz < Frequency < 103Hz In this range it can be clearly
observed three resonant peaks around 220Hz, 500Hz and 780Hz correspond to the frequen-
cies of the eigenvalues A373s, A3132 and Ay344 respectively (See Fig. 5.8 and Table 5.2).

4. High-frequency range — 10° Hz <Frequency : For higher frequencies (more than 1kHz,
the system attenuates all the high frequency perturbations.

Results from Fig. 5.11 show that the system gain is below the limits only when there is
almost no power from the wind farm. For all the values of P,y the limits are violated for the

3In fact, the 5% limit is applied on Avg. (i.e. vge — v4eo) and not on the output variable vg., but in this
Chapter it is considered that the operation point for all the DC voltages are set to 1 pu for simplicity
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Mid-high frequency range. In [95] it is proposed to augment the boundary for this frequency
range as it is stated that maintaining the gain below the limits is very complicated. In [9], and
also in this report, it is chosen not to change the limit for the Mid-high frequency range.

The following test considers the variation of the droop gain for all the converters from
0.15 pu down to 0.05 pu. Results are shown in Fig. 5.12. As it can be seen, the most affected
region is the low frequency range. When the droop gain is smaller, the system gain is decreased
and that means that the voltage deviation is lower, as expected. Also, it can be seen that the
Mid and High frequency range remains unaltered with respect to the first results in Fig. 5.11.
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Figure 5.12 — SVD results for a sweep of the droop gain kg4 of the MMCs — Onshore MMCs are
controlled with Classical CCSC' strategy

Finally, the last results are based on the variation of the DC cables length from 50 km up to
300 km. Results are shown in Fig. 5.13, while maintaining the droop constant to k; = 0.15 pu.
In this case, the SVD results is highly modified in Mid to High frequency range but almost no
modification for the Low frequency range. When the DC cables are very long, the DC offset
may be violated due to the voltage drops in the cables but this can be easily compensated with
a slight modification of the droop gains k.
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Figure 5.13 — SVD results for a sweep of the cables length — Onshore MMCs are controlled
with Classical CCSC' strategy

It is important to mention that the frequencies of the peaks of the SVD results from the
Mid frequency range are modified for each different cable length. For longer cables, the peaks
are reduced in amplitude and shifted to lower frequencies. The reason is that longer cables
presents higher damping by their resistances (but increasing their inductance and capacitance
as well, changing the place of the resonances). The resonances are not only due to the DC
cables, but also on the MMC control strategy adopted as it will be shown in further sections.
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Nevertheless, for all the combinations the SVD results show that the boundaries are easily
violated for the Mid frequency range.

The obtained results for each of the variations of P,, k4 or the cable length results in
different eigenvalues for each case. For each variation, it is mandatory to check if all the
eigenvalues have a negative real part to ensure the global stability. This task is mandatory
since the SVD does not give information about the system stability. This was verified for all
the cases presented in this section, but not shown since they don’t add any further information.

Application of SVD to the MTDC with Energy-based controllers

In the following, it is considered that the MMCs are equipped with Energy-based controller
with constant energy reference. Only the SVD results for a variation on the wind power plant
and the droop parameters are shown, which are gathered in Fig. 5.14.
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Figure 5.14 — SVD results when the Onshore MMCs are controlled with Energy-based strategy
— Constant energy reference for all the MMcs

In Fig. 5.14a it is shown the results for a wind power P, from 0 to 1pu. The Low- and
High- frequency range responses are similar to the case where all MMCs are equipped with
Classical CCSC (Fig. 5.11). Nevertheless, it can be seen that the Mid-low frequency range
is not attenuated as in previous case. Moreover, the peak at 500Hz in the Mid-high range is
slightly damped as well as the other peaks. For the droop variation in Fig. 5.14b, it can be seen
that only the High-frequency range is not modified for the different gains, unlike the previous
case in Fig. 5.12 where only the Low-frequency range was modified.

These results show that when all the MMCs are being controlled with Energy-based con-
trollers with constant energy references, the dynamic behavior of the DC voltages of the MTDC
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grid are not guaranteed to remain between the boundaries of a variation of £5%. Nevertheless,
the stability is assured for all the cases considered.

In the following sections, an in-depth analysis is carried out to improve the SVD results
and hence, the dynamic behavior of the DC voltages in MMC-based MTDC grids.

5.4 Influence of MMC energy management on the dy-
namics of droop-controlled MTDC grids

As discussed in Section 1.4, the DC voltage dynamics are governed by the the energy stored
under an electrostatic form since it corresponds mainly to the energy stored in converter station
capacitors directly connected to the DC grid (as it is the case for 2-level VSCs studied in
Chapter 1). For the case of the MMC; since there is no capacitor connected directly to the DC
bus, the internal energy can be shared or not with the MTDC grid depending on the applied
control strategy. This has an important effect on the overall MTDC grid dynamics since the
available energy on the DC bus is modified [160].

For analyzing the MTDC dynamics, the simplified DC dynamics formulation relating the
stored energy of the MTDC grid and the droop constant from Section 1.4.2 is used. However,
first it is needed to adapt the formula from (1.51) for considering the MMC instead of 2-level
VSC, which are very different in terms of dynamics [9,202].

5.4.1 Participation of the internal stored energy on the DC bus
voltage dynamics

For the adaptation of the simplified formula, let us first consider the Reduced order model

developed in Chapter 4 as shown in Fig. 5.15, where the AC reactive power circuit (i.e. ¢

axis) is neglected on purpose [203]. This circuit was already validated in Chapter 4 when

using Energy-based controllers with CM, which is the main control structure for the rest of
this Chapter.

- md(’?/d(’ md'l(]d
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Figure 5.15 — Simplified MMC model — AC and DC powers distribution

The circuit in Fig. 5.15 helps to understand the power flow from DC to AC sides across
one single converter. Suppose that there is a power P, arriving at the node PCC-DC of the
studied terminal. During transients, a fraction of this power, P., goes to the capacitor Cy,,
which is the equivalent capacitor of the considered DC node. The DC power at the PCC-DC
of the MMC is named as P,.. A part of P,., namely Py, is the responsible for charging the
6 equivalent arm capacitors of the MMC, i.e. modifying the internal energy W2. The output
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AC power is P,.. For the following analysis, the instantaneous power on the inductors and the
converter losses are neglected.

The energy stored on the DC cable (W,.) depends on the power exchanged by the MMC
(Py) with the DC bus and the power flowing from the current source (F)) as expressed in (5.5).

dWse 1, dv3,
at 2 dt

The approximated dynamics of the energy stored on the MMC (WZ*) was given in (3.6), and
it is repeated in (5.6) for convenience (it is recalled that C,me = 6 X Cop). It is approximated
since the dg components of the energy are neglected at this moment.

dI/VZE 1 d(vgz)2

=FP.=F—-F,; (5.5)

dt ~ §Cmmc dt = PW ~ Pdc - Pac (56)
Re-arranging (5.6), the DC power can be expressed as in
1 d(vZ,)?
P, c = *Cmmc z Pac 5.7
e 9 i (5.7)

Replacing (5.7) into (5.5) yields:

1 dvi, 1 d (vgz )2
g Caegy 5 Cmme—,

For the case when the MMC is controlled with Classical CCSC, the internal capacitors are
charged or discharged accordingly in harmony with the DC bus (See results in Fig. 3.8b). For
this reason, it can be assumed that v3, &~ vg. [115]; and hence, (5.8) results in (5.9).

v,
dt

— P — P, (5.8)

1
Classical CCSC: = (Cy. + Crume)
2— 2

Cesy

— P - P, (5.9)

Equation (5.9) shows that the effective capacitance on the DC side Ces¢ is not only the one of
the cables, but also the internal capacitor Ci,,,. [160].

In case that the Energy-based controller with constant level of energy is considered, (5.9)
is no longer valid since the value of v5, depends on the energy reference. For this strategy, the
dedicated energy controller regulates the internal energy to a constant level (normally, 1 pu).

Assuming a perfect energy controller, it can be written that? WZE = WZE* This implies that

vE, = vat, where v3t = 1/ QWZE* /Crume, and consequently the term d(vZ,)?/dt is equal to zero.
With this considerations, (5.8) results in (5.10).
dvi, 1 d(vz

—Chrie 2 =P — P, 5.10
0t + it l ( )

1
Energy-based (constant enerqgy): 5 Cye
~—~

Cess ~

Equation (5.10) shows that the effective capacitance on the DC side C.sf is now only consid-
ering the cable capacitances.

Neglecting the inductances of the cables, the effective DC bus capacitance for the MMC-
based MTDC grid may now be written as the sum of the M cables and the N, MMCs (see
Section 1.4.2):

M Ne¢
Ceff = Z Ccable,i + Z )\Cmmc,j (511)
i=1 =

41t is recalled that Wf corresponds to the time averaged value of W2>.
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where A is 1 if the MMC is sharing the internal energy with the DC bus, or 0 if the energy is
decoupled. From (5.9) and (5.10), and taking into account (5.11), it can be written:

1 dv?
*Ce dc
2
Equation (5.12) is used for extending the simplified MTDC model already done for the

2-level VSC in Section 1.4.2, for taking into account the distinct capacitance of the grid.

—P - P, (5.12)

5.4.2 Dynamic behavior of a droop controlled MMC-based MTDC
grid
Dividing (5.12) by v4. and considering (5.11), (5.13) is obtained.
dvge P P, , ,
ZTee _ _Zec T — 1
Ceff dt Vge Ve Ymde ) (5 3)

The MMC associated with the droop controller can be represented in a circuit diagram as
shown in Fig. 5.16. The current i,,4. is the internal modulated current inside the MMC that
charges or discharges the internal capacitors.

DC Bus Simplified MMC

Pl = il ’UdcTé: I
Vde Cac . 1 Crme

Figure 5.16 — Simplified droop-controlled MMC-VSC for analysis purposes

Note that the circuit from Fig. 5.16 is fundamentally the same as the 2-level VSC [74]. The
main difference is due to the effective capacitance on the DC side. In the case of the 2-level
VSC, this physical capacitance is directly connected to the DC bus. Contrariwise, in the MMC
the effective capacitance depends on the control strategy adopted for the converter [160]. For
this reason, the simplified formulation of the MTDC grid developed in Section 1.4.2 can be
directly re-written, replacing only Cjq. by the definition in (5.11), i.e. C.sf, as shown in
(5.14):

1

%)
— kd,j Pn .
- L AP

ac,jpu

(5.14)

UdC J
A Y C
] Vdc0VdenCef f s Ude

(¥
j=1
where it is recalled that Avg, ,, represents the voltage dynamics in per-unit of a single capacitor
modeling the entire MTDC grid. Also, Ny is the amount of converters in droop control mode;
kq; is the droop constant of the converter j (in pu); vge is the initial voltage value (in V);
Uden 18 the nominal DC voltage (in V); P, ; the nominal power of the converter j and finally,
AP, ; . is the power deviation (in pu).

As already performed in Section 1.4.2, it is assumed that all droop parameters are set to
an equal value kg, and the initial value of v, is equal to its nominal value (i.e. V40 = Vgen) SO
(5.14) is simplified as follows:

kq
_ Ng *
A'UdC,pu - kg Ceff”?l APac,puj (515)
L+ N, = s
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The voltage dynamics depends not only on the droop parameter kg4, but also on the equiv-
alent capacitance of the DC grid (C.r) which depends on the MMC control strategy. This
capacitance does not affect the steady state voltage deviation.

Time Domain Comparison

For evaluating the effectiveness of the simplified formulation in (5.15), this equation is
contrasted with the results from a large-signal simulation of a power step of the Wind Farm
of 1 pu. The capacitances at stake are listed in Table 5.4.

Table 5.4 — Capacitor values of MMC and DC grid

Variable Value
C'mmc,l = Cmmc,2 = Cmmc,?) 195.31 ,UF
C’7717710,4 10 ,UF

4x Cables (70 km each)  22.61 uF

Comparison results are shown in Fig. 5.17a for when considering that the MMCs are con-
trolled with the Classical CCSC. From this comparison, it cannot be said that the simplified
formulation reproduces the DC voltage dynamics. However, there is a similarity on the trend
of the dynamics. Note that the voltage on the converter on the Wind Farm (in light gray) is
the one that falls abruptly at the moment of the applied step, while the voltage on the other
converters are maintained in between the limits of %5. For the Energy-based controllers, the
comparisons are given in Fig. 5.17b. In this case, it is clearly seen that the voltage drop is
produced abruptly for all converters due to the lower effective capacitance on the MTDC grid.
Once again, the simplified model cannot reproduce very accurately the main dynamics.

1.04 ‘ 1.04 ‘ ‘ ‘ ‘
— Vde,1 — Ude,1
— Vde,2 — Ude,2
1.02} — Vde,3 [l 1.02¢ — Ude,3
I S & Udc,4 I N Udc,4
1= e ' === Simp. | | == == === Simp. |
SW
= 098] ‘W[\/ = 098]
A y B
= 0967 \VMM&‘:&— 5 096 ‘ﬂ o ]
0.941 1 0.941
0.921 I 0ol
0.9 i i i i 0.9 i i i i
0.02 0.04 0.06 0.08 0.1 0.02 0.04 0.06 0.08 0.1
Time [3] Time [s]
(a) Classical CCSC — Cepy = 618.54 uF (b) Energy-based controllers — Cery = 32.61 uF

Figure 5.17 — Comparison of large-signal time-domain simulations of a four terminal MTDC
grid with simplified MTDC dynamics formulation from (5.15)

Even though the simplified formulation failed to reproduce the voltage dynamics accurately
for both cases, some important partial conclusions can be given. On the one hand, the Classical
CCSC presents the advantage of natural sharing of its energy with the DC bus, so the effective
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capacitance of the MTDC grid is enhanced. This “extra” stored energy on the DC side is
necessary for a proper dynamic behavior of the MTDC grid. However, the fact that the DC-side
dynamics of the MMC are not controlled causes extreme oscillations due to power variations
in the grid (concept that was heavily covered in this Thesis). On the other hand, the Energy-
based controller presents the advantage of an accurate control of the internal variables of the
MMC, making it very robust to different situations. Nevertheless, if the energy management
is considered to keep the internal energy level at a fixed value (and without any other actions),
the effective DC capacitance of the MTDC grid is heavily diminished. For this reason, the
changes on the power transfer on the DC grid will cause large variations on the DC bus voltage,
which can be very dangerous for the proper operation of the cables.

From this discussion and from a DC-side point of view, converters should provide their
internal energy to improve the DC voltage dynamics for augmenting the interoperability of
the MMCs connected to MTDC grids. This functionality can be considered as analogous to
the AC side frequency support; more synchronous machines with large inertia on their shafts
collaborate in the improvement of the frequency regulation. The same concept is needed for
the MMC-based MTDC grids.

5.5 MMC control variants for internal energy sharing
with the MTDC grid

Up to this point, it is clear that the Classical CCSC presents several limitations for MTDC
grids. Contrariwise, in the past section, the main drawback of the Energy-based controller
as it was presented in this Thesis was clearly highlighted: the internal energy of the MMC is
decoupled with the DC side. However, the fact that the internal variables can be accurately
controlled is the main advantage that can be further explored. In this Section, Energy-based
control variants are investigated to allow the internal energy of the MMC to participate in the
improvement of the DC bus voltage dynamics. The main characteristic of the Energy-based
controller is that the AC and DC powers can be controlled independently during the transients.
This degree of freedom can be used for developing control solutions for taking advantage of
the internal energy.

Let us consider again the Reduced-order model, as shown in Fig. 5.18 where now the
Energy-based controller is adopted. In this figure, the independent control of the AC and DC
powers are highlighted. The outer block, named as “Outer Loops - Energy Management” is in
charge for generating the power references P;. and Pj.. This section is focused on this block,
where different variants are presented.

5.5.1 Coupled MMC energy with DC bus: Virtual Capacitor Con-
trol

In this strategy, the Energy-based controller is slightly modified for enabling the partic-
ipation of the internal energy on the DC bus voltage dynamics. This is performed with
an appropriated modification on the energy reference which is shown in (5.16) as proposed
in [203,204]. The parameter K is referred as “Capacitor Coefficient” and it is explained later
on this Section [203].

T

1 s
W' =5 KCume (03 —v30) + Wiy (5.16)
2 ——

Virtual Capacitor
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Figure 5.18 — Simplified MMC model with Energy-based control — AC and DC powers

In (5.16), vgeo corresponds to the steady-state value of the DC voltage and ng is the desired
initial stored energy on the converter. The arm capacitors voltage reference v can be related
to the energy reference in (5.16) as in (5.17).

=%
o _ |27,
Cz —
Cmmc

—=> %
= VK (13, — v30) + TV (5.17)

Replacing (5.17) into (5.8) and taking into account a perfect energy controller where it can

be considered that vZ, = vZ:, it vields (5.18). Note that the derivatives of v, and Wy are
zero since they are set to constant values in normal operation.

1 dygc 1 d<K (Ugc _ UﬁcO) + Wf(;k)

a c o Ymme =P - Pac 1
2C'd 7 +QC 7 1 (5.18a)
1, dvi, 1 dKv?
[ Yde < *Cmmc =P - Pac 5.18b
2 Ty a (5.18)
Re-organizing (5.18b), (5.19) is obtained.
. . 1 dv?,
Virtual Capacitor: 5 (Cae + KCrume) e P—-P, (5.19)
Cerr

For the particular case where the terms v2,, and ng are neglected in (5.17), it is obtained
the same energy reference as first proposed in [176]. However, the strategy from [176] may
conduce to excessive over-voltages on the sub-modules capacitors when selecting high values of
K. This is due to the fact that the steady-state value of the arm capacitor voltages would be
VK times the DC voltage value when using the strategy from [176]. However, this drawback

is solved in [203] with the introduction of the terms v3,, and WZEJ in (5.17).
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The implementation of the Virtual Capacitor control in shown in Fig. 5.19. For improving
the tracking performance of the energy controllers, two options are envisaged: The first one
consists in the addition of a derivative term. The second option is the modification of the
controller tuning for having a faster energy response time. For this task, faster current con-
trollers are needed for avoiding interactions between the different cascaded control loops [164].
In the following examples, the derivative action is preferred to avoid modifying the controller
gains to enable a clearer comparison with the previous strategies. The gains are selected with
a trial and error methodology via time domain simulations and the values which present an
acceptable response are ky = 0.01 and Ty = ky /10. More advanced methodologies based on
the linear models can be deployed to a better tuning of this gains as proposed in [205], however
this aspect is out of the scope of this Thesis.

U:;c + 1 P;c P*
— Fa ! ac
Vdc + I
P;co I
P (or Pyo meas.)
! P(;C F E
—3% — 3% L.—.p nergy
%KCmmc (Ugc — UCQlCO) + WZO 4 Wz + WZE ._> ;lk
| ﬁ)—’?_' controller ¢
L kw*s — B
Tw s+1 W z

Figure 5.19 — Energy-based controllers with Virtual Capacitor control — See Section 3.4 for
the details for the Energy W controller

In the following sub-sections the Virtual Control strategy is evaluated via time domain
simulations, and the linear analysis tools.

Time domain simulations

For evaluating the developed strategy, the same large-signal time domain simulation as in
Section 5.2.3 is performed. The energy references for converters MMC-1, MMC-2 and MMC-3
are given by (5.16), with KK = 1.1. The droop parameters are set to kg = 0.15 pu for the three
aforementioned converters. Starting with the DC power flow given in Table 5.1, the Wind farm
is disconnected at ¢ = 20 ms. The LTI model of the MTDC is re-generated taking into account
the modification on the energy reference with (5.16). Simulation results for the DC power and
voltages are gathered in Fig. 5.20. The first observation is that the L'TT model reproduces
accurately the MTDC behavior, even if some differences are observed in the transient (note
that the applied step consist on a large-signal scenario). The DC voltages at the converters
MMC-1, MMC-2 and MMC-3 are well maintained under the %5 limits, while the MMC-4
presents several oscillations.

In Fig. 5.20c a detail of the DC powers is depicted, where it can be seen that the DC power
slope from 20 ms to 40 ms for MMC-1 is around 150 MW /ms, 340 MW /ms for MMC-2 and
335 MW /ms. This rate may be excessive for AC grids, where a maximum rate of 100 MW /ms
may be specified; however the DC grid dynamics are much faster than the AC grids, so the
rates observed in Fig. 5.20c are achievable.

Results from Fig. 5.21 gathers the time domain waveforms of the arm capacitor voltages for
the MMC-1. Also, it is shown \/I/VizE and the DC voltage value v,4. 1. Note that the steady-state
value at the beginning of the simulation are the same for all the shown signals. This is the main
difference with the energy strategy from [176]; the energy reference from (5.16) allows that the
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Figure 5.20 — Comparison of time-domain simulations of EMT and small-signal model (LTT)
of a four terminal MTDC grid - Converters are equipped with Energy-based controllers with
the Virtual Capacitor control (K = 1.1 for MMC-1, MMC-2 and MMC-3)

average value of the arm capacitor voltages remain at normal levels (e.g. 1 pu). However,
after the transient, the difference between /> and the DC voltage value v,4.; depends on

the value of K and the voltage difference v3, — v3,,. This characteristic is studied in a further
sub-section.

Linear analysis

In Fig. 5.22, the eigenvalues of the validated LTI models for the MTDC grids with con-
stant energy from Fig. 5.9 and with Virtual Capacitor control are shown. As observed, many
eigenvalues shifted their positions. The eigenvalues marked in blue corresponds to the modes
related to the DC voltages for each controls strategy from a participation factor analysis.

In Table 5.5 the eigenvalues related to the DC voltages of the converters are listed for the
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Figure 5.22 — LTI Eigenvalues - MMC equipped with Energy-based controllers with Virtual
Capacitor control or constant energy level — Eigenvalues marked in blue correspond to DC

voltage related modes

Virtual Capacitor control. As it can be noticed, these eigenvalues are not well damped as the
rest of the eigenvalues of the system (see Fig. 5.22, where the rest of eigenvalues are located in
the well damped gray zone). Comparing the DC voltage eigenvalues from Tables 5.3 and 5.5,
it can be noticed that the DC voltage for MMC-4 is now related only to the currents in the
cables. Moreover, the rest of eigenvalues are related to more than one DC voltage and always
with the DC currents (iq. = 3i>) of the converters.

Table 5.5 — DC Voltage related eigenvalues — MMCs with Virtual Capacitor control

A Eigenvalue Freq. | Damp. Dominant States
[Hz] ratio | (From Participation Factor analysis)
| Assge | —347.3+£,1815.6 | 289 | 0.19 | Vaea ; 15 5 15 \

| Aaaas | —469.9 £ 570663 | 1124.6 | 0.067 |

> . . .
251 5 Ude,l 5 Ude,2 5 Vde,3

|

1037.2

47,48
19,50

—517.3 £ j6516.6
—575.6 £ j5924.8

942.9

0.08
0.1

>

Y. ;
U925 153 5 Vde2 5 Vde,3

3. 5
Zz71 ; Ude,1 5 Ude,2

For evaluating the impact of different values for the “Capacitor Coefficient” K, in Fig. 5.23
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it is shown the SVD results for the parametric sweep of K from 1 up to 2.4 for all converters.
The impact is observed on the low-frequency range, since the virtually augmented capacitance
of the MTDC grid behaves as a low-pass filter such as a single capacitor. The voltage spike
around 290 Hz remains almost unaltered. This peak corresponds to the eigenvalue A3 36 from
Table 5.5, which it was shown that it has no participation from the other converters (only
from MMC-4, which doesn’t participate on the DC voltage control).

N\

=20 »
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g

_60 1
107! 100 10 102 103 10*
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Figure 5.23 — SVD of MTDC with Virtual Capacitor strategy — Sweep of “Capacitor Coeffi-
cient” K for MMC-1, MMC-2 and MMC-3

It seems from Fig. 5.23, that augmenting indefinitely the “Capacitor Coefficient” K improves
the MTDC dynamics. However, special attention should be given to the final value of the
stored energy (or the arm capacitor voltages) since it is possible to hit the converter limits.
This aspect is studied in the following sub-section.

Limitations of Virtual Capacitor strategy in droop-controlled MTDC grids

In [203], a theoretical analysis on the peak of the MMC internal energy W2 was given for
the case of an HVDC point-to-point scheme. Moreover, since in that configuration there is
one converter controlling exclusively the DC voltage vq4. to a fixed value (normally 1 pu), the
steady state value for the stored energy after a perturbation, presents no challenge since the
term v3, — v3,, from (5.16) is typically zero at the equilibrium.

In droop-controlled MTDC grids, the DC voltage is near the nominal value only when a
dedicated master controller sets the proper references for regulating the DC power flow [88].
Right before a power imbalance, the DC voltage experiences a deviation due to the proportional
droop controllers (see (1.51)). Consequently, for MTDC situations, and after an event, the
term v3, — v3, in (5.16) is not zero, so a deviation on the energy is expected for the steady
state condition after an event. This difference on the energy level will exist until a dedicated
master controller regulates again the stored energy.

The energy deviation Wy, after an event which causes a DC voltage change of Avy, is given
in (5.20), where vy is the DC voltage after the event and VVZE0 is the initial level of stored
energy. Note that this equation is considering only the steady state values, and not during
transients. As it can be seen, the total energy deviation is proportional to K, and depends also
on Auvg., which is defined by the droop parameters of all the converters participating on the
DC voltage regulation.

Waeo(K) = K((vaen — Avae)* = v3eg) + Wg) [pu] (5.20)

However, the information of (5.20) deals with the total stored energy of the converter,
without taking into account the physical limits of the MMC. For exemplifying this phenomenon,
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ten EMT parametric simulations are carried out where the “Capacitor Coefficient” K of the
MMC-1 is varied from 1.5 up to 2.4. With the eigenvalue analysis (not shown since it doesn’t
add more information), the stability of the MTDC grid is verified for the considered values of
K. For each simulation, the same scenario as for the large-signal simulations from Section 5.2.3
is considered: at ¢t = 20 ms, the DC power from the Wind Farm is dropped abruptly to zero.
Since the droop parameters for MMC-1, MMC-2 and MMC-3 are set to k; = 0.15 pu, the final
voltage deviation is around %5. Special attention is given to the steady-state condition after
the simulated event.

In Fig. 5.24 it is shown the steady-state results for the 10 considered cases. In this figure,
the final DC voltage is shown and its final value is 0.95 pu as expected. Also, the results for the
arm capacitor voltage v¥, from each simulation, and the modulated voltage v¥, are shown. As
expected from (5.20), when higher values of K are used, the deviation of the average value of
the energy is increased after the event, which is reflected in Fig. 5.24 as the diminution of the
average value for the arm capacitor voltage. For this case scenario, when K is higher than 2.1
the arm capacitor voltages has such a low value, that it is not possible to form the desired arm
voltage v¥  needed for the proper operation of the converter. This same phenomenon is shown
in Fig. 5.25, where the maximum value of the modulation indexes are shown for MMC-1. As

it can be seen, for higher values of K, the limit on mY,, is approached and further violated®.
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Figure 5.24 — DC Voltage v4., Arm capacitor voltage v%, and modulate voltage v¥, of MMC-1
(phase a, Upper arm) with Virtual Capacitor strategy for different values of K
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In this analysis, it was only taken into account the case where the DC voltage tends to
decrease, and so does the internal stored energy. In the other way around, if vy, increases,
special attention should be given to the maximum limit on the voltage cells of the converter as
studied in [203]. These characteristics of energy deviations, for the previous strategy and the

5More information about the HB-MMC limits is provided in Appendix E.
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Virtual Capacitor control, make the choice of K a complicated task since several limitations
should be taken into account. In the following section, a different approach for controlling the
DC bus voltage while keeping the concept of energy sharing is given, which overcomes these
limitations.

5.5.2 DC Power Derivative control

The last control option is inspired by the Virtual Synchronous Machine Inertia Emulation
concept [206], where a dedicated control with derivative action is used to mimic the behavior
of the converters such as a synchronous machine for regulating the AC frequency [207]. In this
sub-section, a similar approach as the Inertia Emulation for the AC-side, is followed for the
DC-side.

Since the Energy-based control strategy of the MMC has the ability to control independently
the AC and DC powers (to a certain extent), a different choice for the roles of each power
can be set. Up to this point, the droop controller was dedicated to act on the AC power
reference P;., while P; was formed by the energy controller and the feed-forward action P..
However, an opposite strategy is also possible, as explored in [208,209]: the energy controller
may generate the AC power reference; while the droop controller generates directly the DC
output power Pj. If a derivative term with respect to “(KCyme/2)v3.” is also added to the
DC power reference, (5.5) can be re-written as in (5.21):

_— *
§Cdc dt — B - Pdc (521&)
1, dv3, KChme dv3, . .
§Cdc d;l = B o 9 d;l - Pdroop - Pch (521b)

Re-arranging (5.21b), it yields (5.22).

2
dvi,

1
Derivative Control: 5 (Cae + KCrume) 7

= Pl - P;lk’roop - P;CO (522>

Cesy

As shown in (5.22), the effective DC bus capacitance C.fs considers Cy. and also K times
the total capacitance of the MMC. This results in the same value of C.ts as for the Virtual
Capacitor control.

The studied energy management controller in this sub-section is given in Fig. 5.26, where
the main characteristic for this case is that the generation of P, and P}, are decoupled. Also,
a derivative term for the squared value of vg4. is added to the DC power reference. Moreover,
a washout filter (Low-Pass Filter (LPF)) is added for overcoming the fast changes of the
derivative action.

*
Pch

i U?[C —> KCrQn'mc %

1

. * * *

i Yac + 1 Pdroop Pdc P*
. kg dc
' VUge

i

Figure 5.26 — Energy management controllers for droop-controlled MMC — Derivative control
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Time domain simulations

The same time domain simulation is performed for the energy management strategy from
Fig. 5.26, as in previous Section with the same simulation parameters. Results for the DC
powers are shown in Fig. 5.27a, while in Fig. 5.27b they gather the results for the DC bus
voltages. Comparing the results from Fig. 5.27 with the waveforms from previous strategy in
Fig. 5.20, it can be noticed that the DC powers behave similarly.
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Figure 5.27 — Comparison of time-domain simulations of EMT and small-signal model (LTT)
of a four terminal MTDC grid - Converters are equipped with Energy-based controllers with
the derivative control from Fig. 5.26 (K = 1.1 for MMC-1, MMC-2 and MMC-3)

Similarly as in Fig. 5.21, results from Fig. 5.28a gathers the time domain waveforms of the
arm capacitor voltages for the MMC-1. Also, it is shown \/I/VizZ and the DC voltage value v 1.
In Fig. 5.28b, the AC and DC powers form MMC-1 are shown. At ¢ = 20 ms, the wind farm
power drops from 1 pu to zero abruptly; from the MMC-1 standpoint, the converter measures
the DC voltage and reacts with the droop constant in conjunction with the derivative action
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to damp the DC voltage oscillations. This is reflected in the fast action on the DC power.
Once the DC voltage is stabilized, the DC power remains constant at the new operating point
(around ¢t = 40 ms). The energy used for supporting the DC voltage is obtained from the
arm capacitor voltages, which are discharged. From the AC standpoint, the energy controller
measures that the stored energy was perturbed, and reacts with the energy controller to restore
the nominal arm voltages levels at 1 pu with a time response of 50 ms (from the > controller).
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Figure 5.28 — Electrical waveforms for MMC-1 — FEnergy-based controllers with Derivative
control

Results from Fig. 5.28, shows that the derivative strategy from this sub-section overcomes
the drawback of the steady-state deviation of the stored energy from the Virtual Capacitor
control when used in droop-controlled MTDC grids.

Linear analysis and Comparisons with previous strategy

In Fig. 5.29, the eigenvalues from the derivative control and the Virtual Capacitor strategy
are contrasted. As observed in the figure, the eigenvalues are not the same for both strategies.
However, the same tendency is kept: the majority of modes are well damped, while four
eigenvalues are poorly damped.

After a participation factor analysis, the four poorly damped eigenvalues are found to be
related with the DC voltages. These eigenvalues are listed in Table 5.6. Comparing with the
similar eigenvalues from Table 5.5, the modes from the derivative control are farther away from
the RHP, while the natural frequencies are higher and the damping are slightly improved.

For comparing the frequency response for each strategy, in Fig. 5.30 they are contrasted
the SVD results with the Virtual Capacitor control from Section 5.5.1. For the derivative
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Table 5.6 — DC Voltage related eigenvalues — MMCs with Derivative control

A Eigenvalue Freq. | Damp. Dominant States
[Hz] ratio | (From Participation Factor analysis)
| Assg6 | —351.1+£,1825.8 | 290.6 | 0.19 | Uded s b 0 |
Asgq0 | —519.7 £ 457232.7 | 1151.1 | 0.07 021 Vde 5 Vde2 ; Vdes
A2 | —571.4 4 76698.3 | 1066.1 | 0.085 029 123 5 Vde2 ; Vdes
Mzaa | —638.6 & j6123.4 | 974.6 0.12 U515 Ydel 5 Vde2

control, the frequency response is slightly different in the Mid-low frequency range, but the
rest of the response is highly similar with the other two strategies. This means that from a

DC perspective, all the strategies discussed in this section present similar dynamics.
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Figure 5.30 — SVD comparisons of MTDC with different energy management strategies: Deriva-
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tive control (Section 5.5.2) and Virtual Capacitor control (Section 5.5.1) — K =1.1

One potential drawback of the Derivative control explored in this section deals with the
sensitivity of the derivative term on the controller respect to the noise on the measures. How-
ever, advanced filtering techniques may be applied to overcome this obstacle, which is out of

the scope of this Thesis.
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Improving DC voltage dynamics of MTDC grids with Wind Farms

For all studied cases, the DC voltage of the MMC-4 presents several oscillations. This
is observed in the marked peak at the Mid-High frequency range in the SVD results from
Fig. 5.30 around ~ 290 Hz. This peak corresponds to the uncontrolled DC voltage of the
capacitor of the wind farm (see Fig. 5.3a). Normally, if the wind farm is disconnected from
the MMC-4, the power step appears on the AC power, but from the DC grid, the converter
remains connected and the DC power cannot “disappear” (i.e. a step on P, is not realistic).
The DC power results from the internal dynamics and controllers of the MMC connected to
the wind farm. For this reason, the wind farm model and the MMC-4 are modified with the
model from Fig. 5.31, where it is introduced the parameter ¢, ., which represents the time
constant between the AC and DC powers from the simplified representation of MMC-4.

Simplified Wind Farm model + MMC-4

‘nd
L lde
. *
v
R wa dC74 Vde

Figure 5.31 — Wind Farm and MMC-4 simplified model with P, # Py,

For evaluating the impact of the time constant ¢,,; on the SVD of the MTDC grid, a
parametric sweep of ¢,,,¢ from 0 ms (pure step) to 2 ms is performed for the Derivative control
considering K coefficient of 2.4 (value unreachable for the Virtual Capacitor control). The
results are shown in Fig. 5.32. For both cases, the Low- and Mid-Low frequency range remains
unaltered respect to the different values of ¢, 5. For the Mid-High to High frequency ranges,
the systems gain is reduced when the time constant is slower as expected. The limits imposed
by (5.4) is not violated only when the response time is higher than ¢, ,; ~ 1.1 ms.
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Figure 5.32 — SVD results for a sweep of ¢, . - P,y = —1 pu with K = 2.4

For validating the results from Fig. 5.32, the same time domain simulation as in Sec-
tion 5.5.2 is performed. In this case, it is considered the simplified wind farm model and
MMC-4 with the model from Fig. 5.31 and it is considered that ¢, is equal to 1.5 ms. Re-
sults are shown in Fig. 5.33a for the DC power and Fig. 5.33b for the DC bus voltage. As it
can be observed, the voltages are maintained strictly within the acceptable limits.
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Figure 5.33 — Comparison of time-domain simulations of EMT and small-signal model (LTT)
of a four terminal MTDC grid - Converters are equipped with FEnergy-based control with
derivative action — K = 2.4 and ¢, ,y = 1.5ms

Results from Figs. 5.32 and 5.33 suggests that avoiding the abrupt changes on the DC power
in the wind farm side converter allows to maintain the DC bus voltage at the four terminals
between the desired limits. This limit can be verified with the linear model of the complete
system (MMCs and cables). This means that the converters associated to wind-farms may also
collaborate to improve the power system stability [210,211]. In the following section, a detailed
EMT simulation with realistic wind farm models and mixed controllers for the converters are
analyzed in view of studying the interoperability.

5.6 EMT Simulation results with different control strate-
gies: Interoperability analysis

For the last set of EMT simulations, it is considered that each MMC is controlled with
different strategies, as if it was a realistic multivendor case. The wind farm is modeled with
the aggregated model corresponding to full converter wind turbines (Type 4) [212]. Converter
MMC-4 is represented by a detailed MMC imposing the AC voltage at its terminals (more
details on this controller is found in Appendix F). Four different control strategies are mixed
in the same MTDC grid:

Classical CCSC: Control detailed in Section 3.2.

Constant energy: Energy-based controller # 2 from Section 3.4.
o Virtual capacitor control: Strategy from Section 5.5.1.

o Derivative control: Strategy from Section 5.5.2.
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Configuration 1

The configuration for the first subset of simulations is given in Table 5.7, where different
control strategies are adopted for each converter.

Table 5.7 — MTDC grid with different control strategies — Configuration II

Station Control Klpu] Chuime [1WF]
MMC-1  Virtual Capacitor 1.1 195.3125
MMC-2 Derivative control 2.4 195.3125

MMC-3 Constant energy Not applicable 195.3125
MMC-4 Classical CCSC  Not applicable 195.3125

From the MTDC standpoint, same converters are sharing their internal energy with the DC
grid. For anticipating the results, (1.53) is used for the calculation of the DC voltage response
time. With the information in Table 5.8, the effective DC bus capacitance for this example
can be calculated as in (5.23) (note that the MMC-3 is not sharing the internal energy).

Copp = (1.1 x 195.3125uF) + (2.4 x 195.3125,F) + 195.3125F + 22.6185uF ~ 902uF (5.23)
MMC-1 MMC-2 MMC-4 DC cables

Considering C.sr from (5.23), and taking into account that there are three converters with

droop controller (N; = 3) with gain k; = 0.15, the theoretical first order response time is given
in (5.24).

k v3 0.15 640kV)?

Togemese = 3 X Fddceff J‘_%)n" =3 x 3902MF(1GW)

The initial power flow in the MTDC grid is the same as already used in this Chapter, and
given in Table 5.1. The simulated event is the Wind Farm disconnection at ¢ = 20 ms. Results
of the AC and DC powers for each converter is shown in Fig. 5.34.

As it can be seen, the AC power F,.4 of MMC-4 drops abruptly to zero when the wind farm
is disconnected. However, the DC power P4 does not follow a pure step (as considered in the
simplified model from Fig. 5.3a); instead, the observed dynamics are due to the interactions
between its internal energy, the uncontrolled DC current and the DC grid (see Section 3.2.
For the DC power of MMC-1, MMC-2 and MMC-3 are more or less oscillatory, depending on
the adopted strategy. The oscillations on P, o are important, due to the high coefficient K
adopted (Derivative control). Also, P, 4 is also oscillatory which may be not convenient for
its respective AC grid.

Results of the DC voltages are shown in Fig. 5.35, where it is also shown the Simplified
first order dynamic model from (5.14). Results of v4. 4 are more oscillatory since the associated
converter is not actively controlling its DC power (note the oscillations on Py 4 from Fig. 5.34).
Nevertheless, the DC voltage are well maintained between their limits. It is important to note
also that the DC response time from (5.24) is verified in Fig. 5.35: Even if the simplified
model presents several assumptions (neglecting all the controllers and assuming perfect energy
controllers), the response time can be predicted accurately if the controllers are appropriately
tuned.

In Fig. 5.36, results of the stored energy of each MMC are shown. The energy levels for
MMC-2 and MMC-3 are stabilized to 1 pu since, while in MMC-3 and MMC-4 the energy levels
are given by the DC voltage at their respective terminals and the constant K (for MMC-3).

~ Hhms (5.24)
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Figure 5.35 — Simulation for interoperability analysis — Configuration I — DC Voltages
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Figure 5.36 — Simulation for interoperability analysis — Configuration I — Stored energy

Configuration II

For the second and last interoperability analysis, the configuration given in Table 5.8 is
adopted. Note that the only modification is the control swap of MMC-3 and MMC-4. In this
example, the effective DC bus capacitance remains the same as in (5.23), so the theoretical
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response time from the simplified model from (5.24) is unchanged.

Table 5.8 - MTDC grid with different control strategies — Configuration I

Station Control Klpu] Crume [10F]
MMC-1  Virtual Capacitor 1.1 195.3125
MMC-2  Derivative control 24 195.3125

MMC-3 Classical CCSC  Not applicable 195.3125
MMC-4 Constant energy Not applicable  195.3125

With the same simulated event as in Configuration I, results for the AC and DC powers
for each converter are shown in Fig. 5.37. Note that the results of Fy.4 are greatly improved
with respect to P4 in Fig. 5.34 since now MMC-4 is actively controlling the DC power. When
the wind-farm is disconnected, MMC-4 regulates its internal energy to 1 pu with the response
time given by the energy controllers (around 50 ms). Since the perturbation seen from the DC
side (given by Py.4) have smoother dynamics, the responses for the rest of the converters are
improved as well.
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Figure 5.37 — Simulation for interoperability analysis — Configuration II — AC and DC powers

Results for the DC bus voltages are shown in Fig. 5.38, where it is also shown the Simplified
first order dynamic model from (5.14). The response time is similar to the previous case, but
since the DC power P4 is not a pure step, the voltage dynamics are clearly improved.

Finally, in Fig. 5.39, results of the stored energies are shown. In this case, MMC-2 and
MMC-4 maintain their energies at 1 pu, while the others adapt their energy levels with respect
to the DC voltage.

As a final discussion, simulation results suggests that the Classical CCSC may not be a
suitable controls strategy for MTDC grids and most importantly, if a wind farm is associated
to the converter. The MMC presents outstanding potential, and controllers which do not fully
regulate their internal variables present the risk of hazardous oscillations which disturbs and
increase the interactions between converters. However, even if a converter is controlled with
the Classical CCSC, there are possibilities to improve the DC grid dynamics by the other
converters if they are properly controlled.

The DC voltage dynamics in MMC-based MTDC grids are governed by many factors.
Simulation results suggest that the droop parameter can be used effectively for setting the
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Figure 5.39 — Simulation for interoperability analysis — Configuration II — Stored energy

steady-state deviation and sharing the effort between converters, while energy management
strategies can be involved in the overall response time (by virtually changing the effective DC
grids capacitance). Only two methods for the energy management were presented, but more
advanced strategies may be developed for improving even more the MTDC dynamics, and
augmenting the interoperability between converters.

5.7 Chapter Conclusions

In this Chapter, a four-terminal MTDC based on droop-controlled MMCs was studied.
This example helped to investigate the impact of different MMC control strategies on the
overall MTDC dynamics. The objective was to identify the main key parameters that play
an important role on the grid dynamics with the usage of linear analysis tools and EMT
simulations for validating the studied concepts.

As discussed in the introduction, special attention is given to the DC voltage dynamics
since the cables are one of the most critical parts of the grid. First, it was used the MMC
controllers developed in previous Chapters: Classical CCSC and FEnergy-based controllers
(with decoupled energy with the DC bus). Once more, the Classical CCSC' strategy showed
that the voltage limits are easily violated, and the grid dynamics are very poor. However, even
if the consideration of Energy-based controllers improves partially the grid dynamics, the low
energy storage level on the DC grid is not sufficient to guarantee acceptable dynamics.
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In small MTDC grids, it may possibly be allowed to loosen the imposed limitation on the
acceptable DC voltage deviation during transients. In this Chapter, it is proven that with
appropriated MMC control strategies, the DC voltage deviations can be effectively limited
if each MMC can use its own dedicated internal energy management control strategy. The
development of different strategies are possible since the MMCs under Energy-based control
strategy have the possibility to independently control their AC and DC powers (which was
not possible with 2-level VSC). Since the DC voltage is directly linked with the DC power at
each terminal, different strategies can be employed. In this way, the internal energy of the
MMCs can be used to support the DC voltage, as if the MMC behaved as a physical capacitor
connected directly on the DC side. Most importantly, this capacitance can be even bigger than
the internal MMC capacitance.

Two different variants for using the internal energy of the MMC to collaborate on the DC
dynamics were considered: the first strategy is based on the coupling of the MMC internal
energy with the DC bus setting the internal energy reference associated to the square of the
DC voltage. Nevertheless, if a DC voltage deviation occurs (e.g. in droop-controlled MTDC
grids after a severe change on the power flow), the arm capacitor voltages may be discharged
abruptly, hitting the converter limits. The second option is based on a derivative control for
improving the DC dynamics. Since with this strategy the internal energy and the DC bus are
controlled in separated control paths, the internal energy is maintained at a nominal value at
any time. However, the real implementation of derivative controllers should be studied in detail
since they may be increase the sensitivity of the controllers (e.g. noise on the measures). It is
important to mention that many other energy management techniques may arise for improving
the DC voltage, however a main philosophy remain: the droop controller is in charge of the
DC voltage and power deviation in steady state, while an extra energy management controller
improves the DC voltage dynamics.

In terms of interoperability, this Chapter shows that the choice of the MMC controller have
an important impact on the MTDC grid dynamics. The usage of Energy-based controllers may
be preferred but smart management of the internal energy is needed. The MTDC grid is always
a weak grid in terms of stored energy, so the converters which are feeding (e.g. with offshore
wind farms) or taking power (e.g. onshore), should collaborate to strengthen the MTDC thanks
to improved dynamics.
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Chapter 6

Conclusions and Future Research

6.1 Conclusions

The integration of Multi-Terminal DC grids into the existing power networks has challenged
many aspects of the electrical engineering field. On one hand, the technology is now fully
available for HVDC projects with high power ratings. The Modular Multilevel Converter is
the most suitable topology to cope with the ambitious objectives of HVDC integration and it
is likely to be the most widely adopted topology for future projects. In the other hand, MTDC
grids are likely to be multivendor schemes, where the development of control and protection
algorithms for each converter station would be handled by each manufacturer involved in the
project and they must guarantee interoperability for each converter within the DC and AC
grids. As demonstrated in this Thesis, the possibilities for controlling the MMC are very wide,
and the dynamics of DC grids are highly impacted with respect to the control chosen for each
converter.

This Thesis aims at assessing some of the key elements for the dynamic analysis of MMC-
based MTDC grids in order to study possible interoperability issues that may arise. In the
following, the main Chapter conclusions are summarized:

1. A methodology for dynamic analysis of HVDC systems with power electronics converters
was detailed in Chapter 1. The main aspects for modeling HVDC systems with 2-level
converters were detailed. First, the simulation models are distinguished from the models
for analysis. The simulation models are detailed systems developed for Electro-Magnetic
Transient simulations (typically used in the industry). These models represent, with
high accuracy, the real behavior of the converters, but in many cases they are provided
as black-box models (as in the Best Paths DEMO # 2 project) which make the study
and categorization of the converters and controllers an impossible task (not to mention
legal consequences). The models for analysis, which are typically non-linear continuous
models represented by a subset of first order differential equations, are provided for
the mathematical analysis of the converters and their integration in AC and DC grids.
At this point, two mathematical families of models arise: The first one is referred to
as “Steady-State Time-Periodical” model (SSTP), where the state variables in steady
state have “sinus and cosines” terms in their equilibrium solution. This model is not
suitable for classical linearization for eigenvalue analysis. In the second one, referred
to as “Steady-State Time-Invariant” model (SSTI), all the state variables converge to
a fixed value when the converter reaches a given operating point. This mathematical
model can be linearized around an operating point so linear mathematical tools can be
applied for stability and dynamic analysis of the complete systems. Furthermore, the
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fundamentals of the operating principles and distributed control (droop) of MTDC grids
are discussed.

. To apply the aforementioned methodology with MMCs, a suitable non-linear continuous
mathematical model is needed, able to represent all the internal dynamics with high
accuracy, i.e. a model for analysis with SSTI representation. In Chapter 2, an in-depth
analysis on the mathematical equations of the MMC in Synchronous Rotating Reference
Frame is provided to deduce the complete SSTI MMC model. A detailed time-domain
validation is provided, which proves an excellent matching with the detailed simulation
model of the MMC.

. Once the SSTI model for analysis of the MMC is obtained, the most common control
strategies readily available are discussed in Chapter 3 for the integration of the converters
in AC and DC grids. In this Chapter, two modulation strategies are discussed: Un-
Compensated or Compensated Modulation, UCM or CM respectively. In addition, two
main control strategies arise: Classical CCSC with UCM and Energy-Based controllers
with CM. The first one is a typical control which relies on the elimination of the circulating
currents inside the converter, while controlling the AC outputs. Since the DC current
is left uncontrolled, it is shown that hazardous interactions of this current with the DC
grid may occur and destabilize the entire system depending on several aspects (as DC
grid capacitance, arm inductances or even controllers tuning). To improve the stability,
the Energy-Based controllers are presented. This strategy is based on the control of all
the internal variables of the MMC (currents and stored energies). However, it is first
needed to adapt the controllers for their proper interface with the SSTI model previously
developed. Some of the control loops are already developed in Synchronous Rotating
Reference Frame (such as the AC grid current control loops in dq frame or the classical
Circulating Current Suppressing Controller), while the others are expressed in Fixed
Reference Frame (abc) as it is the case for the energy sum and energy controllers for
internal balancing of the energies inside the converter. Mathematical manipulations are
therefore exposed to fully express all the MMC control loops in SSTI form; finally, time-
domain validations are also provided.

. To study larger systems such as MTDC grids, the complexity of each converter and their
controllers makes linear analysis difficult for interoperability studies. For this reason,
Chapter 4 deals with the application of SSTI-MMC reduced order models to interface AC
and DC grids. In this Chapter, a reduced order model that can potentially represent the
terminal behavior of the MMC is developed. Several studies are performed to contrast the
model validity when the MMC simulation model is controlled with the Classical CCSC
and UCM on one hand, or by Energy-Based controllers and CM on the other hand. It is
proven that the reduced order model can replicate accurately the behavior of the MMC
when assuming an Energy-Based controllers with CM since the modulation technique
decouples successfully the internal dynamics of the converter. This way, the un-modeled
dynamics of the reduced-order model do not participate on the terminal behavior of the
AC and DC sides under the studied cases (MMCs are under balanced AC grids and in
normal operation mode). Furthermore, it is proven that the reduced-order model fails to
represent accurately the MMC when considering the Classical CCSC with UCM. This
conclusion is in counter-phase with several studies already published where the usage of
the reduced order model was performed without a proper model validation. Consequently,
the full order SSTI-MMC model from Chapter 2 is the recommended option when the
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aforementioned control strategy is considered. For other control variants, such as the
mixing of Energy-based controllers with UCM and CCSC, the use of the reduced-order
model results in limited accuracy, since the UCM causes several internal couplings that
should be represented to ensure the validity of the involved studies.

5. In Chapter 5, the study of MMC-based MTDC grids with offshore wind farms is per-
formed in order to study the interoperability among various converters. Special focus
is given to the dynamic behavior of the DC voltage at each converter DC point of con-
nection. From the elements provided in previous Chapters, it was shown that the main
characteristic of the MMC-based MTDC grids is the potential lack of stored energy on
the DC grid which may cause hazardous oscillations on the DC voltages. For this reason,
the studies are conducted to evaluate different energy management policies, in order to
supply additional features for the DC grid and to improve the overall system dynamics.
With the proper use of the MMC internal energy on each converter, the DC voltage
behavior can be highly improved; in fact, even the response time of the entire grid can be
adjusted by these control strategies. When taking advantage of these energy management
strategies, the improvement of the DC voltage behavior at each terminal contributes to
the reduction of possible interoperability issues between the converters.

As concluding remarks, it is important to highlight that the multivendor MTDC grids are
very ambitious yet feasible layouts with respect to the control strategies. As exhibited in the
Best Paths project, anticipating interoperability issues between MMCs provided by different
HVDC suppliers is a modern concern. This Thesis is a first attempt to solve such issues from
a technical perspective, mostly focusing on various converter controls. However, the Best
Paths project also highlighted other kinds of difficulties related to the Intellectual Property,
which make it almost impossible to use the methodologies and concepts developed in this
Thesis without violating confidentiality requirement. For the development and study of future
multivendor schemes, it may be convenient to disclose some fundamental information to be
able to use at least generic models that can reproduce the behavior of the vendors’ models. In
the ideal case, the disclosure of the main control strategy applied in the MMC could maximize
the impact and validity of research studies.

6.2 Future Research

From this Thesis, various tracks may be followed to extend the studies of MMC systems
in order to interfacing AC and DC grids, as listed hereunder:

o As pointed out in the Introduction, VSCs can synthesize AC voltage waveforms, the
quality of which is particularly outstanding with the MMC. In future grids, it may happen
that HVDC converters are feeding AC loads without any synchronous machines. In that
situation, VSCs are no longer feeding the AC grid (“grid feeding” mode), but creating by
themselves the AC grid (“grid forming” mode). This means that the interoperability of
multivendor schemes with power electronic converters operating in “grid forming” mode
connected to the same AC grid should be assessed. Also, the synchronization between
the involved VSCs in this particular control mode should be studied carefully.

o Un-balanced situations on the AC grid occur regularly. In these cases, the control design,
as well as the grid synchronization techniques should be revisited. These cases were
studied in the literature for 2-level VSCs and some of them with MMCs; however the
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MMUC provides many options for control strategies as exposed in this Thesis so the most
relevant solution is yet to be investigated.

The study of AC and DC faults and how they are managed is crucial for the development
of HVDC systems. Many converter topologies are readily available with inherent fault-
blocking capabilities such as the full-bridge MMC, but also the late advances of fast DC
breakers are showing that this evolving technology may cope with DC faults. The AC and
DC faults handling with different options should be assessed to find a good compromise
between performance and cost.

If DC breakers are to be installed in HVDC systems, it obliges to check over the modeling
and control systems to take into account the new devices into the HVDC grid (e.g. large
inductances connected on the DC side are likely to impact on the DC current dynamics,
for this reason, the DC current controllers should take into account this modification).
In this Thesis it was shown that linear models can be used to represent MMCs, their
controllers and the whole DC grid. The mathematical tools used among this document are
quite popular, but sometimes it is difficult to obtain relevant conclusions from them. The
linear models developed during this Thesis may have a large number of state-variables
when considering large systems. This results in a high number of modes, making the
eigen-analysis a complicated task. Improved model order reduction techniques should be
developed for a better understanding of the interactions in HVDC grids.

For obtaining the LTI model for classical linear analysis, an SSTI-MMC model was
obtained. This SSTI model is mathematically complex as shown in Chapter 2. On
the other hand, the MMC model for analysis with LTP theory is very well-known and
relatively simple (i.e. the AAM). However, the LTP theory may be somehow complex
to be applied in large systems. It is relevant to further investigate and compare analysis
based on L'TP models and LTI to complement each other.

In Chapter 2, the 6"* harmonic components appearing in the “X” variables were con-
stantly ignored. By time domain simulations, it was shown that the amplitude of these
components are negligible with respect to their constant components. However, it should
be of interest to study if there is a case where the aforementioned 6* harmonic compo-
nents may influence in the stability of the MMC.

In the last months, impedance-based stability has become quite successful for HVDC
studies, dealing mostly with 2-level VSC converters [185]. In this Thesis, the MMC model
and control were developed in a way that the impedance expression can be obtained in a
straightforward manner. The use of impedance-based stability analysis using MMCs and
considering different control strategies may be a relevant topic of further studies. In real
projects, the specifications from the TSOs to the vendors are more likely to be expressed in
time-domain requirements; however, it may be relevant to complement this information
with detailed and determined frequency responses for the converter (i.e. imposing the
“frequency response shapes” and boundaries that the converters must comply). Moreover,
the impedance-based analysis techniques may be compatible for dealing with “black-box”
converter models, and still being able to conclude on the system stability, as recently
discussed in [213].

The coordinated control of MTDC grids is a key stone on the proper functioning of the
electrical systems. Several techniques were already developed in past years focusing on
classical 2-level VSC. The internal MMC energy management may be used for ancillary
services on DC grids (as explored in this Thesis) but also on the AC grids. Dedicated
master controllers for the alleviation of AC corridors in power systems can be achieved
by a proper management with the fast responsive MMCs.
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Nomenclature

Acronyms

. . 'E .E
Circulating Currents g, or i,g

AAM Arm Averaged Model (Model #3 in [111])
CCSC Circulating Current Suppressing Controller
CM  Compensated Modulation

ECBM Equivalent Circuit-Based Model (Model #2 in [111])
FD-II Frequency Dependent II cable model
HVDC High Voltage Direct Current

MIMO Multi Input Multi Output

MTDC Multi-Terminal DC Grid

PCC-AC Point of Common Coupling on AC side
PCC-DC Point of Common Coupling on DC side
PI Proportional-Integral controller

PID  Proportional-Integral-Derivative controller
SCR  Short-Circuit Ratio

SIMO Single Input Multi Output

SISO Single Input Single Output

SSTI Steady-State Time Invariant

SSTP Steady-State Time Periodic

TSO Transmission System Operator

UCM Un-Comensated modulation

MMC/VSC Parameters

Coy = 6Corm



Lig = Lj+ Larm/2

Lé = 2Lapm/3

R% = Ry + Rapm/2

R%  =2Rum/3

C Sub-modules capacitance

Cers Equivalent capacitance of the MTDC grid (MMC)
Contae Equivalent capacitance of the MTDC grid (2-level VSC)
Cs  DC-side capacitance of a 2-level VSC

Hg  DC-side electrostatic constant of a 2-level VSC
kqs-  DC Voltage droop parameter in SI

kq DC Voltage droop parameter in PU

Lyrm Arm inductor

Ly  AC filter inductor

N Number of submodules within an arm

Ryrm  Arm series equivalent resistance

Ry AC filter resistance

S; Switch in a submodule, lower switch Sy; upper switch S5

Carm = C/N

Vectors

A A T=A =A T . A s

W =W, , W, ,W_] - Filtered value of the energy “A” in abc frame

=A A A AL . N
Wage =Wy, W, ,W_] - Filtered value of the energy “X” in dqz frame

—=A N, g, — - . A
Wawz =Wa , W, Wy, WZq] - Filtered value of the energy “A” in dqZ frame

E —
abc —

— sy —5% —x.T
w [Wf, Wf, WCE} - Filtered value of the energy “¥X” in abc frame

- R R i
Wiqz = [W?, W?, WZE] - Filtered value of the energy “X” in dgz frame

i = [z’aA,z’bA,z'A]T - Grid currents “A” in abc frame
5. = [i§,i5, izA]T - Grid currents “A” in dgz frame
5. = [i2i7, ZCE]T - Common mode currents in the MMC in abc frame
Q. = il z?]T - Common mode currents in the MMC in dqz frame

ii



WE

abc

= [m?

A
mey,my ,m

A

: ]T - Modulation indexes “A” in abc frame

T o :
= [m&,m%,m2] - Modulation indexes “A” in dgz frame

- [mﬁ,m

T o .
&,mz,,mz ] - Modulation indexes “A” in dqZ frame
d q

T . :
= [mZ, mZ, m¥] - Modulation indexes “¥” in abc frame

T . .
= [my,m;,m>] - Modulation indexes “¥” in dgz frame

T : .
= [v8,,v&,,v58.] - Arm capacitor voltages “A” in abc frame

A A AT . WA -
= [vgy, vE,; ve.] - Arm capacitor voltages “A” in dqz frame

= [vA

b X

A

A A 1T : CAD
Ca» Vo V07, VCz,] - Arm capacitor voltages “A” in dqZ frame

_ T : g s
= (VG4 Ven, VGe) - Arm capacitor voltages “¥” in abc frame

- [Ugdv Ug

= [7}57057

” UEZ]T - Arm capacitor voltages “¥” in dqz frame
UZG]T - AC grid voltages in dgz frame

=[5 g Vg Uﬁz]T - Modulated voltages driving “A” in dgz frame

= [V5d: Vings Uz, vﬁbzq]T - Modulated voltages “A” in dgZ frame
= [vZ v, UTEHC]T - Modulated voltages driving “X” currents in abc frame

3

= [Vgs Vg vnElZ]T - Modulated voltages “¥” in dqZ frame

= [WA WA, WA]T - Energy “A” in abc frame

:[WdAawfasz

= (W3, W, Wa, w2

]T - Energy “A” in dqz frame
]T - Energy “A” in dqZ frame

= (W= WgE, WCZ}T - Energy “¥” in abc frame

Wffqz = W7, Wy, WZZ]T - Energy “¥” in dqz frame

= W?d cos(3w) + Wﬁq sin(3w) - Zero-sequence filtered energy “A”

=i> 4+ i +i> = 3i> - DC current

- AC line current of the phase j

= (i +1)/2 - Common-mode current of the phase j

Variables

W

Z'dc

i = =ik
A Eigenvalue ¢
mf = m%d cos

(Bw) + m%q sin(3w) - Zero-sequence modulation index “A”
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I

~ ~.
3=

. .

Tvqe

R =
IS
=)

3

AC grid angular frequency

= (Ugj - Ué‘j)/2

— A A : : WA
= Vg, cos(3w) + gy, sin(3w) - Zero-sequence arm capacitors “A

= (Ugj + Uéj)/z

= (—vl; +vk;)/2 - Modulated voltage of the phase j driving i

= vﬁzd cos(3w) + vﬁzq sin(3w) - Zero-sequence modulated voltage“A”
= (vl); +v};)/2 - Modulated voltage of the phase j driving 7

= Carm((vgj)Q - (Uéj)2)/2

= W, cos(3w) + Wg‘q sin(3w) - Zero-sequence energy“A”

= Corn((09)? + (v5,)2)/2

Modulated current of the lower arm of the phase j

Modulated current of the upper arm of the phase j

Arm current of the upper arm of the phase j

Arm current of the upper arm of the phase j

Nominal DC current

Nominal AC current in dq frame

=1,2,3,4 - VSC index (Chapter 1)

= a, b, ¢ - Phase name

Modulation index of the upper arm of the phase j (between 0 and 1)
Modulation index of the upper arm of the phase j (between 0 and 1)
Nominal AC and DC power

Modulated voltage of the lower arm of the phase j

Modulated voltage of the upper arm of the phase j

Nominal DC bus voltage

Nominal AC voltage in dq frame

Capacitor voltage of the submodule ¢

DC bus voltage

AC phase voltage of the phase j
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Appendix A

Parameters and Transformations

A.1 Parameters of 2-level Voltage Source Converters

The main parameters used for the 2-level VSC are shown in Tables A.1 and A.2.

Table A.1 — VSC Base values Table A.2 — VSC Parameters
S, 1x10° VA U 320kV  R% 1.02 Q
cos(¢y,) 1 fo 50Hz L% 83.12mH

Pb 1 x 109 W
U, 320 x10°V

Vi Le v
£ 50 Hz

Q,  2mfy, rad/s
Vdcb 640 x 103 \Y%

A.2 Parameters of Modular Multilevel Converters

The main parameters used for the MMCs are shown in Tables A.3 and A 4.

Table A.3 — MMC Base values Table A.4 — MMC Parameters
Sy 1x 10° VA Uin 320 kV Rf 0.521 2
cos(¢y,) 1 fn 50 Hz Ly 58.7mH
B, 1x10°W N 400 R, 1.024 Q
U, 320 x10°V Corm 3255 uF' Ly 48 mH
Vi Uy v
fo 50 Hz

Q,  2mf, rad/s
Vdcb 640 x 103 A%

Note that the parameters Ry and Lg; used for the MMC are the same to their homologous
parameters from Table A.2, which are calculated as Rg; = R+ Ropm/2 and LS = L+ Loym/2).
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A.3 Parameters for AC grid

The Short-Circuit Ratio is defined as the ratio of the fault level at the Point of Common
Coupling on the AC side (PCC-AC), S, and the nominal power of the VSC S:

SSC
Sh
Given the approximate fault level of the network feeder at the connection point (or point of

common coupling), the impedance, resistance and reactance of the network feeder is calculated
as follows [214]:

SCR =

(A1)

Z, = ‘;U” (A.2a)
Z
RC = =22 A.2b
V1+ k2 (A20)
X
X, =kR% LY = 27”’; (A.2¢)

where Z, is the impedance of the network feeder (in 2); R® is the resistance of the network
feeder (in ); X, is the reactance of the network feeder (in Q); LY the inductance (in H); U,
is the nominal line-to-line voltage at the point of common-coupling (PCC) (in V); S is the
fault level of the network feeder (VA); ¢ is a voltage factor which accounts for the maximum
system voltage (1.05 for voltages < 1 kV, and 1.1 for voltages > 1 kV; in this thesis ¢ = 1)
and k is the ratio of X,/R¢ (in pu).

A.4 Park Transformation — abc to dgz

The Park transformation consists in using a new coordinates to express the three-phase
variables in the static reference frame abc with angular frequency defined by nw into the
rotating frame defined by the axes dgz [215]. The d axis forms an angle § = nwt with respect
to the fixed vector a and the quadrature axis ¢ is delayed by 90°. The dgq axes rotate at an
angular speed nw. This is shown in a graphical description in Fig. A.1.

a

A
d

nw/ 0 .

b c

Figure A.1 — Transformation from abc to dgz in a graphical way

The mathematical transformation P,, is defined in (A.3). The constant p will take the
value 2/3 if it’s desired to maintain the amplitude of the vectors after the transformation
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(the so-called “Amplitude Invariant Park Transformation”). If the constant p takes the value
\/2/3, the power is maintained in abc and dgz frame (the so-called “Power Invariant Park
Transformation”).

cos(nwt) cos(nwt — 21)  cos(nwt — )
P, =p| sin(nwt) sin(nwt — 2°)  sin(nwt — ) (A.3)
% % %
A.5 Clarke Transformation — abc to afz

Another useful transformation widely used in electrical systems is the Clarke transformation
[216]. This mathematical transformation projects the three-phase vectors in abc frame displaced
120° from each other, onto two stationary axes namely «, which are displaced by 90° from
each other. The third axis, namely z, is the same as for the Park transformation. This
transformation shown in a graphical description in Fig. A.2.

a
A
oA

120°

30°

b c

Figure A.2 — Transformation from abc to a8z in a graphical way

The mathematical transformation Cl,p. is defined in (A.4). Similarly as for the Park trans-
formation, the constant p will take the value 2/3 if it’s desired to maintain the amplitude of the
vectors after the transformation (the so-called “Amplitude Invariant Clarke Transformation”).
If the constant p takes the value \/2/73, the power is maintained in abc and a3z frame (the
so-called “Power Invariant Clarke Transformation”).

=

i O =
N | =
[CIRNN
[
w\»—w‘g |
L =

Caﬂz =P (A4)
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Appendix B

Mathematical Proofs and Tools

B.1 Open-loop control for 2-level VSC

In this section it is demonstrated the Open-loop relations from (B.5) in Chapter 1. Con-
sidering an AC balanced grid, the dgz components of the voltages are given as:

v§ V& 9% cos(wt) ¢
VG, = s =P, |vf| = P, |9 cos(wt —2m/3)| = | 0 (B.1)
wo] e g | Lo

Assuming a perfect synchronization with the grid (i.e. w is constant, or perfectly estimated),
the current references i$* and i G are related to the the active and reactive power references
P and Q. as shown in (B.2).

* *
,ZG*_gPac, iG*:gQac
L T -

(B.2)

Taking into account the current references from (B.2) in dg frame, the abc components are
obtained by the multiplication of the inverse of the Park’s transformation P! to the vector

Gy, = [i§*,i5*,0]T as shown in (B.3).
abc =P, 17’¢(i;q*z (Bg)
Finally, the voltages v, ;. are given by the resolution of the equations (1.4) as follows:
ac de* ac G*
v, = vl + L —+— I + Ry iq (B.4a)
dZG*
* e b Rac G B.4b
Ump = Ub eq dt ( )
U:nc = _U;:Ia - U:nb <B4C)
The results of (B.4) are given in (B.5).
2
v =Y cos(wt) e (wLZ(‘; (Q* cos(wt) — P* sin(wt))) + ... (B.5a)

2
30¢
( Lgg (Q cos(wt — 2m/3) — P* sin(wt — 27r/3))) + ... (B.5b)

(quc (P* cos(wt) + Q" sin(wt)))

vr, = 0 cos(wt — 2m/3) +

*cos(wt — 27/3) + Q" sin(wt — 27?/3)))
V==t — v, (B.5c¢)
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B.2 Concatenation of LTI models: State-Space Associ-
ation Theoretical Principle

In this section, the theoretical principle for the association of two LTI models is provided.
Through this Thesis, the concatenation of bigger systems is always performed first between
two LTT models, and the resulting coupled model is then associated with a third one, and so
on. The contents of this section were developed in [9].

Let us consider two independent LTI models expressed in (B.6) and (B.7) which may be
linked by a certain input and output relationship:

d d
—I = Alzcl + B1u1 — L2 = AZCL'Z + B2u2
dt (B.6) dt (B.7)

y1 = Ciz1 + Diuy Y2 = Cox2 + Dyus

The LTI model “1” (“2”) have ny (ng) states forming the vector @y (x3), m; (msg) inputs
gathered in the vector uy (u2) and p; (ps) outputs on the vector y; (y2). The LTI model is
then completed with the ny X n; matrix A; (ns X ng matrix As), ny X m; matrix By (ng X mg
matrix Bs); p1 X ny matrix C7 (pe X np matrix Cs) and p; X my matrix D; (py X my matrix
D).

The Step # 1 is to consider the “stack” of both sub-systems represented by their state-space
models without taking into account any possible feedback between the inputs and the outputs
between them, i.e. a sort of open-loop (ol):

d
7Xol = AolXol + Boonl
dt (B.8)
Yo = CuXo + DyUgy
where
Xol = [zj e RUmHmXl U, = [Z: e Rimtmld y, — [Z: € RPrFp2)x1,
and,
_ A O (n1+n2) X (n1+n2). _ B, 0 (n1+n2)x(mi+ma).
Aol—[o A, eR : By = 0 B, eR ;
_ Ci 0 (p1+p2)x(n1+n2). _ D, © (p1+p2)x(m1+m2)
Col—[() C, eR ;Dol— 0 D, eR

The Step # 1 is exemplified in Fig. B.1

u1,1 LTI del 1 Y11 Uil Yi,1
u1,2 mode Y1,2 U1,2 LTI open-loop |y
o d I Era—— .
Uy H ZwT1=A1x1+Biui . Y1 uy . H Y1
. It . . L4
U = U
1,my ) y1=Cirx1+Diu1| Y1,p, 1,my %Xol:AolXol +.. Yi,p1
ol . +BoiUqt Yo
U U 1
21 LTI model 2 REE N 21 ) Yu=CuXot .. [J2L o
u2,2 Y2,2 u2,2 + DU, Y2,2
. d ﬁ < olUol ﬁ
U2 : 5 T2=A2x2+Bau2 : Y2 Uz : : Y2
U2 me. y2=Cax2+Dauz| Y2 p, U2,my Y22

Figure B.1 — Concatenation of LTI models: Step # 1
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The Step # 2 is to assume that some inputs of the system are connected to some of the
outputs (closed-loop, cl). Those inputs are considered as internal inputs denoted by Uy, while
the inputs that are not connected to any output are considered as external inputs, denoted by
Uecze- In this way, the inputs of the “stacked” LTI model are re-ordered as shown in (B.9).
This step is shown in Fig. B.2.

<
<

u1,1 Y11

Internal inputs Ujnt L Upo LTT open-loop |2

i 2, 2

ul,ml iX —A_ X, de yl,pl
g X = Aot Xop + . TP

V ) .. +BoUol

External inputs Uezt Z >U‘2—1> Yoi=Co Xor ... | Y21

\Q 1'1242.> . + DoiUg; y242.>

<
<

Figure B.2 — Concatenation of LTI models: Step # 2

(,)l - Uint + Uemt (Bg)
The expressions of Uy,; and U, are given by:
Uint - Mint 1/;)l; Uemt - Memt Uol

The matrix M., also called interconnection matriz, relates certain outputs of the open-loop
LTI model Y,; which are linked internally with certain inputs. On the contrary, the matrix
M., relates the inputs of the open-loop LTI model U, which are not looped back into the
“stacked” LTI model, i.e. they are external inputs. The creation of the matrices M;,; and
M,.; can be performed with a Matlab routine based on the identification of the output names
of looped back variables as in [9].

The relationship between the inputs U, and the outputs Y, can then be expressed by:

(l)l = Mint Y;l + Memt Uol (B]_O)
Replacing the new expression of U}, given in (B.10) into U, from (B.8) yields:
d
7Xol - Aol Xol + Bol (Mint }Iol + Mewt Uol)
dt (B.11)

1fol == C’ol)(ol + Dol (Mznt Yol + Meact Uol)

The expression from (B.2) can be further developed. The term By (Mint Yo + Meat Uor)
from the first line (i.e. dX,/dt) is expanded. For the second line, it can be noticed that Yy,
appears on both sides of the equation in the second line, so the outputs are grouped to obtain:

d
7Xol - Aol Xol + Bol Mint Yol + Bol Mecct Uol
dt (B.12)

}/:)l = (I - Dol Mint)il (Col Xol + Dol Mewt Uol)

Defining the matrix Ey, < (I — Dy Miy,:) ™!, the output is then expressed as Yy = EyCoi X o1 +
E,D,M.,..Uy; so replacing the new expression of Y into the first line of (B.12), it yields:

d
7X0l = (Aol + Bol Mint Eol Col) Xol + (Bol + Bol Mint Eol Dol) Memt Uol
dt (B.13)

Y:)l = Eol Col Xol + Eol Dol Memt Uol
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The Step # 3 consist in creating the closed-loop state-space LTI model from (B.13) expressed

as:
d
7Xcl = Acl-Xcl + Bcl-Ucl
dt (B.14)

Y.=Cu,uXq+ Dy Uyg

Hence, by identification, and according to (B.14), the matrices of the closed-loop state-space
representation are given by:

Xcl - Xol
Ucl - Uemt - Memt Uol (B15)
Yo=Yy

and
Acl - (Aol + Bol Mint Eol Col)

Bcl - (Bol + Bol Mint Eol Dol)
Ccl - Eol Col
Dcl = Eol Dol

(B.16)

The Step # 3 is shown in Fig. B.3. Note that the states of the concatenated LTI model
X are the sum of the states of the individual models and the same stands for the outputs
Y,:. Moreover, the inputs of the new system are only the “external” ones, i.e. the inputs that
are not internally fed back.

Yi,1
LTI closed-loop |y
, >
. Y1
Uel,1 iX —ALX + Y1,p1
ucl,? dat cl — cl cl s —————P
Ucl : . +BoaUq Ycl
ucl'l.n . Ycl:Cchcl+-~- L
4 DaUa (22 ”
H 2
Y2.ps >

Figure B.3 — Concatenation of LTI models: Step # 3
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Appendix C

Controller Tuning

There are many ways for the tuning of PI controllers [205,217,218]. In this Thesis, the
classical pole-placement method is used, and explained in the following. Let us consider a
first-order transfer function given by (C.1):

Ls) = = (1)

u RS

where x corresponds to the dynamic state of the equation and u the input, which are assumed
to be both SSTI variables. Moreover, k represents the main parameter of the system (not
tunable). For controlling the state variable x to a desired reference value z*, a PI or IP
controller may be used, as shown in Fig. C.1.

r IP controller

PI controller

Figure C.1 — Generic PI/IP controller and first order plant

Note that the output of the controllers is noted as u*, and the actual input for the plant is
u* 4 r, where r represents an external perturbation. For tuning purposes, it is considered that
u=u".

The closed loop transfer function respect to the reference z* for the PI controller and the
plant (i.e. 2*/z(s)) is given in (C.2), while in (C.3) it is considered the IP controller.

x* 1+ K;ﬂms

L= C.2
x (s) KTPs? + KiTPs + 1 (€:2)
x* 1

2 (s) = C.3
x (5) KT7Fs?* + KiTPs + 1 (C3)

Note that the denominator of (C.2) and (C.3) are the same, the only difference is that the PI
controller induces a zero on the numerator, which is not present when using IP controllers.

The gains K and T}" are calculated based on pole-placement method, where the denom-
inators of (C.2) and (C.3) are compared to the well-known second-order transfer function
characteristics given as follows:

. 1 2
T2 dorder — 2 S 1 CA4
f W%S + wnS + ( )
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where ( is the damping ratio and w, is the undamped natural frequency (in rad/s) of the
system response. The controller gains are then chosen as follows:

KJ = 2Cwk
{W=UM@ (©5)

The poles of (C.4) are given by:

Mo = wn (—g + \/@7—1> (C.6)

For a damping ratio ( = 0.7, the response time 7, is related with the frequency w, as in
(C.7) [9]. ;

Wy R — C.7

= (1

As an example, let us consider the plant from (C.2) with x = 1 pu for a time domain

simulation, where the response of the closed-loops from Fig. C.1 are evaluated. The rest of the

parameters are given in Table C.1. At ¢t = 0.1 s, an unity step on x* is applied. Then, a step

on the perturbation r is applied at ¢ = 0.14 s. The time-domain simulation results are depicted

in Fig. C.2.

Table C.1 — Example on controller tuning for the transfer function in (C.2) with x = 1 pu

Variable Value Variable Value
T 10 ms Ky 420 pu
wy, 300 rad/s TF 1.11x107°s
1.2F /\\ T I P ——

1 / S § e e — 1 (PI) |
08k - x (IP)
& 06
04l

0.2
0 I L \ I I \
0.09 0.1 0.11 0.12 0.13 0.14 0.15 0.16 0.17

Time [s]

Figure C.2 — Dynamic response of the closed-loop system with PI or IP controllers (red band
delimits the +5 % of the applied step value)

As seen in the results, the response for the PI presents a large overshoot due to the zero
in (C.2). Since this zero is filtered when using the IP (see (C.3)) this overshoot is limited.
The theoretical response time 7, is the time that the variable z takes to arrive at 95 % of
its final value as denoted in Fig. C.2. Note that the response time 7, is only respected when
considering the IP controller for a reference step. When the perturbation r occurs at t = 0.14 s,
both closed loops systems present the same dynamic response. This is due to the fact that
the denominators in (C.2) and (C.3) are the same. From a practical point of view, the PI
controllers are preferred [140]. The overshoot for the reference steps are easily avoided by
filtering the reference z*.

Finally, note that the methodology is similar for all control loops: it is only needed to
take into account the variable x from (C.1). For example, k is replaced by the inductance L,
capacitance C' or electrostatic constant H, depending on the nature of the state variable x.
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Appendix D
Matlab code for SSTI-MMC model

This Appendix summarizes the Matlab code used for obtaining the MMC model with
Steady-State Time Invariant solution detailed in Chapter 2. In order to execute this code,
the Symbolic toolbox from Matlab is needed.

Symbolic parameters definitions

%% Parameters

-

AC Grid frequency in [rad/s] (w)
Time in [s] (¢)

= sym('w', 'real');
sym('t', 'real');

=

MMC Physical parameters

|l

Carm = sym('Carm', 'real');

) Equivalent Arm capacitor voltages (Cguprm)
sym('Larm', 'real');
)

Arm inductance (meﬂ

© o] ~ (=2} ot - w V)
o\
o

Larm

o° o° o o° oo

10 Rarm = sym('Rarm', 'real'); Arm equivalent resistance (Rarm)
11 Legac = sym('Legac', 'real'); AC equivalent inductance (L%)
12 Regac = sym('Regac', 'real'); AC equivalent resistance (RQD

Symbolic transformations definitions

13 %% Park Transformations

14 cte_Park = (2/3); % Park constant

15

16 Parkw = ... % Park transformation at w (P,)

17 (cte_Park*[ cos(wxt) cos (wxt—-2%pi/3) cos(wxt—-4*pi/3);
18 sin(wxt) sin(w*xt—-2+pi/3) sin(wxt-4xpi/3);
19 1/2 1/2 1/2 1)

20
21 ParkInvw = simplify (inv (Parkw),10); % Inverse Park transformation at w (P:U
22 Jw = simplify (Parkw* (diff (ParkInvw, t))); % Coupling J (Ju)

23

24 Park2w = ... % Park transformation at -2w (P.,,)

25 (cte_Parkx[ cos(-2xwxt) cos(-2+w*t—-2%pi/3) cos(-2+w*xt—-4*pi/3);

26 sin(=2xw*t) sin (-2 wxt-2%pi/3) sin(-2+wxt—-4%pi/3);

27 1/2 1/2 1/2 1)

28

29 ParkInv2w = simplify (inv (Park2w),10); % Inverse Park transformation (Ifl)

2w
s0 J2w = simplify (Park2wx (diff (ParkInv2w, t))); % Coupling (J.,,)

31

xxxi




32 % Transformation 3w

33 T3w = [ cos(3*xwxt) sin (3xwxt) ;

34 sin (3*«wxt) —-cos(3xwxt)]; % Rotation matrix at 3w (T3,)

35

36 TInv3w = simplify (inv(T3w),10); % Inverse rotation matrix at 3w (Igi)

37 J3w = simplify (T3w* (diff (TInv3w, t))); % Coupling J3w (J3u.)

MMC symbolic variables definitions

38 %% Variable definitions: MMC Control Inputs
39

10 mSigmad = sym('mSigmad','real'); % (m7)

41 mSigmag = sym('mSigmag','real'); % (m>)

42 mSigmaz = sym('mSigmaz','real'); % Oné)

43

44 mSigmadqz = [mSigmad mSigmag mSigmaz]'; % Ungp)

45

46 mDeltad = sym('mDeltad', 'real'); % Un§)

47 mDeltaq = sym('mDeltaqg','real'); % (m5)

48 mDeltaz = sym('mDeltaz', 'real'); % Oné)

19 mDeltaZd = sym('mDeltazd', 'real'); % Un%)

50 mDeltaZq = sym('mDeltazqg', 'real'); % (nﬁi)

51

52 mDeltadgz = [mDeltad mDeltaq mDeltaZdxcos (3xwxt)+mDeltaZg*xsin (3*xwxt)]'; %
(ma )

53 mDeltadgZdZg = [mDeltad mDeltaqg mDeltaZd mDeltaZgl'; % (nﬁ%z)

54

55 %% Variable definitions: MMC Currents

56

57 % Grid currents

58 iDeltad = sym('iDeltad','real'); % (i)

59 iDeltaq = sym('iDeltaq', 'real'); % (i%)

60 iDeltaz = sym('iDeltaz',6 'real'); % (i2)

61

62 iDeltadgz = [iDeltad iDeltaqg iDeltaz]'; $% (iﬁu)

63

64 % Common-mode currents (or circulating currents)
65 iSigmad = sym('iSigmad', 'real'); (i%)

66 iSigmag = sym('iSigmaq', 'real'); (i>)

67 1Sigmaz = sym('iSigmaz', 'real'); @%)
68

69 iSigmadgz = [iSigmad iSigmag iSigmaz]l'; % (2
70

71 %% Variable definitions: MMC Capacitor voltages
72

73 % vC SUM

74 vCSigmad sym('vCSigmad', 'real');
75 vCSigmag = sym('vCSigmaqg', 'real');
sym('vCSigmaz', 'real');

o o o
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76 vCSigmaz
7

78 vCSigmadgz = [vCSigmad vCSigmag vCSigmaz]'; % (vgdqz)
79

80 % vC DELTA

81 vCDeltad = sym('vCDeltad',6 'real');
82 vCDeltag sym('vCDheltaqg', 'real');
83 vCDeltaz = sym('vCDeltaz', 'real');

o oo oe
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‘84 vCDeltaZd
‘85 vCDeltaZq

sym('vCDheltazd', 'real');
sym('vCDheltazqg', 'real');

g7 vCDeltadqz = [vCDeltad vCDeltaq vCDeltaz]'; % (vé%qz)
‘88 vCDeltadgZdZg = [vCDeltad vCDeltaqg vCDeltaZd vCDeltaZqgl'; % (Uéqu)

Voltage sum SSTI dynamics derivation from Section 2.4.2

8 %% Arm capacitor voltages SUM (v3)

90

91 %Part B (®%)

92 PartSigmaB = ..
simplify (Park2w+* ( (ParkInvwxmDeltadqz) .* (ParkInvwx ((1/2) «iDeltadqgz))),

93 EgsPartSigmaB = collect (PartSigmaB, iDeltadqgz);

94 MatPartSigmaB = jacobian (EgsPartSigmaB, iDeltadqgz);

95 MatPartSigmaBSimp = subs(simplify (expand (MatPartSigmaB)), [cos (6xt*w)
sin(6xtxw)], [0 0]); % Neglect 6w terms

96

97 % Part C (®Z)

98 PartSigmaC = ..
simplify (Park2wx ( (ParkInv2w+mSigmadqgz) .* (ParkInv2wxiSigmadqgz)), 10);

99 EgsPartSigmaC = collect (PartSigmaC, iSigmadqgz) ;

100 MatPartSigmaC = jacobian (EgsPartSigmaC, iSigmadqgz) ;

101 MatPartSigmaCSimp = subs (simplify (expand (MatPartSigmaC)), [cos (6*t*w)
sin(6xtxw)], [0 0]); % Neglect 6w terms

102

103 $ Part A = B + C (®% =®F + ®2)

104

105 dvCSigmadgz_dt = simplify ((1/(2+Carm)) * (MatPartSigmaBSimp+*[iDeltad
iDeltag 0]' + MatPartSigmaCSimpxiSigmadgz - 2xCarmxJ2wxvCSigmadqz)) ;
(dvgdqz/dt from (2.47))

o
°

10);

Voltage difference SSTI dynamics derivation from Section 2.4.1

106 %% Arm capacitor voltages DELTA (v3)

107

108 $Part B (®5)

109 PartDeltaB = simplify(
Parkw* ( (ParkInv2wxmSigmadqz) . * (ParkInvwx ( (1/2) «iDeltadqgz))), 10);

110 EgsPartDeltaB = collect (PartDeltaB, iDeltadqgz);

111 MatPartDeltaB = jacobian (EgsPartDeltaB, iDeltadgz);

112 MatPartDeltaBSimp = subs(simplify (MatPartDeltaB), [cos(6*xt*w)
sin(6xtxw)], [0 0]);

113

14 $Part C (®§)

115 PartDeltaC = simplify(
Parkwx ( (ParkInvwxmDeltadqgz) .* (ParkInv2w+xiSigmadqgz)), 10);

116 EgsPartDeltaC = collect (PartDeltaC, iSigmadqgz);

117 MatPartDeltaC = jacobian (EgsPartDeltaC, iSigmadgz);

118 MatPartDeltaCSimp = subs(simplify (MatPartDeltaC), [cos(6*xtx*w)
sin(6xtxw)], [0 0]);

119

120 $ Part A = B + C (94 = P45 + ®5)

121
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122 dvCDeltadqz_dt = simplify ((1/(2+«Carm))* (MatPartDeltaBSimpx[iDeltad
iDeltag 0]' + MatPartDeltaCSimp*iSigmadgz - 2*CarmxJwxvCDeltadqgz));
(dg components from (2.25))

123

124 % ZERO SEQUENCE: vCDeltazdzg ([v8g, v8z,]")

125

126 dvCDeltaz_dt = dvCDeltadgz_dt (3); % (dva,/dt not SSTI; from (2.25))

127

128 COS_part = subs(dvCDeltaz_dt, [sin(3xtxw) cos(3xtxw)], [0 11); % (V)

120 SIN_part = subs(dvCDeltaz_dt, [sin(3*t*w) cos(3xtxw)], [1 0]); (¥,)
130

131 dvCDeltaZalpha_dt = COS_partxcos (3*«t*w) + SIN_partxsin(3*txw); % (2.30a)
132 dvCDeltaZbeta_dt = COS_partxsin(3+t*w) — SIN_partxcos (3*t*w); % (2.30b)
133

134 dvCDeltaZalphabeta_dt = [dvCDeltaZalpha_dt dvCDeltazZbeta_dt]';

135 vCDeltaZdZg = [vCDeltaZzd vCDeltazql';

136
137 dvCDeltaZdZg dt = simplify(simplify (expand(T3wxdvCDeltaZalphabeta_dt))
J3w*vCDeltazdZq); % (Mv%zﬁﬂtdng/dﬂT SSTI)

o)

°

Grid currents SSTT dynamics derivation from Section 2.4.4

138 %% AC-side Curents (iﬁu)

139

140 vMDeltad

141 vMDeltag (Vg

142 vMDeltaz (v.)

143

144 diDeltadgz_dt = simplify ((1/(Legac)) * ([vMDeltad vMDeltaqg vMDeltaz]' -
[Vgd Vgg 0]' - RegacxiDeltadgz - LegacxJwxiDeltadqgz)); % (2.58)

>

(v

sym('vMDeltad', 'real');
sym('vMDeltaqg', 'real');

1d)

Il
3

3>

o° o oP

>

sym('vMDeltaz', 'real');

<

145
146 % Modulated voltages
147

148 vCDeltadgz = [vCDeltad vCDeltaqg
vCDeltaZd*cos (3+t+w) +vCDeltaZgssin (3xtxw)]'; % (Uémn)

149 mDeltadgz = [mDeltad mDeltaqg mDeltaZdxcos (3xt*w)+mDeltaZgxsin (3xt*w)]"';
(m3,.)

150

151 vMDeltaabc = (-1/2) . ((ParkInvwxmDeltadgz) .* (ParkInv2wxvCSigmadgz) +

(ParkInv2wsmSigmadqgz) . (ParkInvwxvCDeltadqgz)) ;

152 vMDeltadgz = simplify (ParkwxvMDeltaabc);

153 vMDeltadgzSimp = subs (vMDeltadqgz, [cos(6xtxw) sin(6xtxw)], [0 0]); %
(v2 from (2.66))

mdqz
154
155 % VMDeltazd y Zg
156
157 vMDeltaZ = vMDeltadqgz (3); % (v5. from (2.62))
158
159 COS_part simplify (subs (vMDeltaZ, [sin(3xtxw) cos(3xt*w)], [0 1]1),10);
160 SIN_part = simplify(subs(vMDeltaZ, [sin(3*xtxw) cos(3xtx*w)], [1 0]),10);
161
162 vMDeltaZalpha = COS_part*cos (3*t*w) + SIN_part*sin(3xtxw);
163 vMDeltaZbeta = COS_part*sin(3*xtxw) — SIN_partxcos (3xtxw);
164
165 vMDeltaZalphabeta = [vMDeltaZalpha vMDeltaZbetal';
166 vMDeltaZdg = simplify (T3wxvMDeltaZalphabeta);
167
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168 vMDeltadgZdg = [vMDeltadqgz (l) vMDeltadqgz (2) vMDeltaZdqg(l) vMDeltazZdg(2)1';
169 vMDeltadgZSimp = subs (vMDeltadgZdqg, [cos(6xtxw) sin(6xt*w)], [0 0]); %
(Uﬁdqz from (2.66))

Common-mode SSTI dynamics derivation from Section 2.4.3

154 %% Common mode—currents ﬁgn)
155

156 vMSigmad = sym('vMSigmad', 'real'); % (vid)

157 vMSigmaqg = sym('vMSigmaq', 'real'); % (viq)

158 VMSigmaz = sym('vMSigmaz','real'); % (v>.)

159

160 diSigmadgz_dt = simplify ((1/(Larm))* ([0 0 Vdc/2]' - [vMSigmad vMSigmaqg
vMSigmaz]' - Rarm*xiSigmadqz - LarmxJ2w*iSigmadqz)); % (2.49)

161

162 % Modulated voltages

163

164 vCDeltadgz = [vCDeltad vCDeltaqg
vCDeltaZdxcos (3*xtxw) +vCDeltaZg*sin (3xt*w)]'; % (vému)

165

166 vMSigmaabc = (1/2).*((ParkInv2w*mSigmadqgz) .* (ParkInv2w*vCSigmadqgz) +
(ParkInvwsmDeltadqgz) .* (ParkInvwxvCDeltadqgz) ) ;

167 vMSigmadgz = simplify (Park2wxvMSigmaabc);

168 vMSigmadgzSimp = subs (vMSigmadgz, [cos(b6xt*w) sin(6*t*w)], [0 0]); %
(v from (2.55))

mdqz

Equations summary

169 diary (strcat ('MMC_NonLinear_ VoltageBased_',datestr(clock, 30),'.txt'))

170 disp('$% $5%%%%%5%5%555%5%5%5%5%555%555%5%%%%%")

171 disp('% STATE VARIABLES ")

172 disp('%%%%5%5%5%5%5%5%5%%%5%5%5%5%5%5%%%%%5%%5%5%5%%% ")

173 disp (' ")

174 disp([char (iDeltad), ', ',char(iDeltaq)])

175 disp([char(iSigmad), ', ',char(iSigmaq), ', ',char(iSigmaz)])

176 disp ([char (vCSigmad), ', ',char(vCSigmaq), ', ',char(vCSigmaz)])

177 disp ([char (vCDeltad), ', ',char(vCDheltaqg), ', ',char(vCDeltazd), ',
', char (vCDheltazq)])

178 disp (' ")

179 disp('$% $55%%%5%5%5%55%555%5%5555555%5%5%%%%")

180 disp('% INPUTS $")

181 disp('%%%%5%5%5%5%55%5%%%5%5%5%55%5%%%5%5%5%%5%5%5%%%")

182 disp (' ")

183 disp([char (mSigmad), ', ',char (mSigmaqg), ', ',char (mSigmaz)])

184 disp([char (mDeltad), ', ',char(mDeltaqg), ', ',char(mDeltazd), ',
', char (mDeltazqg)])

185 disp (' ")

186 disp ([char(vgd), ', ',char(vgg), ', ',char(w), ', ',char(vdc)])

187 disp (' ")

188 disp('$% $55%%%5%5%5%55%5%5%5%5%555555%5%%%%%")

189 disp('% Parameters ")

190 disp('%$%%%5%5%%%55%5%5%5%5%5%%5%5%5%5%5%5%5%5%%5%5%5%%%")

191 disp(' ")

192 disp('% Physical Parameters')

193 disp (' ")

194 disp (char (Carm))
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195
196
197
198
199

201
202
203
204

206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229

231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249

disp (char (Rarm))

disp (char (Larm))

disp (strcat (char (Regac), '
dlsp strcat (char (Legac), '
")

o o

8990900000000 0 9

o\

o

o

'$ Voltage vMDeltadqgz'
)
disp(strcat
disp (strcat
disp (strcat
disp (strcat

o

'vMDeltad', '
'vMDeltaq', '
'vMDeltazd', '
'vMDeltazqg', '

~ o~~~

Rf + Rarm/2'
Lf + Larm/2"'

))
))

899009009

)

', char (vMDeltadgZSimp (
', char (vMDeltadgZSimp (
', char (vMDeltadgzSimp

)
)
)
', char (vMDeltadgZSimp (4)

1)
2)
(3
(4

)
)

disp ")

disp('% AC Current dynamics')

disp(' ")

disp(strcat ('diDeltad_dt',' = ', char(diDeltadgz_dt (1)
disp(strcat ('diDeltag_dt',' = ', char(diDeltadgz_dt (2)
disp(' ")

disp('%% $%5%5%5%5%5%%%5%%5%5%5%%%5%5%%%5%5%%%%%% ")

disp('% Common-mode currents in SI $'")
disp('%%%%%%5%5%5%%5%5%5%%%5%5%%%5%5%%%5%5%5%%%%% ")

disp(' ")

disp('% Modulated Voltage vMSigmadgz')

disp ")

disp(strcat ('vMSigmad', "'
disp (strcat ('vMSigmaqg', '

disp (strcat ('vMSigmaz',
disp ")

disp Common-mode Current
disp(' ")

disp(strcat ('diSigmad_dt"',"
disp(strcat ('diSigmag_dt"',"'
dlsp strcat ('diSigmaz_dt',"'
")

190
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8990099000 000900000 0

o

o

) ] )
disp (strcat ('dvCSigmad_dt',
disp(strcat ('dvCSigmag_dt',

disp(strcat ('dvCSigmaz_dt"', "'

disp ")
disp('%% $%%%5%%%%%%5%5%5%%%%%%
disp('% vC DELTA in
disp('%%%%%%%%%5%5%5%5%5%5%5%%%%%%
disp(' ")

disp(strcat ('dvCDheltad_dt',

(
disp (strcat ('dvCheltaqg dt',
disp (strcat (

disp (strcat (

disp(' ")

diary off

(
(
(
(
('
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(
(
(
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(
(

'dvCDheltazd_dt"',
'dvCDheltazqg_dt',

', char (vMSigmadgzSimp (1
', char (vMSigmadgzSimp (
', char (vMSigmadgzSimp (

) ),

2
3)) .

dynamics')

', char(diSigmadgz_dt (1)
', char (diSigmadgz_dt (2)
', char (diSigmadgz_dt (3)

809009009

, char (dvCSigmadgz_dt (
, char (dvCSigmadgz_dt (
, char (dvCSigmadqgz_dt (

89900900 9

, char (dvCDeltadgz_dt (1
, char (dvCDeltadgz_dt (2

),
),
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),
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),

2
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)

)
)

, char (dvCDeltazdZg_dt (
, char (dvCDeltazdZqg_dt (

)
)
1
2

4

)
)
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Appendix E

Steady-State Analysis and Limitations
of MMC with Half-Bridge submodules

The objective of this Appendix is to provide a steady-state analysis of the MMC with Half-
Bridge submodules for gaining insight on the converter operation and limits. First, the analytic
expressions of the MMC voltages and currents are obtained. With this information, the physical
limits of the considered MMC in this Thesis can be studied. The followed methodology can be
further extended to other submodule topologies, but this is out of the scope of this Thesis.

E.1 MMC voltages and currents in steady-state

In the following of this section, the mathematical expressions of the steady-state variables
of the MMC currents are voltages are obtained. The starting point for the methodology is
the mathematical expressions of the MMC dynamic equations in dgz frame and »-A repre-
sentation from Chapter 2, and then solving the equations by setting the time derivatives to
zero. Then, the ¥-A variables in dgz frame are transformed to abc by means of the inverse
Park transformation. Finally, after some mathematical manipulations, the expressions of the
Upper and Lower variables are obtained. The provided steady-state formulations are useful
for the steady-state analysis of the MMC and furthermore, for the complete initialization for
time-domain simulations starting at any operating point.

For the ease of following the transformations from %-A to Upper-Lower, (E.1) summarizes
the relations between both representations.

m]i ‘I:“:m§f+mf m{ = (mF +m?)/2
Ll —m mb = (mf —m2)/2
A L G 45
UL e, T (E.1)
U’Zj j (Uij—i— vmjL)/2 v?j = U%” — vXj
%@j i (_Uvm] +Lvmj)/2 UT[’}J : Ufznj j: Ugu
Ugj j (Ugj + U%j)/Q U%‘J = Vg Ugj
vg; = (v — vgy)/2 Ycj = Yoj — Yaj

Modulated voltages and currents in dgz frame and YX-A representation

First, some initial variables are assumed to be known, which are given in (E.2).

mz)

. . DI =33, 2. A . G. G _ 1.
Paca Qam g g5 Wan (% Vdc; Vg Uq - 07 w <E2)
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From the active and reactive power expressions in dq frame, the grid currents can be
calculated as (E.3) (assuming vS" = 0):

P - 2& A = gQ“c
©T 30 1T 3G

(E.3)

where P,., Q4 and v§ are known variables according to (E.2). The AC-side modulated voltages
v, and UA are obtained from the AC currents dynamics given in (2.58) by setting the current
derivative terms to zero (i.e. dig,/dt = 0), yielding:

v, = vd R“zd +wlggi qA (E.4a)
UA = v + Regi qA — wL“C (E.4Db)

With (E.3) and (E.4), the voltages and currents for the AC-side (A variables) are obtained
analytically. For calculating the voltages and currents for the X variables, a power balance
between AC and DC sides is needed as expressed in (E.5): the DC power is equal to the AC
power plus the internal MMC losses, where P2, represent the losses generated by the AC-side
currents, and P2, are the losses generated inside the MMC by the X currents.

PdC = Lac + Pl?ss + Pl%ss (E5)
~~
3iZvge

Since the AC-side variables were already obtained, the AC-side losses PS5, are expressed as a
function of known variables as follows:

2 2
3 3
- (yf32) + ({34) 0

where the constant 1/3/2 is due to the applied amplitude-invariant Park transformation (see

Appendix A). The internal losses, generated by iy, are calculated as in (E.7), where P
indicates the losses generated by the circulating currents igq:

Pl = Rom | (35) "+ (V35) + (32) ] = Serm ()" + ()7) +omm (i2)° (1)

PCC
Replacing (E.6) and (E.7) into (E.5) yields:
3Ra7°m ) 2
Pie = 30ac = Pac + Pac + Pioyy + = (i¥) (E.8)

For obtaining the expression of iZ, the following second-order equation is needed to be solved:

3Ra7’m

5 E) — Buaed? + (Pac+ Pys + Pec) =0 (E.9)

z

The current i is then calculated as:

Udc + \/ Udc 2Rarm/3) ( ac + Ploss + Pcc)
Rarm

(E.10)
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where two values are mathematically possible. However, by inspection, it can be noticed that
the root of the second-order equation which has a physical meaning is obtained as follows:

Vde — \/(Udc> <2Rarm/3) ( ac + Plﬁqs + Pcc)
ic = 7 (E.11)

The modulated voltages v, v=,; and v>_ are obtained from the dynamic equation for the

common-mode currents given in (2.49) by setting the current derivative terms to zero (i.e.
diZ  /dt = 0):

Vg = —Rarmiy + 2wLarmi, (E.12a)
Ung = —Rarmiy — 2wLarmiy (E.12Db)
Vi, = %d — Rypi™ (E.12¢)

Note that the modulated voltage v drlvmg i is almost equal to v4./2, since the term “Rarmzz”
is negligible due to the low Value of Rerm. Flnally, the summary of the expressions for the
modulated voltages and currents of the MMC are listed in (E.13) and (E.14), respectively.

Umndgs = [Vmd Vg ”j}g I’ (E.13a) 2, =i 0" (E.14a)
(E.4) Known ! V(E 3;1
vidqz = [vid viq vfm]T (E.13b) ig: _ [23 P> ]T (E.14b)
| —— qz q z ’

(E.12) ——
Known (E.11)

Note that v, is added in (E.13), since the control system may introduce this modulated
voltage for improving the limits of the MMC, as studied in [145].
Modulated voltages and currents in abc frame and Upper-Lower representation

For expressing the modulated voltages in abc frame, the inverse Park transformation at w
for the A variables and at —2w for the ¥ variables is applied to the expression in (E.13) as:

va (1) V2, a Cos(wt) 4 v sin(wt) + vmz
o) | = PoHt) |vmg | = |vha cos(wt — 21) + v, sin(wt — 2) + v (E.15a)
va (1) Ve, v, cos(wt — 4{) + vﬁq sin(wt — ) + 2,
vZ (1) v, g cOs(—2wt) + v, sin(— 2wt) + v,
vE, ()| = P__21w(t) v | = v cos(—2wt — 2F) 4 v sin(—2wt — 2T) + v (E.15Db)
v (t) v v>  cos(—2wt — %”) + vp, sin(—2wt — ) + v

At this moment, the expressions of the Upper-Lower variables can be obtained following
the definitions given in (E.1): (E.16) shows the results for the upper arm variables, and (E.17)
for the lower arm quantities.

Vma(t) = Vima(t) = vma (1) (E.16a) Uma(t) = Vi (£) + va (1) (E.17a)
U (£) = Uy () — vy (8) (E.16b) U (£) = Uy () + vy (8) (E.17D)
Ume(t) = Vo) = vne(t) (E.16c) Ume(t) = Upne(t) + vpne (1) (E.17¢)
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For obtaining the current expressions in Upper-Lower representation, the inverse Park
transformation is applied to (E.14), as shown in (E.18).

i (t) iy i cos(wt) + zg A sin(wt)
iigt) =Pt ig = 22 cos(wt — 2F) + Z sin(wt — z?”) (E.18a)
i (1) 02 ig cos(wt — ) + g sin(wt — )
i2(1) i iy cos(—2wt) + 4. sin(—2wt) + i
ir(t)| = P_'21w(t) iy | = |iy cos(—2wt — —) + i sin(—2wt — %”) + i (E.18Db)
i (t) i iy cos(—2wt — &) + i sin(—2wt — 4F) 4 i

Finally, the expressions of the upper and lower arm variables can be obtained as in (E.19)
for the upper arm variables, and in (E.20) for the lower arm variables with the definitions
given in (E.1).

v -sn-20 (e Fo=E0+ 50 (ma)
U 5 i (t ~

#1010, : (E.19D) 0 = 0 + B0 (E.200)
HORSORaL (E19¢) e = 20 + e (E.200)

Arm capacitor voltages in steady-state with Upper-Lower representation

For obtaining the mathematical expression of the arm capacitor voltages, the evolution of
the stored energy VVjU(t) and VVjL(t) on each arm capacitor Cy,, is used. This is expressed as
shown in (E.21), which is based on the integral of the instantaneous power for each arm.

WY () = / ol () Y () dt+ W (E.21a)
WE(t) = / ok () i (t) dt + W (E.21b)

In this equation, W2 corresponds to the average value of the stored energy of the selected arm
which may be imposed by the energy-based control (in normal operation, the same amount of
average energy is expected on each arm). It is possible to write the complete analytic expression
of W (t) and W} (t) taking into account the expressions of v}, (t) and v;(t) given in (E.16)
and (E.17), and the expressions of %/ (t) and i (t) given in (E.19) and (E.20), however, given
the complexity of the resultant equations, only the upper arm of phase a is developed in the
following:

WY () = Were + W) + Wiawry + Wisery + Weawn (E.22)
M e e N S——
(E.23)  (E.24) (E.25) (E.26) (E.27)

In the following, each component of WV (¢) is developed:

1 A g\ A A N s\ A
Wee = Wi+ — || —vmg + —2 | i3 + | —vima + 4o, + —24 — 402 i+ ... (E.23)
8w 3 3
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—~ cos(wt) (v, Upd | U Ums U .
_ A
N sin(wt) vy B Up, X Uy i inl-& _ ULAWZ'Z + @iz — BT
w 4 2 T2 )4 g e g T g e Tmdie
T cos(2wt) (Vg AL r%dl-A_{_ (_UA N> ) +oZ P+ (E.25)
(2wt) — 2% 4 tq 4 4 mz mz mq z :
sin (2wt va Vg
+ ;w ) ( D g TS 4 (—od, o) i +vidzz>
— cos(3wt) (vp, vhy Upn Und .
Wiswr = 3w ( 1 iy — 4quA - qudz - leqz LR (E.26)
LG (Vs Vs Vs Vs
3w 4 4 1 2 ¢ 2 1
— cos(4wt) U?n ) UEZ . sin(4wt) UEL . UE@ .
W(4wt) - 4w ( 2(12g * 2%? + 4w ZdZCEl B 7612? (EQ?)

It should be noted that W(wt), V[N/(th), W(gwt) and W4wt are oscillating terms with average
value equal to zero. The term W, is composed by W2 -0 and several other terms, which have
to sum up to zero; if not, it means that the average value of the stored energy per-arm is being
deviated. The equations (E.23) to (E.27) can be much simplified if, for instance, the circulating
currents are assumed to be eliminated (i.e. i = i? = 0), and v2, is omitted. However, in the
following, the most general formulation is kept.

The arm capacitor voltages v¢;(t) and v§;(t) can be obtained directly with the expressions

of the stored energy per-arm W (t) and W} (t) as follows:

2

vg,(t) = . WY (t) (E.28a)
2

v, (t) = G Wkt) (E.28D)

As discussed in Chapter 2, the arm capacitor voltages vg,;(t) and v§;(t) have a constant
DC value superimposed with oscillations at mainly w, 2w (negative sequence), 3w and some
content of 4w. This is coherent with the frequency content found for (E.22). Furthermore, the
DC component of vg;(t) and v§;(t) is related to the average value of the stored energy, W

Time-domain validation of analytic expressions

For validating the analytic formulations provided in this Section, a time-domain compa-
rison is performed against the detailed EMT simulation considering the Equivalent Circuit-
Based Model in EMTP-RV with 400 SMs per arm model used throughout this Thesis (see
Appendix F). The adopted configuration is given in Fig. E.1, where the MMC is interfaced

between ideal AC and DC sources for simplicity. The considered operating point is given in
Table E.1.
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Figure E.1 — MMC connected to ideal AC and DC sources for time-domain validation of
analytic expressions of voltages and currents

Table E.1 — MMC variables in 3-A representation

Variable Value Variable | Value
P, 1000 MW Ve 640 kV
Qac 200 MVAr 0§ V2V, V
iy 0.156 kA (0.1 pu) vs 0kV
z’? 0.312 kA (0.2 pu) | 1 pu

The comparison results are given in Fig. E.2. The arm capacitor voltage for the upper arm
of phase a are shown in Fig. E.2a, where the analytic expression given in (E.28) is contrasted
with the EMT simulation results. Also, the modulated voltages for the same arm (upper arm,
phase a) is given on the same figure, where the expression given in (E.16) is used for the
analytic results. For both variables, it can be noticed that the analytic expressions provide
with high accuracy the steady-state waveforms of the EMT model, validating the equations
provided in this Section.

U 1/ =4
— EMT 1.5 \ w —_—U — EMT
--— UCE“ - Analytic = = = iU _ Analytic
1.2+ vle — EMT — il — EMT

a

v, - Analytic ‘ ik - Analytic

<
00

<
<)

Voltages [pu]

e
N

0.2t

Time [ms] Time [ms]

(a) Arm capacitor voltage and modulated voltage for  (b) Upper and Lower arm currents for phase a
phase a (upper only)

Figure E.2 — Time domain validation of steady-state analytic formulation of voltages and
currents — EMT: Detailed MMC model with 400 SMs per arm; Analytic: Calculations with
the expressions provided in this Section
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Finally, in Fig. E.2b, the results of the upper and lower arm currents for the phase a are
contrasted. The arm currents for the analytic results are obtained with (E.19) and (E.20).
Again, the steady-state waveform obtained with the mathematical expressions reproduce accu-
rately the EMT currents. Results for the rest of the variables (other arms, and phases) provide
similar results in terms of accuracy.

E.2 Physical limitations of MMC with Half-Bridge sub-
modules

For exploiting the capabilities of the MMC, it is of high importance the knowledge of the
physical limitations of the converter itself. Not only at the stage of the converter design (for
instance, for sizing the MMC components such as inductances or capacitors), but also for
taking advantage of the possibilities in the controller design.

E.2.1 Modulated voltages limitations with Upper-Lower represen-
tation

In Fig. E.3 the upper and lower arms of the MMC-AAM is depicted for the phase j. The

voltages and currents shown in the figure were obtained analytically in the previous Section,

which are used in the following for determining the MMC limitations. The main physical

limitation is given by the fact that the modulated arm voltages can be varied as shown in
(E.29), which is the main characteristic of the Half-Bridge submodules.

iU MMC-AAM of phase j - U

‘ Oarm :
: ::T U I
I
I

‘ Ca'rm :
: ::T(UL I
| Cj
I I
' I

Figure E.3 — MMC single Arm Averaged Model of phase j for Upper and Lower arm

0< vf,]w- (t) < vgj (t) (E.29a)
~—~ N
Lower limit of ”ng Upper limit of ”%j
L L
0< Uyni(t) < vg(t) (E.29Db)

L

Lower limit of vfn.
mj

J Upper limit of v
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The lower limit for the arm modulated voltages is reached when all the sub-modules in the
arm are bypassed: the modulated voltage takes the value equal to zero (or, which is the same,
the modulation index is equal to zero). On the contrary, the maximum of the arm modulated
voltage is obtained when all the sub-modules in the arm are inserted; in this case, the applied
arm voltage is equal to the sum of all the voltages of the individual sub-modules capacitors.
This voltage is essentially equal to vgj(t) or Uéj(t) for the upper or lower arms, respectively,
assuming a perfect sub-module balancing. In this case, the modulation index is equal to one.

Dividing (E.29a) by v¢;(t) and (E.29b) by v§;(t), it yields:

(E.30a)

0 1
0 1 (E.30b)
which corresponds to the classical limitation on the modulation indices for the Half-Bridge
MMC in Upper-Lower representation.

Lower limit of the modulated voltages

For exemplifying the lower limit of the modulated voltage (i.e. when v (t) or vk (t)
reach zero), a similar time-domain simulation as in previous Section is used. In this example,
the same operating point as in Table E.1 is considered, however, the circulating currents are
assumed to be zero (i.e. i} = z'? = 0). Moreover, the DC voltage is considered to be 0.85 pu,
which is a critically low value. Results for the arm modulated voltage v%j (t) and arm capacitor
voltage vgj (t) are shown in Fig. E.4, where the detailed EMT simulation is contrasted with
the analytic calculation of v, ;(t) from (E.16). Obviously, the analytic results of the modulated

voltage cannot reproduce this physical limitation.

ma

T T T i —l, — EMT == =vd, - Analytic ====ul — EMT oY, - Analytic

40

Time [ms]

Figure E.4 — Time-domain simulation for exemplifying the lower limit of the modulated voltage
- DC voltage vg4. = 0.85 pu (upper-arm of phase a only)

For calculating the lower limits of the modulated voltages, namely v3); ..., (t) and v} . (¢),
the left-hand side of the inequality from (E.29a) is transformed into an equality:
U U (1 _
Umj,min<t) — vmj<t) - O (E31a)
L L
Umj,min(t) - vmj(t) =0 (E31b)

The analytic limit can be calculated by replacing the expressions of v,[,{bj (t) and v,[,{bj (t) from

(E.16) and (E.17) into (E.31). As an example, let us consider the lower limit for the upper
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arm of phase a analytically:

U

ma,min

(Y

0 (E.32)

mz ~

(t) = vy g cos(—2wt) +vs, sin(—2wt) + v, — vy cos(wt) —va, sin(wt) — o5,

At this stage, the formulation given in (E.32) corresponds to a transcendental equation, and
its analytic solution is not trivial. However, the solution can be found numerically for several
operating points and system parameters [219]. For a fixed operating point, when the DC
voltage decreases, the risk of hitting the lower limitation is increased. The same happens for
high values of AC-voltage.

Upper limit of the modulated voltages

Similarly as for the exemplification of the lower limit, a time-domain simulation is used
for the upper limit of the modulated voltage. The DC voltage is considered to be 1 pu again,
but the average value of the stored energy per-arm is set to W% = 0.78 pu. This value
may be generated by the use of the Virtual Capacitor Control as detailed in Section 5.5.1, or
other Energy-based controllers techniques were the energy reference WZ* is being manipulated.
Results are shown in Fig. E.5.

‘ 7 : : 7 7
‘ — 0, — EMT == =0l - Analytic =emol — EMT vU - Analytic ‘

—_

=
oo

=
e~

Voltages [py]
o
D

| \ |
15 20 25

Time [ms]

Figure E.5 — Time-domain simulation for exemplifying the upper limit of the modulated voltage
- Arm average stored energy W% = 0.78 pu (upper-arm of phase a only)

As observed in the results in Fig. E.5 (zoomed part), the arm voltage is equal to the arm
capacitor voltages near t ~ 10 ms.

For calculating the upper limits of the modulated voltages, namely vJ); ... and v ..., the
right-hand side of the inequality from (E.29a) is transformed into an equality:

Ufrfzj,max(t) - ngj (t) = Ugj (t) (E33a)

UTI;Lj,maw(t) — Ur%lj (t) = Ué’j (t) (E33b)

The analytic limit can be calculated by replacing the expressions of v} () and vj;(t) given in
(E.16) and (E.17), and the expressions of vg;(t) and vg;(t) given in (E.28a) and (E.28b) into
(E.33). It is clear that after those replacements, the equations to be solved are transcendental
(since there are many cosines and sines involved in the equations), and the analytic expression
of this limit is not straightforward.

For avoiding the limitation exposed in Fig. E.5, some options can be considered: first,
the insertion of third-harmonic on the arm modulated voltage can be used. This modifies the
waveform of the arm modulated voltage, reducing and displacing its peak value, as explored
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in [145]. This provides a wider margin between v,,; and v¢;. Second, and the most obvious, is
to increase the average value of the arm capacitor voltage vé;(t) and vé;(t). This value can be
modified with the use of Energy-based controllers, as those presented in Section 3.3 and 3.4,
where the average value of the stored energy is determined by W2*, and hence, the DC value
of the arm capacitor voltages. Nevertheless, the minimum amount of stored energy varies with
respect to the possible operating points and system parameters, so a determination of this limit
should be further studied. This is explored in Section E.2.3.

E.2.2 Modulated voltages limitations with X-A representation

In previous Section, the explanation of the physical limits on the modulated voltages in
Upper-Lower representation was given. In this Section it is intended to show how these limits
translate to the X-A formulation.

Using the definitions given in (E.1) into (E.29), the inequalities for the modulated voltages
limitations as a function of the »-A variables are obtained as follows:

0< vfnj — vfnj < vgj + véj (E.34a)

As observed in these equations, the interpretation of the voltage limits in X-A is not straight-
forward. Considering the left side of (E.34) and after some mathematical manipulations, the
expression in (E.35) can be obtained:

‘Uﬁj <o, (E.35)

This equation highlights that the AC-side modulated vﬁj voltage should always be lower than
the common-mode modulated voltage vﬁj. This limit can be observed considering the lower

limit of the modulated voltages provided in Fig. E.4: the same simulation is shown in Fig. E.6,
where the modulated voltages are shown with their X-A representation.

T T T
051 ‘—vx — EMT ===v2, - Analytic e ‘vﬁm — EMT ‘vﬁa‘ - Analytic L
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Figure E.6 — Time-domain simulation for exemplifying the limit of the modulated voltage
in ¥-A representation given in (E.35) - DC voltage vs. = 0.85 pu (phase a only) — Same
simulation as given in Fig. E.4

Finally, considering the right side of (E.34) and after some mathematical manipulations,
the expression in (E.36) can be obtained:

A A
Ufzf:lj — Umj — ch < Ugj (E.36a)
Ui + vﬁj + véj < vg (E.36Db)



This limit can be observed considering the upper limit of the modulated voltages provided
in Fig. E.5: the same simulation is shown in Fig. E.7, where the expression given (E.36) is
highlighted.

1
0.8 )
E 06
n
: ) A A )
g [ N — (/U'"l,() :t ,U7IL(F i vCa) - E.‘[T |
= 04 o 0 0 |
>O === (zymu + Vma + ’UCa) - Al’l‘rﬂytl(}
—l — EMT
0.2)- vE, - Analytic _
0 ‘ : ‘ ‘ \ ! !
0 S 10 15 20 25 30 35 40

Time [ms]

Figure E.7 — Time-domain simulation for exemplifying the limit of the modulated voltage in
¥-A representation given in (E.36) - Arm average stored energy W2 = 0.78 pu (phase a only)
— Same simulation as given in Fig. E.5

It should be noted in Fig. E.6 and E.7, that the analytic expressions were also plotted. In
both cases, it can be observed that these expressions cannot reproduce the modulated voltages
limitations similarly as in previous Section.

E.2.3 Impact of the stored energy on the modulated voltage limits

As stated before, the upper limit of the modulated voltages can be avoided by storing the
sufficient amount of energy on each arm so the waveform of the arm capacitor voltages is
always above the waveform of the modulated voltage. The minimum amount of stored energy
for each operating point can be calculated numerically by iterations as in [219], or analytically
as in [220].

For simplicity, the numerical iterative method is used. The initial variables for the proce-
dure are: i3, i%, v2 ., Vge, V5, vf, and w. Then, the main steps are listed as follows, focusing
on the upper-arm of phase a for simplicity:

1. Select active and reactive power P,., (4.

2. Obtain the arm modulated voltage waveform as a function of time ¢, i.e. v (¢), with
(E.16), and arm capacitor voltage waveform as a function of time ¢, i.e. vZ,(t), with
(E.28a) for one power cycle.

3. Tterate until it is found the minimum value of W2 for such it is verified that v,,,(t) =

v8,(t) for any ¢ comprised the power cycle.

Results are shown in Fig. E.8, considering that the AC and DC voltages are at nominal
values, v5;, = 0, and there are no circulating currents in the MMC (i.e. iy =i, = 0).

As it can be seen in Fig. E.8, the reactive power direction influences directly the amount of
required stored energy, which is coherent with the findings in [221]. Note that the used value
W2 = 0.78 pu for obtaining the results in Fig. E.5 falls below the lower limit for P,. = 1 pu
and Q.. = 0.2 pu (as expected).

The knowledge of the limitation of W2 is of high importance for designing the Energy-

based controllers with shared energy capabilities with the DC side, as presented in Section 5.5.
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Figure E.8 — Minimum required average stored energy per-arm W2 for different values of
AC active and reactive powers — AC and DC voltages at nominal values, v, = 0, and no
circulating currents (i.e. iy =i} = 0)

Moreover, the limitations of the Virtual Capacitor strategy in droop-controlled MTDC grids
can be directly assessed with the steady-state analysis provided in this Section.

E.2.4 MMC limitations in Small-Signal Stability analysis

It should be stated that all the linearized models used through this Thesis are not able to
cope with the discontinuities produced by the modulated voltage limitations. For this reason,
when performing small-signal stability analyses, it is of crucial importance to consider operating
points within the acceptable range of normal operation to avoid hitting the converter limits.
If the considered operating point falls beyond the converter limits, the linear analysis study
losses its validity.

The analytic expressions of the MMC steady-state variables provided in this Appendix can
be used to verify the inequalities to be satisfied on the modulated voltages. This verification
is mandatory to carry on the linear studies for maintaining the validity of the derived models.
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Appendix F

On the implementation of MMC
controllers for EMT simulations

In this Appendix, the modeling and control details of the EMT model used as a reference
throughout this Thesis are presented. First, the Equivalent Circuit-Based Model from [111]
implemented in EMTP-RV is recalled. Then, the different parts of the control structure are
detailed. Finally, the complete control structures used in the different sections of this Thesis are
shown. A simulation case study is used to highlight the main characteristics of each controller.

F.1 Equivalent Circuit-Based Model in EMTP-RV

The reference EMT-MMC model used in this Thesis is the so-called “Equivalent-Circuit
Based Model” (ECBM) detailed in [111] and implemented in the EMT simulation software
“EMTP-RV”. This MMC model is available in the software library. Originally, this model was
developed mainly within the framework of the PhD Thesis from Dr. Hani Saad in [108]. This
model is based on [112], where each switch of every sub-module is replaced by a resistance
whose value depends on the status of the SM.

The ECBM implemented in EMTP-RV is depicted in Fig. F.1. In Fig. F.1a, the mask of
the converter is provided, which was developed by Dr. Pierre Rault within the framework of
the Bestpaths project. In this figure, the AC- and DC-side connections are clearly observed.
For the example in this Appendix, the AC and DC grids are considered to be stiff voltage
sources for simplicity. Inside the mask, the MMC model from Fig. F.1b can be found. This
figure highlights, on the top, the electrical connections: on the AC side, the Y-D transformer is
presented with internal parameters Ry, L¢, and the DC side by the positive and negative poles
connections. Moreover, all the internal measures of the MMC are provided: the individual
sub-module voltages ve; (400 x 6 signals, grouped in 6 vectors); the arm equivalent capacitor
voltages v¥,,. and v&,;,. (which are the algebraic sum of the 400 sub-modules within each
arm); the “Upper” and “Lower” arm currents %, and %, . and the applied arm modulated
voltages v¥ . and vL , . It should be noted that the nomenclature used in the mask may not
be the same as used in this Thesis, for this reason, both notations are shown in the figures.

In Fig. F.2, the implementation of the converter is shown (model inside the mask given
in Fig. F.1b), where the aforementioned inputs and outputs can be observed. Moreover, the
arm inductances L., and equivalent resistance R, are highlighted. More details on the
implementation of MMC converters in EMTP-RV can be found in [222].

The MMC model provided in the EMTP-RV library have a fully functional controller
similar as the Classical CCSC presented in Section 3.2. However, in this Thesis, all the control
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Figure F.2 — Equivalent Circuit-Based Model in EMTP-RV from Fig. F.1b

structures were re-developed. In the following, the details on the controllers implementation
for the Equivalent Circuit-Based model in EMTP-RV are detailed.

F.2 MMC Control Structure

The MMC control structure can be split into two main parts: the “High-level” and “Low-
level” control!. This separation is highlighted in Fig. F.3. The High-Level control is in charge
of regulating the energy, power, currents and voltages on the converter, while the Low-Level
control is in charge of the modulation voltages and the balancing of the sub-modules capacitor
voltages. Note that the boundary between both control layers is given by the modulation

indices in abc frame, i.e. mY,. and mZ, . Also, in Fig. F.3b, the control structure for the “Arm-

'Note that this classification is not strictly the same as the one provided in [222]



Averaged Model” described in Chapter 2 is given. Comparing both figures, it can be seen that
the High-Level controls structures for both models are strictly the same [223]. However, the
Low-level control of the AAM is represented only by the modulation indices generated by the
High-Level control. In the following, only the Equivalent Circuit-Based model is considered.

High Level Control
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(b) Arm Averaged Model (AAM)

Figure F.3 — MMC Control structure

Low level control

The MMC Low-level control in EMTP-RV is shown in Fig. F.4. The inputs for this con-
troller are: the modulation indices generated by the High-level control, the individual sub-
modules capacitor voltages, the arm currents, and a new parameter AV}, which is further
described.

. ! - - - ' Outputs

Control inputs | ,u«_,[Balancing]| sM s U+ Balancing| sM sate U+ Balancing| sM sate 1

ma acitor LCentrol mb it o [_Control me ™ p | Control T\
M 1 v Capacitor o Capacitor pt Capacitor !
1 iU . Signals 7 . Signals U . Signals 1

e | o 8 1 —™ £ 1 —w L

I a Algouthm (400 signals) b Algor]t‘hm (400 signals) € Algorlthnl (400 signals)| || 1
’ 1 1
mb, v 1 ? T ? T |

’ P 1 SM gate ’ P 1 SM gate ’ anci SM gate
vl > Balancing Control /Uyl;;;) > Balancing Control /Uy];)j:‘, > Balancing Control

]

L
y N N N 1
abe mabe m]:l Capacitor "V Capacitor p Capacitor .

i —»l . Signals il —» o Signals 3L —»f . Signals

ok o ™| Algorithm| e 1 % —Algorithm| o F 2 ™ Algorithm| J=e |
Cabe ? ? |
1
1
1
|

abe mabe T ) T
VCiwa) AVio VCiwyy AV VCiwe AVig SM gate
U | (400 signals) (400 signals) (400 signals) Control
VCabe 1 .
! Signals
1

1

1

A N

! UCiray AV, vci, AV, UCiey AV,
AVmI — (400 si(gLn?ls) tol (400 si(ng::h) tol (400 si(gLna?ls) tol

\’z\j Measures
vC

1
U
Lab,

L
c Yabe

voltages
(400 x 6 signals)

Figure F.4 — MMC Low level control for Equivalent Circuit-Based Model

As seen in Fig. F.4, the control inputs for the Low-level control are given by the arm
modulated voltages reference, instead of directly the modulation indices, as given in (F.1):

Ux' U, U . Ux' U, U . Ux' U U
Uma = Mg Veas Ump = Ty Ucps Ume = M Vo (Fla)
Lx" L L . Lx" L L . L' L L

Uma = MqVCas Umb = M VUchs Ume = M Ve (Flb)

Each of the modulated voltage reference vf,];,?*/ is sent to the “Balancing Capacitor Algorithm”
of the respective arm. These blocks were developed by Dr. Riad Kadri for a 20 SMs MMC
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prototype and latter adapted by Thomas Pidancier, MSc (Eng), for 400 SMs. Inside these
blocks, the sub-modules voltages are sorted with respect to their voltages, and the classical
selection based on the reduced switching-frequency modulation from [109] is performed. The
selection of the amount of submodules to be inserted in the circuit is calculated typically with
the Nearest Level Control (NLC) [224]. However, in the strategy from Fig. F.4, the intention
is to select the right amount of SMs taking into account their contribution to the applied
modulated voltage in the arm. For having the modulated voltages as close as possible to the
demanded reference, an extra SM can be inserted or bypassed to correct it. At the same time,
the difference between the most and less charged SMs must be maintained within the specific
limit defined by AVj.

For demonstrating the working principle, let us consider the simulation results of the MMC
from Fig. F.1 with a power transmission of 1 GW of active power. Results from Fig. F.5a shows
the 400 SMs voltages v¢; in per-unit of the upper arm of phase a (similar results can be found
for the others 5 arms). Also, the algebraic sum of all the SMs voltages within this arm is
shown, i.e. vZ,. In Fig. F.5b, the difference between the most and less charged SMs and the
5 % limit imposed on AV}, are shown. As it can be seen, the SMs are maintained in a close
range within the imposed limit.
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4 ! ! ! ! ! ! - -‘AVQOZ ‘ ‘
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Figure F.5 — Simulation results for Low-level control: Sub-modules voltages

F.3 MMC High level controllers

In this section, the different High-level control structures used in this Thesis are detailed:
first, the two main modulation indices calculations used in this Thesis are described (Uncom-
pensated and Compensated modulation). Then, the different strategies defined by the “Inner
Control Loops” and “Outer Control Loops” from Fig. F.3 are shown. For the sake of simplic-
ity, the AC-side outer loops, the direct control of active and reactive powers from Fig. 1.8 are
adopted for all strategies.
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For the evaluation and discussion of each High level control, a simulation case study is

proposed. Starting with no power transfer, and assuming a constant DC voltage fixed at 1 pu,
the following events are considered:

1. At t = 0.05 s: Ramp applied on P}, from 0 pu up to 1 pu in 100 ms.

2. At t = 0.35 s: Amplitude AC voltage from phase a, i.e. v¢, drops 20 %, generating an
unbalance AC grid condition during 100 ms.

3. At t = 0.55 s: Step applied on P, from 1 pu down to 0.5 pu.

4. At t = 0.8 s: Step applied on @}, from 0 pu up to 0.2 pu.

The simulation scenario is described graphically in Fig. F.6, where Fig. F.6a shows the active
and reactive power references, and Fig. F.6b the AC voltage. It is recalled that the presented
controllers are not designed exclusively for dealing with an AC unbalanced scenario. However,
several improvements are readily available in the literature for this cases, such as the ones
proposed in [225-227].
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Time [s]

ot
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Figure F.6 — Scenario for the evaluation of different MMC High level controllers

F.3.1 Implementation of different modulation techniques: UCM
and CM

Throughout this Thesis, two main modulation indices calculation techniques were widely
used, namely “Uncompensated Modulation” (UCM) and “Compensated Modulation”, which
are shown in Fig. F.7. In this Figure, it is also shown the implementation of the block “X-A
to “U”-“L”” from Fig. F.3, where the decoupling actions are shown [117].

The UCM strategy is depicted in Fig. F.7a, and as it can be seen, the 6 modulation indices
signals are generated from the division of the 6 modulated arm voltages references by the
DC voltage v,.. This last signal may be obtained by the actual measure of the DC voltage
or a fixed nominal value; however, the first option is preferred since the stability is slightly
improved as studied in [179]. It is important to note that the modulation indices signals
are later on multiplied by the respective equivalent arm capacitor voltages in the Low-level
control, as given in (F.1). The difference between the arm modulated voltages v, in Fig. F.7a
and the variables v* from Fig. F.4 creates an error which is the responsible of the natural
power balance between the AC and DC sides, as shown in Section 2.5 and studied in [115].
However, the main drawback of this modulation technique is the appearance of circulating
currents (or igq), which are later suppressed by the CCSC [135].
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Figure F.7 — Modulation strategies (in SI)

The CM strategy is depicted in Fig. F.7b, where it can be seen that the modulation indices
are obtained by the division of the arm voltages references by their respective equivalent arm
capacitor voltages. This corresponds to an exact inversion of the fundamental equation of
the AAM as given in (2.1) and described later in Fig. 3.23. It is important to note that the
modulation indices signals are later on multiplied back again by the respective equivalent arm
capacitor voltages in the Low-level control, as given in (F.1), providing v¥ = v*. For this
reason, the natural balance of the AC and DC powers is lost and explicit control of the MMC
internal variables is mandatory at this point [228]. However, the advantage of this strategy is
that there is no circulating currents naturally induced as it was the case for UCM [137].

Naturally, the modulation indices signals are limited between 0 and 1 since, in this work,
the Half-Bridge SM topology is considered. The basic limits are given by the bypassing of
all sub-modules (corresponding to a modulation index equal to m = 0) or the insertion of all
sub-modules (corresponding to m = 1). The rest of the control limitations are not explicitly
implemented, since this Thesis deals with normal scenarios where the converters are maintained
within their nominal values [229].

F.3.2 Measurements and per-unitation

The control structures in this Thesis are implemented with a per-unit approach. In this
section, the measures and further per-unitation from Fig. F.8 are described.

In Fig. F.8a, the adopted Synchronization structure for aligning the AC voltage phasor
with the d axis is shown. It consists in the classical Phase Locked Loop control loop widely
used in the literature [64]. The outputs of this controller are the AC voltages at the Point of
Common Coupling (PCC-AC) in dg frame and in per-unit, v, and v2% (note that from now
on, the sub-script “pu” is used to denote per-unit variables). Moreover, the estimated angular
frequency wc,,, and angle ¢ are also obtained.

In Fig. F.8¢, the calculations of the “¥” and “A” currents are shown. Also, the Park
transformations at —2w and w are used to obtain the dgz components of the aforementioned

currents. Note that the “A” currents corresponds to the grid currents. In Fig. F.8b, the DC
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Figure F.8 — Synchronization, Measures and per-unitation

side measurements are shown, where the DC current 44 p, is calculated as the sum of the “¥”
3>
currents 2gpe -

Finally, the energies “¥X” and “A” are calculated as depicted in Fig. F.8d based on the
equivalent arm capacitor voltages.

F.3.3 Classical CCSC

The Classical CCSC' control strategy from Section 3.2 is shown in Fig. F.9. For this strat-
egy, the UCM technique from Fig. F.7a is adopted. Note that the obtained modulated reference
voltages are transformed to abc frame and SI before sending the signals to the “Modulation
Indices Calculation”.

Simulation results with Classical CCSC

In Fig. F.10, the simulation results of the single MMC with Classical CCSC' in the described
scenario in Fig. F.6 are gathered. Results for the grid currents iqu shows a slight coupling during
the simulation, particularly for the steps applied on P}, and Q.. This coupling is mainly due
to the UCM technique from Fig. F.7a. During the AC unbalance event, the grid currents
oscillate at 2w, which is the main limitation of the SRRF controllers (dg) when dealing with
these events [140]. This oscillations are transferred to the DC side as seen in the results from the
middle figure [230]. From the results of the currents 4%, it can be observed that the circulating
currents are eliminated. However, several oscillations on the DC current are observed due to
the lack of dedicated controller on this current as explored in Section 3.2. Nevertheless, the
arm capacitor voltages vZ,,. and v&,,. are well balanced during the simulation.

In Fig. F.11, results for the modulated voltages v> for the period of time from 0.30 s up to
0.65 s are shown. Also, results of the currents 4%, for the same period are plotted. As seen
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Figure F.10 — EMT simulation results for Classical CCSC

from Fig. F.9, the modulated voltage reference v>* generated by the High level control is fixed
to v4./2, however, the actual modulated voltage v created by the MMC is naturally adapted
for the induction of the current i4. for balancing the AC and DC powers (it is recalled that
iZ = i4./3). When the AC unbalance occurs, the coupling originated from the UCM generates
the 2w oscillations on i4.. Finally, when the AC power step is applied at ¢t = 0.55 s, the voltage

2

v,,, experiments an uncontrolled transient, causing the high excursion on the DC current. It

is recalled that, for this reason, the Energy-based controllers were introduced in Chapter 3.
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Figure F.11 — Results from “X” voltages and currents for Classical CCSC

F.3.4 Energy-based controller # 1

The first Energy-based control strategy used in this Thesis was presented in Section 3.3
which was based on the results from [163], and its implementation is shown in Fig. F.12. This
control structure is similar to the one in Fig. F.9 with the inclusion of two extra control loops:
for the DC current and total energy (highlighted in light yellow).
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Figure F.12 — Energy-based controller # 1 from Section 3.3 [163]

The AC and DC power references are marked in red, i.e. P, and P for highlighting
the fact that the Energy-based control strategies are based on the explicit control of both
powers independently. This strategy was used in Section 3.3 in conjunction with the UCM
technique. When considering CM with this strategy, the un-controlled energies compromises

the systems stability.
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Simulation results with Energy-based controller # 1

Simulation results are gathered in Fig. F.13. The dynamics of the AC currents and arm
capacitor voltages are similar as for the Classical CCSC. However, the transient of the DC
current is improved.
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Figure F.13 — EMT simulation results for Energy-based controller # 1

In Fig. F.14, results for the modulated voltages vmabc and currents 12 . are shown, similarly
as in Fig. F.11. Even if the DC current is controlled, v # v>* due to the using of UCM.
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Figure F.14 — Results from “¥” voltages and currents for Energy-based controller # 1
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F.3.5 Energy-based controller # 2

The Energy-based control strategy # 2 was presented in Section 3.4, and it is based on the
main findings from [114] and [116], and its implementation is shown in Fig. F.15. In this case,
the energy controllers per-phase is clearly highlighted [170].
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Figure F.15 — Energy-based controller # 2 from Section 3.4

In this Thesis, this controller is implemented with the CM modulation. However, the use
of UCM is also possible as performed in [162], but the presence of circulating currents iy,
obliges the use of an extra CCSC, as in [117]. All the control details from this strategy are
well documented in [114] and [116].

Energy-based controller # 2 for Wind Farm Connection

In Fig. F.16, the AC side controller for Wind Farm connection as used in MMC-4 from
Section 5.6 is shown. This controller is not based on the PLL synchronization loop: the AC
angle is generated by this controller. Since there is no closed-loop control for the AC voltage,
this strategy may be referred as open-loop control for WF connections.
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Figure F.16 — AC side controller for Wind Farm connection as used in MMC-4 from Section 5.6

For the rest of the controller, the lower part from Fig. F.15 was used, where the AC power
compensation used for the DC power reference generation is now the measured AC power
instead of P*

ac,pu*
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Simulation results with Energy-based controller # 1

Simulation results are gathered in Fig. F.17. The dynamics of the AC currents improved
with respect to the previous control strategies, while simultaneously maintaining a good regula-
tion of the DC current. The arm capacitor voltages presents different dynamics as in previous
cases; however the arms are correctly equilibrated.
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Figure F.17 — EMT simulation results for Energy-based controller # 2

In Fig. F.18, results for the modulated Voltages v2 . and currents 12, are shown, similarly
as in Fig. F.11. Note that v>_ is now equal to v due to the using of CM. This choice allows
an accurate control of all the MMC currents, i.e. i® and i>. During the unbalanced event, the

DC current results unmodified, meaning that the 2w perturbation is accurately isolated from
the DC side.

F.3.6 Energy-based controller for energy “X” in afz frame

Finally, the Energy-based controller for the energy “¥” in afz frame is presented. This
control approach presents several advantages when dealing with unbalanced AC systems, since
advanced modifications can be added to cope with this scenarios as studied in [168, 169].
The energy measures are first referred to the afz axes as shown in (F.2), where the Clarke
transformation C,s, from Appendix A is used.

.fﬂzapu = Caﬁzifbc ,PU (FQa)
Waﬁz pu CaﬂzW be,pu (F2b)

The control structure is shown in Fig. F.19. As it can be seen, the energy “A” is still
implemented in abc frame and it is the same as in Fig. F.16. However, this controller may
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Figure F.18 — Results from “¥” voltages and currents for Energy-based controller # 2

be also referred to the a5z frame if desired, as explored in [79,167,168], to name a few. The
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As it can be seen from Fig. F.19, the DC current (i.e. ¢
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Simulation results with Energy-based controller in afz frame for energy “>”

Simulation results are gathered in Figs. F.20 and F.21. As observed in the results, a similar
behavior is obtained as with the Energy-based controller # 2.
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Figure F.20 — EMT simulation results for Energy-based controller in oz frame for energy “%”
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Appendix G

Energy Based controllers
representation in SRRF

In this Appendix, the mathematical demonstrations and developments of the Energy-based
controller representation in SRRF are given, based on the main findings of [162].

G.1 MMC Energy calculations

G.1.1 Energy expressions in abc frame

The energy sum W and difference W2 are calculated as expressed in (G.1) and (G.2)
respectively [162]. In Fig. G.1, results of the energies from the simulation discussed in Sec-
tion 2.3.3 are provided.

W = 2Cum ((08)" + (:8)") (G.1)
WA = ;Cam (202;08;) (G.2)
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Figure G.1 — MMC Steady State Analysis - Energies
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As observed in Fig. G.la, the variables W2, _ are oscillating at 2w with negative sequence.
The main frequencies for are W2, shown in the FFT from Fig. G.1b, which reveals that some
components of 4w are also present. Moreover, results for the variables W4, . given in Figs. G.1c
and G.1d, show that the main oscillations are w and 3w. Naturally, the “3-A” variables of the
MMC energies also follows the frequency classification given in Table 2.1.

G.1.2 Energy expressions in dqz frame

The expressions of the MMC energies in dqz frame are obtained as shown in (G.3), where
the Park transformation at —2w is used for W2, and the Park transformation at w is used
for W4, as suggested by the results from Fig. G.1.

abe)

quz = PZwWabc (G3a)
quz £ P, Wabc (G.3b)

Energy sum calculation in dgz frame

Taking into account (G.1), the three-phase energy sum W2 = [W> W7, WZ|T

calculated as a function of the arm capacitor voltages in dgz frame as follows (see (2.17)):

1 _1 —1 -
W = icarmp.zwvgdqzof)nggdqz + Ca?“mP deqzonlvédqz (G4)

abc

where it is recalled that vZ,,, = [v5,; v&, v5.]" and V8, = [véd e, vézr. It is worth
noticing that the operator “o” represents the element-wise multiplication of vectors (e.g.
[$lelq] = [83]). Moreover, it is recalled that the zero-sequence of the arm capacitor volt-
ages “A” is expressed as vg, = vgy, cos(3wt) + vézq sin(3wt).

Multiplying (G.4) by P.,,
component (G.5) is obtained.

taking into account (G.3a), and neglecting the 6™ harmonic

wy (Uéd)Q - (Uéq>2 + 2082,V0a + 282,06, + WELVE.
quz = {qu = %Carm ) 21}@1}%2 — ZZédvéZ ngdch —1-2 4chvCZ ) (G.5)
W e ) ) () (5 (202

The expression from (G.5) relates the energies Wdzqz with the arm capacitor voltages in
dgz, ie. vy, and V8, ;.

Energy difference calculation in dgz frame
(W wir W

C

Taking into account (G.2), the three-phase energy difference vector W4, =
is calculated as a function of the arm capacitor voltages in dqz frame as follows:

WA — Con (P_'zlwvgdqzo P 1vgdqz> (G.6)

Multiplying (G.6) by P, and taking into account (G.3b), the expression of Wfqz is obtained
as in (G.7).

Wi = CarnPo (P00 Pil 08, (G.1)
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The results for the dg components from (G.7) are time-invariant after neglecting the 6
harmonic component. However, the zero-sequence W2 is pulsating at 3w, as shown in (G.8).
The same technique as for the zero-sequence component of v5, may be applied as explained
in Section 2.4.1, i.e., an auxiliary virtual variable W2, which is 90° phase-shifted from W2
(renamed W3, for convenience) is created. This is done by respectively replacing the sin(3wt)
and cos(3wt) that appear in (G.8) by sin(3wt) and — cos(3wt), as given in (G.9).

W2 = Com (védvgd + véqvgq + ZUéZdng) cos(3wt) + ... (G.8)

z

WA
Z4

A8 A2 A b)) .

W,
Wy =Wy cos(3wt) + Wg‘q sin(3wt) (G.9a)
WZAﬁ = Wg‘d sin(3wt) — Wg‘q cos(3wt) (G.9b)

Furthermore, the expression from (G.9) is written in vector form as in (G.10), with the defini-

tions given in (G.11) and Ty, = Ts,, the rotational transformation defined in (2.32).
Wi, =T, W2, (G.10)

Wi, = Wa Wg ]t Wz Wz, wal! (G.11)

Finally, an extended definition of the modulated voltage difference is introduced as Wﬁ] =

(W W2 Wg W2]T and is expressed in (G.12).

A AT AT A,S A L3 A LS
Wy VEqVCq + 200406, — VeqVCq + U 7,V6q — VC7,VCq
A ALS AL ALS A S Al s
WA _ L C 20GV6; — VgqVa — VeaViq T Ve 2,VCq T V0 z,VCd (G.12)
dqZ — WA — Yarm UA UZ 4 UA ’UE + QUA ,UE :
7 PR S G SR G S
Wz, UCqVGa — VoaVcq T 20E 2,06

G.2 Methodology for expressing Energy based controllers
in abc to dgz frame

In order to illustrate the methodology, the following subsections explains the reformulation
of a generic set of three-phase PI controllers in the abc frame, and a second-order notch filter
used to extract the average value of the per-phase energy components.

G.2.1 Generic PI controller

As an example, let us consider the generic three-phase PI controller in abc frame from
Fig. G.2. It is controlling the variables X = [Xo Xp XC]T to their references X*, = =

abc

[X* X7 X*]T. The outputs of the controllers are Yap. = [Ya Y, Y.]T, and the states of the

integral parts are &,,. = [£, & &7, It is considered that the variables X gp. are pulsating at
an angular frequency nw.
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Figure G.2 — Generic three-phase PI independent controllers in abc frame

The reformulation of the generic PI from Fig. G.2 to the SRRF frame at nw is performed
in two steps. First, the integral part of the controller is obtained and second, the controllers

output.
The differential equation of the integral part is:
d
T; fl‘fc = Xipe — Xabe

This equation can be related to the dgz components at nw as,

d P-l nw
n PR gy X - PG

dqz dqz
where

nw o __ LYW .Y nwE *
dgz — insabc) quz - inXabC’ quz - inXabc

Expanding (G.14) and multiplying by P, results in (G.16).

dgenv d P-l
78 g g 1R T g
dt dt
ndy

where the coupling matrix nJ, was introduced in (2.20).
The output of the controller in abc frame is expressed as,

Yabc - Eabc + Kp (Xzbc - Xabc) .
With the definitions given in (G.15), (G.17) may be written as,

Y:lbc = P;Llwéggz + Kp (P;Lletril;z* - P;lleg;z>

Multiplying (G.18) by P, yields,

Yi = €a + K, (X - X

dqz dqz dqz

(G.13)

(G.14)

(G.15)

(G.16)

(G.17)

(G.18)

(G.19)

The complete PI structure in dgz frame at nw is determined by (G.16) and (G.19). These
results are expressed in block-diagram form in Fig. G.3. This model is the result of applying
the Park transformation to the three-phase PI controllers from Fig. G.2. It can be noted that
the cross-couplings in the model represents the phase-shift resulting from the application of PI
controllers for tracking sinusoidal signals, and should not be confused with decoupling terms

in a classical dg current controller.
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zZero-sequence
decoupled from dg

Figure G.3 — Generic three-phase PI controllers from Fig. G.2 in dgz frame

G.2.2 Second order notch filter

The filters used for the energies W2 and W24, are second order notch filters tuned

abc abc
at their corresponding frequencies. As an example, let us consider the three phase signals

Uaue = (U, Uy U.]" and the filtered values Y gpe = [Y, Yy Y.]T. The second order transfer
function of the notch filter for the phase j is:
?j 82 + wi

- = G.20
Uj 8%+ 20wns + w2 (G.20)

where w, is the natural frequency and ( is the damping coefficient. Equation (G.20) may be
written as a second order differential function as:

d?Y dY ; e dPU; 9
dtQ + QCUJnW + (JJan = dtQ + wnt (G21)
Choosing the following state variables:
Flj oo Yj — Uj (GQQ&)
dY;  dU;
ng o ditj - ditj + 2§wnF1j + chnt (G22b)

The output of the notch filter can be obtained directly from (G.22a). Derivating the states
from (G.22) and generalizing for a three-phase system it is obtained:

dFlabc

dt = F2abc - 2C(-"-)n-l'wla,bc - 2Cwntjabc (G23a)
AFsqpe

o % — 2 Fyape (G.23b)

?abc = Fiqpc + Uabc <G23C)

where Flabc - [Fla Flb lec]T and F2abc - [F2a F2b FQC]T'
Equation (G.23) can be transformed into the SRRF as:

dF; 1dqz

dt = F2dqz - 2CwnF1dqz - 2Cwnrjdqz - anFldqz (G24a)
dF5q,.

% = _wiFldqz - anF2dqz (G24b)

?dqz = Fldqz + quz (G24C)

Vﬂlelf 5dqz = [Fld qu Flz]Ta F2dqz = [F2d F2q FQZ]T) quz - [Ud Uq Uz]T and ?dqz =
V.Y, Y.]". Equation (G.24) summarizes the three-phase notch filter in dgz frame.
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Appendix H

DC Cable Modeling For Small-Signal
Stability Analysis

One of the main components (and expensive indeed) of HVDC systems are the underground
cables [42]. As for the converters, several models of the “real cables” are available for different
kind of studies, as briefly summarized in Fig. H.1. The study of the DC cables exceeds the
scope of this report: only the methodology for obtaining a cable model for interoperability
studies is detailed.

Real Cable Wideband model }——P‘ Constant parameter models

e Designed for each e PI cable model with e PI structure with constant para-
HVDC project frequency-dependent meters
o Parameters defined parameters e Models based on constant values
for rated power and . Suiltatble for EMT si- for R, L, C elements
mulations
voltage levels mostly o Need ‘algorithms for
relating frequency-
dqrrﬁain . C{node_ls
ggmamorfslme_ oma Needed for small-signal studies

Figure H.1 — Modeling of DC cables for system studies

The most used cable model is the universal line model which is presented in [231], and
implemented in the main EMT simulation software as EMTP-RV or PSCAD with the name of
Wideband model (Fig. H.1). The particularity of the Wideband model is the detailed frequency-
dependent behavior which is inherent of each cable and depends on its physical characteristics
[232]. The difficulty of expressing this model with a state-space representation makes impossible
its utilization for small-signal stability studies.

In many publications and studies, it is usual to represent the cable with a Classical-PI
equivalent circuit, composed with R, L and C' (constant parameters). However, this represen-
tation presents many limitations as already studied in [9,74]. The main issue is the presence
of unreal resonances which can conduct to false conclusions regarding the HVDC system.

Once the limitations of the Classical-PI cable model were pointed out, the author from [74]
proposed a modification of the model for improving the accuracy with a new one called Coupled-
PI. 1t is based on a physical comprehension of the DC cable and it modifies the typical PI
structure for taken into account the coupling between the core and the screen. This is done with
the insertion of a series inductance coupled with the screen circuit. Nevertheless, the Coupled-
PI model fails to represent accurately the frequency dependence of the model parameters [9].

From the discussion in [74], the authors from [195] were motivated for improving the cable
modeling for stability studies. The intention is to capture the frequency dependence of the
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parameters with a modified PT model with constant parameters [196], resulting in the so-called
Frequency Dependant-PI model (FD-II) [195]. This model is the scope of this Appendix.

The rest of this Appendix is organized as follows: the cable models Wideband and FD-II are
first discussed and then the parameters and main assumptions are stated. Also, the method-
ology for obtaining the fitted parameters is explained. Finally, frequency and time domain
simulations are carried on for validating the obtained model.

H.1 Wideband model

For EMT simulations, the Wideband model is the preferred one because of its high accuracy
without compromising the simulation times. As it was stated before, the information needed for
obtaining this model are the physical parameters of the cable. The considered parameters for
the Wideband model are shown in Tables H.1 and H.2 which were provided by Dr. Salvatore
D’Arco and Dr. Andrzej Holdyk!. The main assumption is that the armour and sheath are
considered to be perfectly grounded, hence they can be eliminated by Kron reduction [195]. This
implies that the voltages in armour and sheath remain limited, which is a realistic assumption
for submarine HVDC power cables [233].

Table H.1 — EMT Cable Data - Single core - Number of cables: 1

Number Vertical  Horizontal Outer

of  Distance Distance Insulation
Conductors [m] [m] Radius [m]
3 1 0 0.0637

Table H.2 — EMT Cable Data - Conductor/Insulator

Conductor Inside  Outside  Resistivity Relative Insulator Insulator Insulator Phase
Number Radius Radius p  Permeability Relative Relative  Loss Factor =~ Number
Rin Rout [Q—m] MUE  Permeability = Permittivity LFCT-IN KPH

[m] [m] MUE-IN EPS-IN
1 0 0.0195 1.68E-08 1 1 2.658 0.001 1
2 0.0487 0.0517 2.20E-07 1 1 2.3 0.001 0
3 0.0547 0.0587 1.80E-07 10 1 2.3 0.001 0

The parameters from Tables H.1 and H.2 are loaded into the EMTP block “Cable DATA”,
creating the frequency-dependence parameters of the cable. Then, the block “WB Fitter”
generates a model data file to be used by the cable model “WB m - phase”. This process is
shown in Fig. H.2.

WB Fitter | —— —= —_—

CABLE DATA

Figure H.2 - EMTP Wideband cable implementation

The resultant Wideband cable model can be represented as a PI model where their pa-
rameters vary with respect to the frequency f of the inputs as shown in Fig. H.3. The series

!The author acknowledge Dr. Salvatore D’Arco and Dr. Andrzej Holdyk for providing the cable model in
EMTP-RV.
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Figure H.3 — EMTP Wideband cable interpretation

resistance and inductance are noted as R.(f) and L,(f), respectively. The shunt parame-
ters are noted as G,(f) and C,(f) for the conductance and capacitance. The parameters are
obtained by their respective value per kilometer as:

Rz:erd; Lz:lsz; Gz:ngd; Oz:Csz (Hl)

where 7., [,, g. and c, are the parameters per kilometer and d is the length of the cable in
kilometers.

The frequency dependence of the parameters are plotted in Fig. H.4 per km. The series
resistance r, augment with higher frequencies and the inductance [, tends to be smaller. For
being able to represent the dynamics of the cable when studying the stability, the considered
cable should be able to represent this characteristic to a certain extent.

—
=
=

E) E)
= <
= 3
g 10! R ]
El !
g =
10—2 I L L = = 1071 L e L L )
104 1072 10° 102 104 1074 102 100 102 104
Frequency [Hz] Frequency [Hz]
(a) Series resistance - 7, (f) (b) Series inductance - 1, (f)
?1074 — 10[]
= =
> =
210 / 101}
&) 108 i | i i O 102 i | | |
1071 1072 10° 10? 10 1074 1072 10° 10? 10
Frequency [Hz| Frequency [Hz]
(c) Shunt conductance - g, (f) (d) Shunt capacitance - ¢, (f)

Figure H.4 — Frequency dependence parameters of wideband cable

Figure H.4c shows the variation of the conductance g,(f) with the frequency. Even if
the conductance presents a variation for high frequencies, the order of magnitude is very low
(meaning that the shunt resistance is in fact extremely large, so little current will flow in this
element). For this reason, it is safe to consider this parameter as a constant, or even neglect
it. Finally, the capacitance c¢,(f) is shown in Fig. H.4d. As it is observed, ¢,(f) is modeled as
a constant value for all frequencies. This is proper to the EMT software [195].

The following section explains how to obtain a PI model with constant parameters that
replicates the frequency characteristic of the cable.
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H.2 Frequency Dependent-PI cable model

This section describes the methodology used for modeling the DC cable as described in [195].
The key idea is to propose a “PI cell” structure with parallel branches in the series circuit as
shown in Fig. H.5. The N parallel branches on each cell are meant to reproduce the frequency

dependence of r,(f) and [,(f) from Fig. H.3. The M cells in series are aimed to approximate
the hyperbolic correction factors [195].

Parallel branches for capturing the frequency dependence of R.(f) and L.(f)

_________________________

E Parallel branch N E r—{ Parallel branch N}

— Parallel branch NI

|—| Parallel branch 2
{ Parallel branch 1

Parallel branch 2
Parallel branch 1 }

E l Parallel branch 2 l E
' Parallel branch 1 i

parameters
parameters

[7) %)
= =
Q ()
-+ gl
Q ()
= g
< «
= =
< [so]
=% =8

Cell 2 Cell M

N ' Y

Cells connected in series for approximating the hyperbolic correction factors

Figure H.5 — PI model with parallel branches - “F'D-II”

Equivalent circuit

If infinite numbers of N and M are considered, the Wideband model and the FD-II should
virtually present the same impedance variation with respect to the frequency. Nevertheless, if
large number of cells and parallel branches are used, the order of the system increase exponen-
tially [234], making the modeling of DC grids cumbersome and difficult to analyze. For this

reason, only one cell with three parallel branches are considered as shown in Fig. H.6. The
parameters are obtained with (H.1).

Rzl Lzl

Vin
2

Q

~y
2

L

Figure H.6 — Equivalent circuit of “FD-II model” for N = 3 and M = 1.

\\\H

As discussed previously, the value of g, will be considered as a constant value (or even
neglected) since its value and variation respect to the frequency are rather low as seen in
Fig. H.4c. In case of ¢, its value is taken directly from Fig. H.4d.

The following section describes the methodology for obtaining the values of r,q, r.o, 7.3,
lzla ZZQ and lz3~
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Methodology for obtaining the fitted parameters

The methodology is based on the rational approximation of frequency domain responses by
vector fitting as presented in [235]. The general problem formulation is based in the rational
function approximation given as:

4 etsh (H.2)

s — ay

Given the frequency response of the “real” system F..,(s), the vector fitting technique esti-
mates all the coefficients in (H.2) so the frequency response of F.4(s) approximates the fre-
quency response of F.,(s). The theory behind this technique exceeds the topic of this report
and the vector fitting technique is used just as a tool, which can be downloaded from [236].

Considering only the parallel branches from Fig. H.6, as in Fig. H.7, the admittance of the
equivalent branch is expressed as in (H.3).

TG T B s ) 9

Note that the expression of Y. (s) in (H.3) is similar to the general formulation in (H.2) if
it is considered ¢, = 1 and e = h = 0. The “—" sign in the denominator of (H.3) is added for
having a similar formulation than (H.2).

From the output data of r.(f) and [,(f) from the Wideband cable (Figs. H.4a and H.4b),
it is possible to obtain the “real” admittance Y,.q(s) of the series parameters as a function of

the frequency as:
1

conj(Zyea (27 f))

Once the “real” admittance Y,.4(s) is obtained, the vector fitting tool is used for placing
the poles of (H.3) automatically in a proper position to fit the frequency response (“vectfit3”
function from [236]). The vector fitting tool presents many options for this tasks, as iterative
placement, initial position of the poles, etc. These options may result in different final positions
of the pole placement, but the exploration of all the possibilities exceed the scope of this work.
The results of the fitted admittance is shown in Fig. H.8.

The difference on the magnitude and the angles are calculated as the absolute value of
the difference of the admittance of the real and fitted response. The maximum difference in
the magnitude is around 0.8 Q! and it occurs near 0.35 Hz. This error hasn’t a big impact
on the overall frequency response of the complete FD-II model since, at this low frequency,
the cable behaves more likely a pure capacitor since the series inductance are almost not
solicited. The biggest error on the angle is around 6.5° and it visible around a frequency
of 815Hz. For improving the fitted response, the number of parallel branches (N) can be

Y;ﬂeal(2ﬂ.f) = (H4)
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Figure H.8 — Comparison of the fitted admittance Y.y (s) from the vector fitting tool and the
reference Y;.eq ()

augmented. Nevertheless, the order of the cable will grow rapidly making the further analysis
more complicated.

The output from the function “vectfit3” are the poles of Yq(s) and the associated state-
space function, so another step is needed for obtaining the values of .1, 7.2, 7.3, l,1, .2 and [.3.
This is obtained by converting the state-space model having common pole set into pole-residue
model (this is done with the function “ss2pr” from [236]).

ln = L
zn — Reszn7
where [, and r,, are the inductance and resistance of the parallel branch n; \., and Res.,
are the pole and residue associated to the branch n. The “—” sign for r,, is associated with

the sign introduced in (H.3). Finally, the obtained numerical parameters with the described
methodology are listed in Table H.3.

Table H.3 — Cable parameters for the Frequency-Dependent II model

Parameter Value  Parameter Value
r21 0.1265 Q/km l.1 0.2644 mH/km
29 0.1504 Q/km l.o 7.2865 mH/km
r.3 0.0178 Q/km l.3 3.6198 mH/km
gy 0.1015 uQ~1/km cy 0.16156 uF/km

H.3 Models comparison

The previous section shown how to obtain the parameters of the FD-II cable model with
N = 3 and M = 1. In this section, the resultant model is compared with the reference Wideband
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model in frequency and time domain in EMTP-RV. For both comparison, the FD-II model is
developed in EMTP-RV with R, L, C' elements implementing the same circuit from Fig. H.6.
The considered parameters are the ones from Table H.3 and the cable length is 300 km (d).

H.3.1 Frequency domain comparison

The frequency domain comparison is done with the scheme from Fig. H.9, using the “Input
Impedance” block from EMTP-RV. The results are gathered in Fig. H.10.

HVDC Cable

_—L—Z(f)—F—@ )__I_é__

Figure H.9 — EMTP Scheme for frequency domain comparison
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Figure H.10 — Complete frequency response comparison of the Wideband model and the
Frequency-Dependent IT model with one cell and three parallel branches — Cable length 300 km

As seen in the results comparison of the cable impedance, the FD-II cable model shows an
acceptable accuracy up to the first resonance of the Wideband cable model (around 100 Hz).
For higher frequencies, the Wideband model have many resonances that the FD-II model is
not capturing. For obtaining better results at these high frequencies, more cells connected in
series are needed (increasing the model order) [234]. Nevertheless, it should be studied what is
the range of resonances that will be excited in normal operation of the cable, i.e. if the model
is modeled with extremely high accuracy for all frequencies, but the converters don’t excite
those frequencies, the enormous order of the cable model is not justified.
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H.3.2 Time domain comparison

In this section the dynamic behavior of the Wideband model and the FD-II model is com-
pared based on EMT time-domain simulation. As for the previous comparison, one end of the
cable is short-circuited, and in the other end, a current perturbation is injected while measuring
the DC voltage at the same endpoint, as shown in Fig. H.11. A DC current step of 10 pu is
injected for a duration of 200 ms, as shown in Fig. H.12a. The results of the obtained voltage
are shown in Fig. H.12b.

HVDC Cable

Ny

e

—_— R

Figure H.11 - EMTP Scheme for time domain comparison
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Figure H.12 — Time domain comparison of Wideband cable model and Frequency Dependent
IT model — Cable length 300 km (d)

In Fig. H.12b a detail of the step at t = 0.1 s is also shown, where some slight differences
can be observed. Nevertheless, the Frequency Dependent II model replicates with acceptable
accuracy the overall dynamic response of the Wideband model.
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Analyse de stabilité en petit signaux des Convertisseurs Modulaires Multiniveaux
et application a I’étude des MMC dans des Réseaux HVDC

Ces travaux de these portent essentiellement sur la modélisation, ’analyse et la commande
des convertisseurs de type MMC intégrés dans un contexte MTDC. Le premier objectif de ce
travail est d’aboutir a un modele dynamique du convertisseur MMC, exprimé dans le repére
dq, permettant d’une part, de reproduire avec précision les interactions AC-DC, et d’exprimer,
d’autre part, la dynamique interne du convertisseur qui peut interagir également avec le reste
du systeme. Le modele développé peut étre linéarisé facilement dans le but de I'exploiter pour
I’étude de stabilité en se basant sur les techniques pour les systemes linéaires a temps invariant.
Ensuite, selon le modele développé dans le repere dg, différentes stratégies de controle sont
proposées en fonction de systémes de controle-commande existantes dans la littérature mis
en places pour le convertisseur MMC. Etant donné que lordre du systéme est un paramétre
important pour I’étude des réseaux MTDC en présence de plusieurs stations de conversion de
type MMC, l'approche de réduction de modeles a émerger comme une solution pour faciliter
I’étude. En conséquence, différents modeles a ordre réduit sont développés, et qui sont validés
par la suite, par rapport au modele détaillé, exprimé dans le repere dg. Finalement, les modeéles
MMC développés ainsi que les systemes de commande qui y ont associés sont exploités, pour
Ianalyse de stabilité en petits signaux des réseaux MMC-MTDC. Dans ce sens, la stratégie
de commande associée a chaque MMC est largement évaluée dans le but d’investiguer les
problémes majeurs qui peuvent surgir au sein d’une configuration MTDC multi-constructeurs.

Mots clés

«Réseaux a courant continu multi-terminaux», « Convertisseur modulaire multiniveauxy», « Modé-
lisation dans I'espace d’étatsy, «Stabilité en pétits signauxy.

Small-signal stability analysis of Modular Multilevel Converters and application
to MMC-based Multi-Terminal DC grids

This thesis deals with the modeling and control of MMCs in the context of MTDC. The first
objective is to obtain an MMC model in dg frame which can reproduce accurately the AC- and
DC- interactions, while representing at the same time the internal dynamics which may interact
with the rest of the system. This model is suitable for linearization and stability studies, among
other linear techniques. Then, based on the developed dq model, different control strategies are
developed based on state-of-the-art MMC controllers. Since the dimension of the system is a
limiting factor for studying MTDC grids with many MMCs, different reduced-order models are
presented and compared with the detailed dg model. Finally, the developed MMC models with
different controllers are used for the MTDC studies. The impact of the selected controllers
for each MMC is evaluated to highlight the potential issues that may occur in multivendor
schemes.

Keywords

«HVDC transmission», «Modular multilevel converter», «State-Space modeling», «Small-
Signal stability analysis», «Interoperability in MTDC grids».
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