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Abstract

Analysis tool & control design method of parallel grid-forming converters

for proper operation of power system

The present work on Grid-forming converters, takes place in the context of renewable energy

development in power systems. Prospective scenarios of 100% of renewables are getting more

and more realistic. In those scenarios, wind power and solar photovoltaics are expected to supply

more than 50% of annual electricity consumption, and interconnection with HVDC links are more

frequent. These scenarios have been studied to take into account the variability of renewables

in assessing the needs for power reserve and storage in future grids. Here, the main concern

is related to the technical operations of such systems. As wind power, solar photovoltaics and

HVDC are interfaced to the transmission grid with power-electronics, can the system be operated

in the extreme case where the load is fed only through static converters?

The power system behavior has been based on synchronous generators physical characteris-

tics for years. Driving a power system only based on power electronic interfaced generation is a

tremendous change of the power system paradigm that must be clearly understood by transmis-

sion grid operators. These questions have barely been treated at transmission level and deserve

a speci�c investigation regarding the original issues, system stability conditions, designing tools

and analysis methods.

The traditional “grid-feeding” control strategy of inverters exhibits a stability limit when

their proportion becomes too important in the power system supply. To cope with the extreme

case of a power system with only converter based generators, the inverter control strategy must

be turned into a “parallel grid-forming” strategy.
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This thesis �rst analyses the bulk power system needs, proposes the requirements for “par-

allel grid-forming” converters and describes the associated challenges. Accordingly, the thesis

describes a method for designing a stable autonomous synchronization controls so that grid-

forming sources can operate in parallel with a good level of reliability. Then, a method is pro-

posed to design a voltage control for a grid-forming PWM source taking into account the limited

dynamic of powerful converters. The robustness of the solution is discussed for di�erent con-

�guration of the grid-topology, with the impedance-based method. A current limiting strategy

is presented to solve the current sensitivity issue of grid-forming converters, subject to di�erent

stressing events of the transmission grid. The ideas developed on a single converter are then

applied on small grids with a limited number of converters to allow a physical interpretation on

the simulation results.

Keyswords : Converters, Distributed control, Overcurrent protection, Power system dynamic

stability, Power system transients, Droop control, Voltage control.
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Résumé étendu

Outils d’analyse & méthode de construction de convertisseurs "Grid-forming" contrôlés en

parallèle pour un fonctionnement sûr du système électrique

A l’échelle du réseau de transport, la majorité des ouvrages raccordant des productions éoli-

ennes, photovoltaïques, et les liaisons à courant continu s’interface avec des convertisseurs sta-

tiques de tension type VSC. Alors que la capacité installée des VSC s’accroît, les opérateurs du

réseau de transport, comme RTE, s’inquiètent de potentielles instabilités soulevées par leur fonc-

tionnement. Dans les systèmes électriques les plus concernés, comme le réseau irlandais, une

limite règlementaire �xe à 60 % la participation maximale de cette génération non-synchrone à

la demande globale. L’origine de ces instabilités est liée à la stratégie de contrôles de type "grid-

following". Ces contrôles équipent la quasi-totalité des VSC connectés au réseau de transport

actuellement. Ils s’appuient sur une mesure de l’amplitude, de la fréquence et de la phase de la

tension au point de raccordement, pour injecter un courant synchrone dont le déphasage avec la

tension mesurée �xera les échanges de puissances actives et réactives avec le réseau. Dans le cas

extrême où 100% de la capacité de génération électrique serait interfacée par des VSCs, aucun

dispositif ne serait responsable du maintien de la tension ou de la fréquence. Le comportement

du système serait imprévisible. Plutôt qu’améliorer les contrôles "grid-following" existant pour

augmenter la pénétration de VSCs, on propose ici une approche opposée: peut-on construire

directement un système électrique 100% VSC, en s’a�ranchissant du comportement dicté par les

générateurs synchrones.

Une telle situation paraît hypothétique dans un horizon temporel proche, au regard du développe-

ment actuel du réseau de transport. Mais il n’est pas exclu que localement, ou temporairement,

une poche de réseau ne se retrouve alimenté que par des sources interfacées, en particulier après
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la perte du dernier lien synchrone avec le reste du réseau. A supposer que cette poche isolée

dispose de su�samment d’adéquation entre sa capacité productive, ses réserves d’énergie, et sa

demande, comment doter les VSCs d’une fonction "parallel grid-forming" qui leur permettrait de

faire fonctionner le système électrique en totale autonomie? Répondre à cette question néces-

site à dé�nir ce qu’on attend d’une fonction "parallel grid-forming" et ouvre une interrogation

fondamentale sur la nature des sources électriques dont le système a besoin.

Définition du problème, état de l’art

La fonction "grid-forming", donne de la "rigidité" au caractère source de tension, telle qu’elle est

exigée du réseau de transport. Ce caractère source de tension assure que les unités de production

et les charges puissent être connectées en parallèle. Ce caractère est d’autant plus a�rmé, ou fort,

qu’il permet de maintenir l’amplitude et la fréquence de l’onde de tension, quelques soient les

transits de courant auquel le réseau est soumis. A ce jour, ce sont les générateurs synchrones

qui apportent au réseau ce caractère source de tension, en limitant la dynamique de la tension

en amplitude et en fréquence, comme l’illustre la �gure 1. En réponse à la connexion d’une

charge active, la chute initiale de fréquence est limitée par l’inertie mécanique H du générateur

(�g. 1.a). Cette limite se quanti�e usuellement par le "rate-of-change of frequency", ROCOF =
1
2H ≈ 0.1 rad .s−1.(p.u .)−1. La chute d’amplitude de tension transitoire suivant la connexion d’une

charge réactive est limitée par les faibles valeurs de réactances transitoire x
′ et sous-transitoire

x
′′ (�g. 1.b). Cette rigidité de l’amplitude peut être caractérisée par la puissance de court-circuit

Scc =
V0
x ′
≈ 5p.u. Ces caractéristiques sont permises par la très forte capacité de surcourant des

alternateurs (�g. 1.c).

D’autre part, les rotors des générateurs synchrones convergent naturellement à une vitesse

identique lorsqu’ils opèrent en parallèle. Ils partagent donc une fréquence électrique commune

sur l’ensemble du réseau, en régime permanent. Un contrôle de leur puissance mécanique "en

droop" fait réagir les générateurs à un écart statique global de la fréquence. Ils compensent alors

la variation de la demande qui est responsable de cet écart, dans la mesure de leurs capacités

nominales.
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Figure 1 – La fonction grid-forming du générateur synchrone
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Figure 2 – Les caractéristiques du VSC en open-loop

Un convertisseur de tension VSC module une tension continue, supposée idéale, en une ten-

sion alternative triphasée de fréquence et d’amplitude choisies. Théoriquement, ce fonction-

nement lui confère un caractère source de tension meilleur que celui du générateur synchrone

comme le décrit la �gure 2. Contrôlé en boucle ouverte, la tension de sortie du VSC présente un

ROCOF possiblement nul (�g. 2.a), une tension uniquement a�ectée par l’impédance du �ltre

de sortie, soit une puissance de court-circuit théorique de V0
xf
≈ 8p.u (�g. 2.b). En pratique, ces

capacités sont limitées par un surcourant admissible dans les semi-conducteurs qui dépasse à

peine le courant nominal (2.c). Le contrôle du VSC en boucle ouverte le rendrait très exposé aux

surcourants.

Par ailleurs, il serait illusoire de donner une référence identique fréquence à chaque con-

vertisseur, qui ne dévierait pas dans le temps. Or, il est impossible de faire fonctionner un sys-

tème électrique avec des sources de fréquences di�érentes. Dès lors, seul un contrôle adapté de

l’amplitude de la tension et de la fréquence permettrait de faire des VSC des sources grid-forming

autonomes fonctionnant en parallèle. Il reste alors à en dé�nir les dynamiques. En�n, on ambi-
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tionne qu’un VSC grid-forming soit capable de partager la charge selon la même loi statique que

les générateurs synchrones en embarquant la même loi de droop.

La présente thèse poursuit donc l’objectif de répondre aux questions suivantes:

• Comment un contrôle synchronisant des VSCs redé�nit-il la dynamique de fréquence du

système?

• Comment la dynamique de contrôle de la tension de sortie des VSCs doit-elle être �xée?

• Comment peut-on protéger le VSC des larges appels de courant sans un surdimensionnent

coûteux?

Les solutions apportées doivent de plus tenir compte des contraintes suivantes:

• La compatibilité avec les caractéristiques du réseau de transport: Dispositifs de haute puis-

sance, environnement et topologie de réseau variable, évènements réseau critiques.

• La simplicité des solutions sera privilégiée en raison de la vocation industrielle de leur

application.

• L’indépendance de toute mesure de fréquence (ex: PLL), ou d’un signal GPS.

Des solutions de contrôle "grid-forming" existent dans la littérature, principalement pour

trois types d’applications: les microgrids, ces réseaux réduits à l’échelle d’un navire ou d’un

quartier, la connexion "weak-grid", lorsque le point de raccordement est éloigné de la production,

et en�n, dans les parcs éoliens o�shores. Comme en témoigne le tableau suivant, aucune des

solutions disponibles n’est aujourd’hui su�sante pour couvrir l’ensemble des objectifs et des

contraintes listés plus haut.

La problématique émergente de ce premier travail d’analyse consiste à trouver comment com-

biner les trois composantes fondamentale de la fonction grid-forming, à savoir: la synchronisa-

tion des sources, le contrôle de tension du VSC dans un environnement variable, et la protection

contre les surcourants en transitoire.
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Introduction Synchronization of voltage-sources Voltage control of VSC-PWM Enhancing Transient behavior Conclusions

State-of-the-art in VSC Grid-forming controls

Microgrids
Weak grid
connection

Offshore
Windfarm

Synchronization (with no
PLL)

4 4 6

Flexible Voltage Control
(Grid-connected/standalone)

4 6 4

Protection against large
disturbances

4 6 4

Compliance with
transmission grid level

6 4 4

4:Aspect treated in the literature
6:Aspect not treated in the literature

6 / 41Table 1 – Les sous-fonctions des VSCs grid-forming dans la littérature

Synchronisation de sources de tension pour opération en parallèle

Pour élaborer les conditions nécessaire et su�sante à la synchronisation des sources, un système

simple de deux sources de tension idéales a été étudié. La dynamique du système a été modélisée

par l’expression linéarisée des �ux de puissances entre les sources: les variations de puissances

active ∆P1(s) et réactive ∆Q1(s) sont liées aux variations de di�érence d’angles intantanés entre

les sources ∆δ = ∆θ1 − ∆θ2 et à la variation de l’amplitude instantanée de la tension ∆E1(s). Le

couplage entre les grandeurs est exprimée par une matrice de fonction de transfert:


∆P1(s)

∆Q1(s)

 =

FPδ0(s) FPE0(s)

FQδ0(s) FQE0(s)



∆δ (s)
∆E1(s)
E10


De cette analyse, il apparaît que des variations rapides d’angles et d’amplitudes des sources

produisent indistinctement des varations de puissances active et réactive. Le découplage en-

tre les puissances active et réactive est obtenu lorsque la dynamique de variation de l’angle et de

l’amplitude de la tension est modérée. Dans ce but, un �ltrage de puissance avec une fréquence

de coupure 10 fois inférieure à la fréquence fondamentale est introduit. Pour assurer la syn-

chronisation, le contrôle de la fréquence par la puissance active se présente comme sur la �g.

3.

Le gain mp1 �xe la relation statique puissance-fréquence dans les même proportions que

celles des générateurs synchrones traditionnels ce qui assure l’interopérabilité des sources pour
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Figure 3 – Contrôle en droop de la fréquence pour les opérations parallèle de VSCs
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Figure 4 – Contrôle complet d’un VSC-PWM par boucles cascadées.

le partage de la charge. La fréquence de coupure du �ltre ωLP �xe quant à elle la dynamique de

la fréquence de consiqne des VSCs selon des critères de stabilité du système interconnecté.

Contrôle de tension d’un VSC-PWM

Le système électrique exige que le VSC grid-forming soit capable de contrôler la tension, qu’il soit

connecté à une charge passive ou à un réseau d’une puissance variable. D’un autre côté, les VSCs

ont des limitations dynamiques à forte puissance qui contraignent le design de son hardware et de

ses contrôles. En conséquence, le dimensionnement du système et le paramétrage d’un contrôle

par boucle cascadé est proposé comme l’illustre la �gure 4.

Le paramétrage du contrôleur s’appuie sur un découplage temporel entre les di�érentes

boucles. Les performances sont satisfaisantes lors de l’alimentation d’une charge isolée, mais

ne sont pas robustes lorsque que le VSC contrôlé est connecté à un réseau équivalent de forte
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Figure 5 – Contrôle complet d’un VSC-PWM par boucles cascadées.

puissance. L’instabilité qui peut apparaître dans cette con�guration "grid-connected" est analysée

avec deux méthodes di�érentes. Par analyse du lieu des pôles du système, et par analyse fréquen-

tielle de l’impédance équivalente formée par le �ltre et le contrôleur. Cette approche circuit aide

à appréhender le comportement d’un VSC contrôlé et connecté au réseau.

Amélioration du comportement transitoire par nouvelle stratégie

de limitation du courant

Le contrôle de la tension par boucles cascadées permet une limitation explicite du courant de

sortie de l’onduleur. Néanmoins, la saturation du courant de référence rend inopérant le con-

trôle de la tension et du droop en puissance nécessaire à la synchronisation. En conséquence,

le système perd sa stabilité après un large transitoire. Pour palier ce problème, une impédance

virtuelle (TVI) activable sur seuil de courant, a été ajoutée. Ainsi, dès que le courant de sortie de

l’onduleur dépasse sa limite, la tension de référence de l’onduleur baisse très rapidement pour le

protéger durant les transitoires exigeant. Un schéma de fonctionnement est proposé en �gure 5.

La stabilité transitoire apportée par cette solution est validée par di�érentes simulations EMT

sur des réseaux d’un, deux et trois onduleurs fonctionnant, en autonomie, sur un réseau de trans-

port typique.
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Figure 6 – Les caractéristiques du VSC en parallel grid-forming

Conclusions

Les présents travaux ont permis de dé�nir un contrôle "parallel grid-forming" pour le VSC qui

remplit à la fois les fonctions exigées par le système électrique et les contraintes de l’onduleur.

Le comportement de cette source est synthétisé schématiquement sur la �gure 6. Ces contrôles

donnent une nouvelle dynamique de fréquence lors de la connexion d’une charge unitaire (�g.

6.a), une nouvelle dynamique d’amplitude de tension qui di�ère selon que l’onduleur est loin de

ses limites, ou que l’onduleur atteint son courant maximum (�g. 6.b). On tire alors béné�ce de la

rigidité de la source de tension apportée par le VSC tout en le protégeant dans les cas critiques.

En particulier, cette thèse met en évidence la limitation dynamique que doit observer le con-

trôle de la fréquence pour garantir la stabilité de la synchronisation. Pour le design du contrôle

d’amplitude de tension, l’accent est porté sur la nécessité de minimiser les interactions néga-

tives que le contrôle local pourrait avoir avec le reste du réseau. Pour cela la modélisation de

l’impédance équivalente au �ltre et au contrôle est proposée a�n d’adopter une approche circuit

qui donne aisément la sensibilité de la tension aux perturbations du réseau. Par ailleurs, la pro-

priété de passivité du contrôle apparaît comme désirable car elle assure une condition su�sante

de stabilité. En�n, la TVI apporte une réponse au compromis vitesse-stabilité de la synchronisa-

tion en o�rant une réponse lente de la fréquence aux petites perturbations du réseau, mais une

réaction rapide lors des larges transitoires qui risqueraient d’endommager le matériel.

Mots-clés : Convertisseur, Contrôle distribué, Protection contre les surcourants, Stabilité dy-

namique du système électrique, Transitoires du système électrique, Source de tension, Control

de tension.
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Chapter 1

Introduction
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1.3 Thesis contribution & outline . . . . . . . . . . . . . . . . . . . . . . . . 40

1.1 Background and motivation

Toward a 100% power-electronics power system In most of the developed countries, the

share of renewable generation in power system has raised drastically. In the US or in France,

scenarios of 90% and 100% of renewables in 2050 have been explored respectively by the NREL

[1] or the ADEME [2]. In both projections shown in �g. 1.1 and 1.2, the wind power and solar

photovoltaics are expected to supply more than 50% of the annual electricity consumption. The

largest wind and photovoltaic generators will be connected to the transmission grid. They are

interfaced through power-electronic based converters to extract the maximum energy from wind

and solar �ux. As a consequence, the power-electronic based generation will be dominant over

traditional synchronous generation in the future.

Further more, the construction of HVDC links are stimulated by two main drivers. First,

these links can interconnect asynchronous power systems such as continental Europe with Scan-

dinavia and British islands. Second, embedded HVDC links, such as between France and Spain

[6], are an alternative to traditional overhead lines that face a low social acceptance in the trans-
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Figure 1.1 – Annual electrical energy consumption share for a 90% of renewables in US in 2050

[1].

Figure 1.2 – Annual electrical energy consumption share for a 100% of renewables in France in

2050 [2].
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1.1 Background and motivation

Figure 1.3 – Wind penetration duration curves for nominally 27% annual energy system. Source:

NSPI Renewable Integration [3].

mission grid development. HVDC links have one AC/DC converter at each end, and thus are

not considered as natural synchronous links. Consequently, the probability to lose the last syn-

chronous link between two areas is higher.

A 100% power-electronics interfaced power system seems hypothetical as synchronous gen-

eration remains connected, even in 2050. However, looking at instantaneous electrical energy

production, only interfaced-based generation is likely to feed the load temporary or locally. As

noted in [3] and illustrated in �g. 1.3, 27% annual wind energy in a hypothetical power system

exceeds 70% hourly production few times a year. In case where 50% of the load is annually fed by

converter-based generation, 100% of instantaneous production could be reach temporary. More-

over, since wind and photovoltaic generations are concentrated where the wind blows and the

sun shines, a large area of transmission system fed through power-electronics can lose the last

synchronous link connecting it to the rest of the system as depicts on the �g. 1.4. The transmis-

sion grid operators must adapt their practice to run the islanded system with no synchronous

generation, under su�cient reliability and economical e�ectiveness.
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SG

HVDC Links
SG

AC links Synchronous Generator

LoadsStatic converters DC/AC

Figure 1.4 – Representation of the present power system loosing its last synchronous link.

Converter-based electrical sources connected to the transmission grid Static converter

technology for renewables or HVDC interface is mostly based on Voltage Source Converter

(VSC). Compared to previous LCC technologies, the VSC has an extra degree of freedom to de-

couple its active power injection from its reactive current injection.

At transmission level, the main role of grid-connected VSCs is to provide AC active power

that follows a setpoint, depending on the level of wind, of sun, or of the planed transfer on

HVDC links. Power setpoint injection requires measurement of the sinusoidal voltage at the

connection point. From the value of the voltage amplitude, frequency and initial phase angle, a

controlled AC current can be injected with a shifted phase-angle, to establish the desired active

and reactive power exchange with the grid. This VSC current-controlled strategy is the state-

of-the-art for controlling distributed power generation system nowadays [7]. The control relies

on a synchronization unit based most frequently on a "phase-lock-loop" to estimate the system

frequency and phase angle, and on a fast loop current control. This strategy is inherited from

motor drive, as the PLL estimates the rotational speed of an equivalent synchronous machine

that would be connected at the point of common coupling with the converter. The active power

injection supports the synchronous generators rotation and replaces part of their mechanical
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1.1 Background and motivation

power supply. In this sense, the control strategy is called "grid-feeding" strategy (equivalently

"grid-following" strategy) [8, 9].

The characteristic behavior of grid-feeding converters is their apparent lack of so-called "in-

ertia". The inertia quanti�es the capability of the power system based on synchronous generators

to withstand �uctuation in net load and generation, through the presence of kinetic energy re-

serve in their rotating parts. As the grid-feeding converters only inject �xed power setpoints,

regardless of the load level, they cannot guarantee the stability of the system frequency and

voltage magnitude, the key variables of the power system.

Control requirements for grid-feeding converters are currently �xed by the transmission grid

operators in grid-codes. These grid-codes are based on the assumption that synchronous gener-

ators dynamic dominates the system. However, the increasing share of grid-feeding converter in

the power generation changes the resulting dynamics and endangers the system stability.

Existence of a penetration limit of grid-feeding VSC at the transmission grid-level In

the present situation, the transmission grid operators estimate a stability limit is reached for a

penetration level of grid-feeding converter between 60% to 80% [10, 11]. In Ireland, the maximum

penetration level is currently limited to 60% in their 5 GW system. A precise limit is impossible

to draw as it depends on the localization of the converter-based generation and on the dispatch.

The stability issues caused by high penetration of power-electronic devices have been exten-

sively documented in [12]. One factor involved is the poor stability of grid-feeding controls in

weak-grid situation. Another factor is linked to the low frequency sti�ness when the remaining

inertia of synchronous generators decreases.

Improvements in the grid-feeding control have been suggested to participate to the primary

control of voltage and frequency, similarly to what is already implemented in synchronous gen-

erators. Such controlled converters are called "grid-supporting" [9]. Grid-supporting converters

o�er �exibility to the primary reserves management, but they do not provide the �rst cycles

of a sinusoidal voltage waveform as synchronous generators naturally do. In other words, at

an extreme point, if the output voltage collapses suddenly, following an outage or a large load

connection, there will be nothing left to measure or adjust to.

37



1 Introduction

Additional controls have been suggested to speed up the dynamic of frequency control. The

idea is to inject or absorb active power when the measured frequency has a high rate of change.

It takes advantage of the energy immediately available in the wind turbine rotation [13], or in

fast DC storage devices [14]. Because this add-on contributes to a better frequency stability by

limiting the transient frequency excursion, it has been called "synthetic inertia". However, this

e�ect is temporary, and [11] showed that such control does not allow to expand the stability limit

of the penetration level.

If one tried to push the limit up to the 100% of grid-feeding/grid-supporting converters, it is

unclear how the voltage amplitude and frequency would be regulated as the grid-feeding con-

verters are forced to behave as current-source within ten milliseconds, the characteristic time of

the current loop. Particularly, once synchronous generators are removed, the frequency dynamic

does not depend on rotational speed but on PLLs parameters. Interaction between PLLs is not

yet fully understood. The non-linearity of the PLL is di�cult to analyze properly, and stability

limits on PLL parameters are hard to generalized to networks with unknown topologies.

Instead of trying to expand the stability boundaries of penetration level, this thesis takes the

challenge of building directly a full VSC-based power system. To that end, the control strategy of

VSC should be turned from a grid-feeding strategy to a "grid-forming" strategy. The grid-forming

capability refers to the ability of VSCs to precisely control their output voltage amplitude and

frequency and thus to create the grid by their own.

1.2 Scope of the Thesis

Opposed to the approach of maximizing the penetration level of VSC-based generators in the

system, the thesis focused on the necessary and su�cient conditions to build a 100% VSC-based

power system from scratch with, at least, the same level of reliability than today. A 100% VSC-

based power system considers that all the electrical generators are interfaced through VSC de-

vices. Further, the thesis considers that no synchronous motor remains in the load.
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Thesis objectives The task of guaranteeing a stable and reliable operation of power system

is tremendous. Hence, the ambitious problematic of the thesis has been decomposed in three

subsidiary questions that must be addressed.

1. What are the fundamental services the electrical sources must provide to operate the fun-

damental functions in a power system?

2. How the analysis of these services from the transmission grid perspective could de�ne the

"parallel grid-forming" requirements for future static converter?

3. From the VSC-device perspective, what are the technical challenges to o�er the "parallel

grid-forming" service?

4. What are the designing methods and recommendations to cope with these challenges while

ensuring that VSCs operate with su�cient level of reliability?

Constraints on the objectives The technical solutions found in this thesis consider the fol-

lowing contextual constraints

1. The industrial context of this work is conservative. The chosen approach gives the priority

to the simplicity of the developed controls, whenever it is possible. Ideally, the proposed

controls should be an upgrade of the existing VSC systems, allowing retro�t.

2. The system must be easy to understand and to analyze in its resulting phenomena. The

power system is formed of thousand of nodes, the possible interactions must be minimized.

3. The solutions must be compatible with the highest voltage, and the highest power rate of

the existing VSCs.

4. With no synchronous generators, the de�nition of system frequency is no more linked with

the rotation speed of rotors. As a consequence, frequency estimation is not fully reliable,

especially under the fundamental period or during transients. Thus, it has been chosen

not to rely on frequency measurements. In particular, all the PLL-based solutions will be

avoided.
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1.3 Thesis contribution & outline

The main contributions of the present thesis are fourfold

1. An analysis of the technical challenges for operating a full VSC-based power system that

results in requirements for parallel grid-forming capabilites.

2. An analysis of the trade-o� between the stability of the synchronization control of grid-

forming sources and the sensitivity to transient grid events.

3. A design method and recommendations for a high-power VSC-PWM based grid-forming

sources for the transmission system.

4. An overcurrent limitation strategy to preserve the synchronization stability during grid-

events.
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The contributions are organized in the following structure:

• Chapter 2, To state the problem, this preliminary chapter investigates the power sys-

tem needs and the technical services required by the transmission system operators.

A comparison between the nature of an electrical source based on synchronous gener-

ators or VSC underscores the challenges to ful�ll the mentioned services. A literature

survey on similar technical problems in others application such as Microgrids or o�-

shore windfarm networks emphasizes the speci�c and original issues associated with

the transmission network application.

• Chapter 3, From a power system perspective, the second chapter identi�es the stability

constraints of a network interfacing only grid-forming VSCs. The grid-forming VSCs

are represented by fully controllable voltage-sources. Based on a simpli�ed model of

transmission lines, an analytic study justi�es the use of a power-frequency droop-

control because it provides the necessary and su�cient conditions to synchronize the

sources at a common frequency. The chapter closes on the trade-o� illustration be-

tween the stability margins droop control and the sensitivity to transient overcurrents

following grid events.

• Chapter 4, From the VSC device perspective, this chapter provides a method and rec-

ommendations to size and control the terminal voltage of a VSC-PWM with its �lter.

The controlled VSC is expected to satisfy grid-forming function requirements on a

wide range of grid situations. Especially, the small-signal stability limit of a tight

voltage control is highlighted when the VSC is connected to a strong grid. Conse-

quently, the in�uence of control parameters on potential small-signal instabilities is

studied through the frequency dependent model of the equivalent output impedance

of the voltage-controlled VSC.

• Chapter 5, The last chapter tackles the large-signal stability of the developed control

while the VSC faces stressing grid events. A post-fault overcurrent limiting strategy is

designed to avoid the saturation of the control reference to keep the VSC system under
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control. The ideas developed on a single converter are simulated on small transmis-

sion systems with a limited number of converters to allow a physical interpretation

on the simulation results. The simulations are conducted on a EMT software.
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Chapter 2

Problem statement: Challenges of a

full VSC-interfaced transmission grid

system

Contents

2.1 Analysis of large power systems needs . . . . . . . . . . . . . . . . . . . 44
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2.4 State-of-the-art of grid-forming VSC . . . . . . . . . . . . . . . . . . . . 76

The chapter is dedicated to the problem statement of this thesis, rising the main technical

challenges: de�ning stable synchronization of VSC based grid-forming sources, building robust

and �exible grid-forming sources with a PWM-VSC, protecting the VSC against overload during

grid events. Those three challenges reveal themselves from the following methodology. First

some of the fundamental power system needs and constraints have been analyzed to de�ne a

parallel grid-forming capability required for the sources. Then, the traditional synchronous gen-

erators behavior has been compared to the nature of VSC-based electrical sources, underlining

their lacking features to ful�ll power system needs. Finally, the VSC requirements are compared

to available solutions in the literature. As an output, the chapter gives the original technical chal-

lenges that this thesis must address to operate a full VSC-interfaced transmission grid system.
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2 Problem statement: Challenges of a full VSC-interfaced transmission grid system

2.1 Analysis of large power systems needs

Anywhere in a power system, the transmission grid operators (TSOs) have a fundamental respon-

sibility among others: provide electrical energy of good quality to the consumers [15]. Pursuing

this goal, the TSOs use the grid infrastructure, built in the last century, as well as construc-

tive capacity of electrical sources owned by the producers. This section analyses some of the

fundamental technical functions, required from the electrical sources, to allow electrical energy

transport through the grid, a good electrical quality, and safe operations of the power system.

The section ends with a synthesis of some technical needs, gathered under the de�nition of "par-

allel grid-forming capability", that electrical sources must meet in order the TSOs to ful�ll their

mission. The quanti�cation of power system needs in future power system will be, at minimum,

as good as today from the consumer point of view.

2.1.1 Technical needs from the transmission grid infrastructure

Historically, electrical generation units have been centralized and located far from consumption

centers. To transport electrical energy over long distances, the existing transmission grid is

based on AC-line and transformers. Compared to DC transmission, AC transmission have been

preferred in the past for the following technical advantages:

• AC voltages can be readily transformed to higher voltages, with robust copper coil. High-

voltage minimizes current and losses for a given power transfer amount.

• AC-lines are easy to switch-o� when the current values cross zero. Line switching is de-

sirable to eliminate faults, as short-circuit.

• Brushless AC motors can be employed.

In contrast, one point stands in favor of the DC transmission: there is no limitation of the

transmission distance, especially when using cables that can be buried, and thus, hidden. How-

ever, the existing interconnected European transmission assets are worth billions of euros with

long life expectancy. Reasonably, the grid-structure of AC transmission lines will remain in the

future, even in the case of a 100% power electronics based system.
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2.1 Analysis of large power systems needs

Table 2.1 – Technical needs from transmission grid infrastructure

Services Main technical functions Conditions

Electrical energy

transport on AC line

Three-phase sinusoidal currents

injection

ωmin < ω < ωmax

As a consequence, the AC transmission grid nature constraints the electrical energy to be car-

ried through the network under alternative quantities. Three-phase transmission results from a

cost minimization of the line investment compared to the transmitted power. Lines and coils have

been sized for 50 Hz currents in Western Europe. Therefore, actual alternative currents �owing

through the AC grid should present a frequency in the vicinity of the nominal frequency. This

main requirement on frequency is reported in table 2.1. During normal operation, the frequency

is expected to remain between 49.5 Hz and 50.5 Hz [16], but those limits are mainly driven by

the synchronous generators technical limits. Transmission grid hardware have also rated AC

voltage amplitude, connected through transformers. In France, the transmission grid gathers

the voltage levels of 63 kV, 90kV, 225 kV, and 400 kV. At all voltage levels, the transmission grid

shares a common structure of mainly overhead lines, often doubled-lines, connected in a meshed

topology.

2.1.2 Technical needs for good quality electricity

One of the fundamental missions of TSOs is to guarantee the electrical supply of all consumers,

at any point of the managed grid, with a good quality. Basically, electrical energy of good quality

means that the energy is available instantaneously, without interruption, under a well de�ned

sinusoidal form [15]. This mission of qualitative supply can be decomposed in four subsidiary

services provided by the transmission grid and its operator:

1. Load adequacy: The TSOs must ensure that there is enough energy generation, reserve

or storage, to feed the load demand variation at any time (no generation shortfalls).

2. Parallel load connection: Consumers must be connected in parallel on the same network

otherwise, the electrical circuit should be opened for each new connection.
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2 Problem statement: Challenges of a full VSC-interfaced transmission grid system

Table 2.2 – Technical needs for a good quality of electricity

Services Main technical functions Conditions

Parallel load connection Control of grid nodes RMS voltages Vmin < V (i) < Vmax

System security Load-sharing between parallel

generators

Pдen(i) =

Pset (i) + ∆Pload/Pnom(i)

Hardware Security Overload limitation Iдen(i) < Imax (i)

3. System security: To avoid the system collapse following a random grid event, the load

must be fed from, at least, two di�erent generators operating in parallel, and intercon-

nected in a meshed network.

4. Hardware Security: All the grid-connected devices must be protected from grid events.

These events can be faults, outages, or normal operation and can result in high-voltages

or high-currents, destructive for the connected devices.

Among the listed services, the �rst one regarding load adequacy will not be treated in this

thesis. The load adequacy depends on long term planning. It is then assumed here, that there is

always su�cient primary energy production or reserve to be converted into electricity to ful�ll

the load demand. The three remaining services necessitate technical functional conditions. This

thesis treats only some fundamental needs of interest that are summarized in the table 2.2 and

quanti�ed in the next paragraphs.

Control of grid nodes RMS voltages is fundamental to feed loads under their rated power

conditions when loads are connected in parallel to the grid. Today, a steady-state voltage control

is required to reach a reference value of ±5 % in less than 10 s, with a static error of less than 0.2

% of the reference value [16].

The load sharing ensures the generators in parallel to share load variation in proportion to

their rated power (∆Pload/Pnom(i)), or according to another prede�ned law. Mainly steady-state

requirements are expected, as long as the sources can handle overload before the load-sharing
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2.1 Analysis of large power systems needs

action. In AC electrical system, a prerequisite for load-sharing is the synchrony of all generation

units.

The overload limitation concerns all protective functions that must be implemented depend-

ing on the intrinsic physical capability of the electrical sources. The limitation is often a thermal

limit, that depends on a couple current magnitude and over-current period. Voltage limitations

also might exist but they are not taken into account in this work.

Other TSOs missions should be kept in mind while looking at potential technical solutions.

Economical optimum for the society implies that generation operating points Pset (i) (the steady-

state power references of each units) can be market driven. Also, only the necessary hardware

investment must be proposed. Whenever possible, intelligent computed solution should be fa-

vored instead. At last, for the sake of transparency and simplicity, the system behavior must

be kept as simple as possible to let stakeholders understanding the underlying dynamics. Simple

solutions are all the more necessary as TSOs must operate a very large system of thousand nodes

with the highest possible level of reliability.

2.1.3 Technical needs from transmission grid operating constraints

The power system is subject to numerous contingencies and physical disturbances, resulting

from normal operations (load changes, generation variations, grid recon�guration), as well as

from hazardous outages. The consequences on grid operating constrains are twofold. First, the

transmission grid can have multiple con�gurations, from large interconnection of multiple gener-

ators, to standalone situations where only passive loads must be fed by one generator. Standalone

situations might appear when the last AC link between two synchronized areas is lost. Second,

the generators connected to the transmission grid are subject to stressing events. Example of

what is considered as stressing events are listed below:

1. Connection of a large load close to a small generation unit

2. Loss of the last AC line between two areas

3. Line switch or transformer disconnection

4. Generator outage
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2 Problem statement: Challenges of a full VSC-interfaced transmission grid system

Table 2.3 – Technical needs from operating constraints

Constraints Main technical functions Conditions

Feeding sudden load

changes

Transient voltage sti�ness Guarantee limited

amplitude and frequency

transients

Surviving in separated

areas

Autonomous operation Use local measurements

Ensuring stable normal

operation

Small-signal stability in various grid

con�gurations

Su�cient damping

Surviving transmission

grid events

Large-signal stability Remain connected after

fault

5. Short-circuit

The events listed above are considered to be instantaneous and to a�ect the three-phases

simultaneously. The power system must be robust enough to remain stable in any situations

during normal operation, and to converge to an acceptable steady-state following each of these

large disturbances.

The fundamental technical functions summed up in tables 2.1 and 2.2 must be ful�lled with

a su�cient level of robustness to face the transmission grid operating constraints. These oper-

ating constraints require additional technical functions listed in table 2.3 to be achieved. These

expected technical functions are further explained in details.

Transient voltage sti�ness ensures that the voltage does not collapse in amplitude or in

frequency when a reasonable load is connected. Even if no speci�cations exist in present grid-

codes for instantaneous voltage limits, it is expected in future grids that the voltage conserves

at least the same transient voltage sti�ness as nowadays. Present criteria for evaluating the

transient voltage waveform sti�ness are the "short-circuit power", and the "rate of change of

frequency" (ROCOF). The short-circuit power describes the ability of the grid to provide current

to the fault in order to maintain the voltage magnitude as much as possible. The short-circuit

48



2.1 Analysis of large power systems needs

power is also said to characterize the strength of the grid. The ROCOF evaluates the frequency

variation in respect to the load current, in the �rst moments following the connection. In a

synchronous generators-based system, the ROCOF is often mixed up with the level of inertia of

the system.

Autonomous operation is needed because electrical sources can not depend on additional

communication link for reliability reasons. Consequently, the sources have no information on

whether they are linked to a large synchronous area or passive network. In any case, they must

feed the load if they are supplied with enough energy.

The small-signal stability in various grid configurations characterizes the ability of the

system to maintain normal operations after small changes from initial conditions (load changes,

generation variations). Particularly, the small-signal stability implies that critical resonances of

the system must be damped. It is particularly challenging, as electrical sources must operate in

stable manner in an unknown environment. From standalone situations with only passive loads,

to large power system with numerous other electrical generation units.

Large-signal stability ensures the electricity sources to remain connected after a severe event

to reach an acceptable operating point, without exceeding their overload capabilities.

2.1.4 Synthesis on demanded functions to electrical sources forming a trans-

mission grid

The three previous subsections reviewed the main technical needs that should be met by elec-

trical sources, required by the structure, the quality services, and the operating constraints of a

transmission grid. To build a transmission grid that ful�lls its mission, TSOs require the electrical

generators, to embed these functions rearranged in two separate tables 2.4 and 2.5.

The ability of electrical generator to feed a passive load under controlled voltage and fre-

quency in steady-state but also with su�cient sti�ness during transient will be referred as "grid-

forming" capability. The associated functions are described in table 2.4. The ability of such

grid-forming generator to operate in parallel, in a stable manner, will be referred as "parallel
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2 Problem statement: Challenges of a full VSC-interfaced transmission grid system

Table 2.4 – Grid-forming capability

Technical needs Description

Sinusoidal waveform

generation

Conversion of a primary energy resource into electrical energy

on three-phase alternating currents

Transient voltage

sti�ness

The �rst voltage cycles following an event should have a

limited amplitude and frequency drop from the nominal values

Hard transient resilience The device must survive when stressing event occurs

Autonomous operation Critical functions must be ensured only based on

measurements available locally

Steady-state voltage

amplitude control

The steady-state terminal voltage amplitude must be kept into

acceptable range

Steady-state voltage

frequency control

The steady-state terminal voltage frequency must be kept into

acceptable range

Table 2.5 – Additional functions for parallel grid-forming capability

Technical needs Description

Synchronization All the electrical sources must converge into a consensus

frequency

Load sharing Load variation must be shared among generation units

according to their ratings or a prede�ned law

Stability Parallel electrical sources must remain stable after small or

large disturbances
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Figure 2.1 – The considered grid-connected synchronous generator system with the primary

mechanical source. The electromotive force is produce along the q-axis.

grid-forming capability", gathering the grid-forming functions with the additional features de-

scribed in table 2.5. The following sections show how the synchronous generators have histor-

ically ful�lled these parallel grid-forming functions through their physical behavior and their

controls, and what are the missing functions to be developed to turn VSCs into parallel grid-

forming sources.

2.2 Power system based on synchronous generators electrical sources

Traditionally, TSOs have been driving the power system through the action of the electrome-

chanical energy converters based on the synchronous generators. Intrinsic physical properties

associated with suitable controls were used to provide parallel grid-forming capabilities to the

grid.

Based on the representation of stator and rotor windings in �g. 2.2, equations of the syn-

chronous generators are recalled in appendix A.1. Equations (A.1), (A.2), (A.3), (A.4), (A.5), (A.6)

and (A.8) describe completely the synchronous generator instantaneous behavior under the given

assumptions.
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Figure 2.2 – Stator windings and rotor windings relative positions.

2.2.1 The grid-forming capability of synchronous generators

Based on the steady-state and transient model of the synchronous generator, this section details

how the electrical source ful�lls all the functions to provide grid-forming capability to a passive

load (S open in �g. 2.1). Analytic study is, however, di�cult, because of the non-linearity since

the stator electrical quantities depend on the rotor speed, and since the electromagnetic torque is

the product of electrical quantities. To easily demonstrate the synchronous generator properties,

the electrical behavior of the converter is �rst studied assuming a �xed rotation speed. Then,

variation of the rotational speed is quanti�ed.

Source of sinusoidal waveform voltage When the rotor rotates at �xed speed ωr = ω0,

all the stator quantities, currents, �ux, and voltages have sinusoidal waveforms in steady-state

with an angular frequency of ω0, because of the assumption of the sinusoidal distribution of

stator windings. In case a multi-polar generator, the relationship between mechanical speed and

electrical frequency is a�ected by the number of poles.

Transient voltage amplitude sti�ness Before the �eld current control can react, the termi-

nal voltages must be sti� enough to handle strong load variation or grid disturbance without

collapsing the system. The transient voltage sti�ness of a synchronous generator only depends

on its physical equations. As the terminal voltage is mainly a�ected by a reactive current, the
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2.2 Power system based on synchronous generators electrical sources

magnitude sti�ness is investigated by looking at the magnitude evolution of the �rst voltage

cycles following a step of a reactive current (d-axis current):


∆id (t > 0) = id1

∆iq(t) = 0
(2.1)

In Laplace domain: 
∆id (s) = id1

s

∆iq(s) = 0
(2.2)

The corresponding �ux and voltage variation are deduced from eq. (A.15) and (A.3). In the

short-time scale following the event, the stator resistance ra is neglected because of its small

in�uence, and the �eld voltage is considered constant (∆vf (s) = 0).


∆ψd (s) = −ld (s)∆id (s)

∆ψq(s) = 0
(2.3)


∆vd (s) = s∆ψd (s) = −sld (s) id1s
∆vq(s) = ω0∆ψd (s) = −ω0ld (s) id1s

(2.4)

The frequency dependent inductance ld (s) expression from eq. (A.16) is decomposed in sim-

ple fractional elements, introducing the steady-state reactance xd , the transient reactance x ′d , and

the subtransient reactance x ′′d . These equivalent reactances are calculated from the characteris-

tics time constants of table 2.6, considering operations close to the nominal frequency (ω0 ≈ ωn).

Typical reactances values are reported in table 2.7. Voltages from eq. (2.4) are thus rewritten [5]:


∆vd (s) = −id1

[
x ′′d
ω0
+ 1

ω0

(xd−x ′d )
(1+T ′d0s)

+ 1
ω0

(x ′d−x ′′d )
(1+T ′′d0s)

]
∆vq(s) = −id1

[
xd
s −T ′d0

(xd−x ′d )
1+T ′d0s

−T ′′d0
(x ′d−x ′d−)
1+T ′′d0s

] (2.5)

In the ∆vd (s) expression, the constant term in Laplace domain is an impulsion in time-

domain. The physical meaning of the impulsion could be discussed regarding the model because

a current step applied in an inductive circuit has no physical reality. As it belongs to the model

limit, the impulsion is neglected [5]. Further recalling from 2.6 that:
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2 Problem statement: Challenges of a full VSC-interfaced transmission grid system

Table 2.6 – Typical parameters of synchronous generators with round poles in power system [5]

Parameters Value

ra 0.003 p.u.

ldωn 2 p.u.

lqωn 2 p.u.

T ′d 1.2 s

T ′′d 0.04 s

T ′q 0.6 s

T ′′q 0.04 s

T ′d0 10 s

T ′′d0 0.05 s

T ′q0 2 s

T ′′q0 0.4 s

TD 0.02 s

1
ω0
<< T ′d0

1
ω0
<< T ′′d0

(2.6)

The expression of ∆vd (s) can be neglected as compared to ∆vq(s) [5]. In time domain, the

voltage variation can be deduced from (2.5):

∆vq(t) = −id1
[
xd +

(
x ′d − xd

)
e−t/T

′
d0 +

(
x ′′d − x

′
d
)
e−t/T

′′
d0

]
(2.7)

Applying the inverse Park transform to vq(t) = E0 + ∆vq(t) give the temporal expression of

phase-voltage just after the load connection:

va(t) =
{
E0 − id1

[
xd +

(
x ′d − xd

)
e−t/T

′
d0 +

(
x ′′d − x

′
d
)
e−t/T

′′
d0

]}
sin (ω0t + θ0) (2.8)

The three-phases are plotted in �g. 2.3. Analyzing the phase voltage expression (2.8) with

parameters value of table 2.6 and 2.7 distinguishes three voltage behaviors following the load

step in three separated time scales visible in �g. 2.3:
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2.2 Power system based on synchronous generators electrical sources

Table 2.7 – Typical parameters of synchronous generators with round poles in power system [5]

Parameters Value

xd 2 p.u.

xq 2 p.u.

x ′d 0.25 p.u.

x ′′d 0.2 p.u.

x ′′q 0.2 p.u.
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Figure 2.3 – Terminal phase-voltages of the synchronous generator following a load connection.

The curves are plotted after the park transform of eq. (2.7)

55



2 Problem statement: Challenges of a full VSC-interfaced transmission grid system

• In the very �rst moment (t > 0+), the current step of id1 = 1p.u . drops the terminal voltage

magnitude of x ′′d id1 = 0.2p.u ..

• For the following short-term duration (0 < t < T ′′d0 = 0.05 s) the voltage drop increases

until x ′did1 = 0.25p.u .

• Then, for T ′′d0 < t < T ′d0 = 10 s , the voltage amplitude decays slowly until steady-state.

The ability of the synchronous generators to reasonably maintain its terminal voltage am-

plitude during the �rst cycles can be characterized by the traditionally short-circuit current that

use only the transient reactance characteristic.

Icc =
E0
x ′d
= 5p.u . (2.9)

Or by the short-circuit power:

Scc =
E20
x ′d
= 5p.u . (2.10)

In steady-state voltage magnitude is slowly decaying, but can be kept in acceptable range if

a slow acting control reacts within seconds.

Steady-state voltage amplitude control Eq. (A.13) shows how the terminal voltage is af-

fected in steady-state by the load current. To maintain a long-term terminal voltage magnitude,

a feedback control can be applied to adjust the �eld current if through the �eld voltage vf , to

adapt the electromotive force to the load variation as suggested by (A.12). Applying a �eld cur-

rent is not straightforward because it depends on the �eld circuit dynamics and limitation of the

so called "exciter". Many control schemes have been developed. A very simpli�ed principle of

the closed-loop control scheme is given here in �g. 2.4.

Hard transient resilience The ability of the synchronous generators to withstand hard tran-

sients is illustrated in the case of a three-phase short-circuit at no load. From transfer functions

expressions (A.16), the line currents expression is computed just after a bold three-phase fault is

applied to the terminal voltage. Detailed derivation can be found in [5]. Given an initial terminal
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Figure 2.4 – Simpli�ed scheme of the long-term control of the synchronous generator terminal

voltage

voltage magnitude at no load of V = Eemf = E0 = 1p.u ., the time-domain currents for round

poles synchronous generators (saliency neglected) are given by:

ia(t) = −E0
[
1
xd
+

(
1
x ′d
− 1
xd

)
e−t/T

′
d +

(
1
x ′′d
− 1
x ′d

)
e−t/T

′′
d

]
cos (ω0t + θ0) +

E0
x ′′d

e−α tcosθ0 (2.11)

Where α is the damping term associated with the stator windings dynamics (their resistance

is not neglected in this case), de�ned as the inverse of the time-constant Ta ≈ 0.2 s (from table

2.7):

α =
raω0
x ′′d
=

1
Ta

(2.12)

The current expression (2.11) gives the magnitude during the �rst cycles following the fault.

Note that a DC component in the phase-current is superimposed with a fundamental frequency

component. The DC component appears when the phase-voltage is not equal to 0 when the short-

circuit occurs, because the �ux in the corresponding stator winding cannot vary instantaneously.

The three-phases are plotted in �g. 2.5.

• When t < T ′′d = 0.05 s , and in the phase with worst case initial angle θ0 = 0, the current

magnitude reaches up to 2E0
x ′′d
= 10p.u .
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Figure 2.5 – The output phase-current of the synchronous generator following a three-phase

short-circuit.

• Once Ta = 0.2 s << t < T ′d = 1.2 s , the DC transient vanishes and the current magnitude

is limited under E0
x ′d
= 4p.u .

• In steady-state, the output current magnitude is maintained at E0
xd
= 0.5p.u .

The synchronous generator stator is made of large coils with a large thermal inertia. They

can handle temporary the 10 p.u. currents in the �rst cycles. Transient currents are therefore

not a challenging constraint for the hardware of synchronous generators.

Note that faults can theoretically be even worst during three-phase grid-connection if the

synchronous generator is connected in opposite phase-direction to an other voltage source. In

this case, the current magnitude in (2.11) is multiplied by 2.

Variation of rotor speed and frequency sti�ness In practice, the rotor speed varies during

operation. The �xed frequency assumption must be validated by proving the frequency sti�ness

of the electrical source based on synchronous generator. After a full load current connection

from no load, one can consider the torque ∆Γe is set to 1 p.u. This is a conservative assumption

as the terminal voltage would drop noticeably before the voltage regulation compensates for it.
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2.2 Power system based on synchronous generators electrical sources

The mechanical equation of (A.1) gives the variation of the rotor speed ∆ωr for a single pole

generator.

2H
ωn

d∆ωr

dt
= −∆Γe (2.13)

∆ωr (t) = ω0 −
ωn

2H ∆Γet (2.14)

The parameter H depends on the physical inertia of the synchronous generator. H is ex-

pressed in seconds, representing the time after which the rotors loses half of its nominal speed,

under nominal electromagnetic torque. Symmetrically, 2H is seen as the time to bring the rotor

at its nominal speed, at no electrical load, when the nominal mechanical torque is applied. With

a typical value of H = 5 s , the variation ∆ωr in respect with the time under the nominal load

(∆Γe = 1) gives the ROCOF of the system:

ROCOF =
∆ωr

ωn
= − 1

2H = −0.1 s
−1 (2.15)

Intrinsic inertia of the synchronous generator gives sti�ness to the electrical frequency by

guaranteeing a slow variation of rotor speed during load variation. Eq. (2.15) shows that for t<100

ms, the frequency is maintained in the range of±1%. This value justi�es neglecting the frequency

variation during the study of electrical transients in the synchronous generator. Limiting the

frequency drop over longer time requires a speed regulation by acting on the governor of the

primary mechanical source and thus control the steady-state frequency.

Steady-state frequency control Transient limitation of the frequency drop following a load

increase is guaranteed by the inertia of the synchronous generator as shown by equation (2.15).

For longer time-scale, a load increase slows down the rotor speed and thus decreases the fre-

quency. It is convenient to consider the power instead of the torque. For small deviation from

initial state (Γm0 = Γe0):

∆Pm − ∆Pe = ω0 (∆Γm − ∆Γe ) + (Γm0 − Γe0)ωr

∆Pm − ∆Pe = ω0 (∆Γm − ∆Γe )
(2.16)
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Assuming the initial rotating speed equals the nominal (ω0 = ωn), the eq. (A.1) is rewritten

for small deviation:

2Hd∆ωr

dt
= ∆Pm − ∆Pe (2.17)

In reality, the load power will drop with the frequency. Indeed, part of the loads are dependent

of the frequency because of the presence of motors. The dependency of ∆Pe on the frequency is

traditionally modeled by the coe�cient D [17]:

∆Pe = ∆PL − D∆ωr (2.18)

The D coe�cient damps the electromechanical equation (2.17)

2Hd∆ωr

dt
= ∆Pm − ∆PL − D∆ωr (2.19)

According to the eq. (2.19), the frequency decreases to an extremely low frequency. To avoid

large frequency deviation, the rotor speed must be controlled in closed-loop to limit the frequency

drop by adjusting the mechanical power applied to the rotor shaft. A simpli�ed closed-loop con-

trol scheme of a speed-governing action is illustrated in �g. 2.6. In case of standalone operation,

an integral compensation can be included in the controller (see �g. 2.7) to cancel the frequency

error in steady-state.

Speed control brings maintain the rotor speed close to the nominal value in several within

seconds. When multiple generators are connected in parallel, pure integral control would re-

sult in con�icts because each speed-governors would try to control the frequency with its own

dynamic characteristics. For parallel grid-forming capability, the speed-governor controller ex-

ample of �g. 2.7 can be modi�ed with a droop strategy as detailed in the next subsection.

2.2.2 Parallel grid-forming capability of synchronous generators

The grid-forming capability of the controlled synchronous generators must be completed by the

function of table 2.5 to operate jointly on a transmission grid. The properties of the synchronous

generators connected with an other voltage source (S closed in �g. 2.1) are analyzed here.
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Figure 2.6 – Simpli�ed scheme of the long-term control of the rotor speed of synchronous gen-
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Figure 2.7 – Details of the speed-governor controller with an integration for non-error control

in steady-state.
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Synchronization The ability of the synchronous generator to stay synchronized with an other

voltage comes from its intrinsic physical property. When a synchronous generator is connected

to a voltage source, it forms a voltage-angle di�erence of δe , called the total internal angle, be-

tween the emf vector eemf of the synchronous generator and the vector of the voltage source

vд .

δe = ωt + θд0 − θ +
π

2 (2.20)

Where θд0 denotes the initial phase-angle of the voltage source. The corresponding derivatives

are:

ωr =
dθ

dt
= ω +

dδe
dt

(2.21)

dωr

dt
=
d2δe
dt2

(2.22)

One could demonstrate, as [5] that the electromagnetic torque depends only on total internal

angle:

Γe = Γes (δe ) + Γed (
dδe
dt
) (2.23)

Γm =
2H
ωn

d2δe
dt2
+ Γes (δe ) + Γed (

dδe
dt
) (2.24)

The eq. (2.24) exhibits a synchronizing torque Γes and a damping torque Γed . The synchro-

nizing torque is due to the interaction of the rotor �eld created by the �eld current and the stator

�eld created by the connection to the voltage source. The damping torque is mainly due to the

damping windings.

The generic expressions of Γes and Γed are complex to derive, but they could be simpli�ed

when δe varies closely to the pseudo-oscillation given by the eq. (2.24), typically around 1 Hz for

the considered size of synchronous generator. In this case:

Γes =

(
vd0 − x ′did0

)
Vд

x ′d + xc
sin(δe ) +

V 2
д

2 sin(2δe )
(

1
xq + xc

− 1
x ′d + xc

)
(2.25)
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Γed ≈
V 2
дT
′′
q

x ′′q

dδe
dt

(2.26)

For a small variation of the total internal angle, eq. (2.24) becomes:

∆Γm =
2H
ωn

d2∆δe
dt2

+
v2
дT
′′
q

x ′′q

d∆δe
dt
+


(
(vd0 − x ′did0

)
vд

x ′d + xc
cos(δe0) +

v2
д

2 cos(2δe0)
(

1
xq + xc

− 1
x ′d + xc

) ∆δe
(2.27)

The small-signal dynamic of ∆δe depends on physical parameters of the synchronous gen-

erator such as the inertia, the transient d-axis reactance, the subtransient q-axis reactance, the

connection inductance value, and the initial steady-state. Numerical application for the following

values:

vd0 − x ′did0 = Vд = 1p.u .

δe0 = 45deд.

H = 5 s

xc = 0.15p.u .

x ′d = 0.25p.u .

x ′′q = 0.4p.u .

T ′′q = 0.04 s

(2.28)

∆Γm = 0.03d
2∆δe
dt2

+ 0.1d∆δe
dt
+ 1.8∆δe (2.29)

Giving roots of the characteristic equation:

s ≈ −1.7 ± j7.6 (2.30)

The roots values (2.30) show that δe has an oscillating but damped dynamic, keeping the

rotor angle synchronized with the voltage-source angle. The pseudo-oscillation of at 7.6 rad .s−1

(1.21 Hz) validates the approximations of almost 1 Hz variation, in the simpli�ed expression of

the damping torque and the synchronous torque. The intrinsic physical oscillating behavior of

synchronous generators in parallel is responsible for subsynchronous oscillations in the power

63



2 Problem statement: Challenges of a full VSC-interfaced transmission grid system




r Y

s

K

R

Figure 2.8 – Details of the speed-governor controller with an integration for non-error control

in steady-state.

system. This phenomenon is highly undesirable and still provoke stability concerns at large

geographical scales nowadays. There is a hope that converter based system can get ride of this

issue.

Load share As previously noted, the integral speed control does not allow a load sharing be-

tween synchronous generators units. In case of di�erent closed-loop dynamics, the controls will

�ght each other to imposed the �nal frequency. To e�ectively share the load, a static droop

control is introduced into the speed control shown in �g. 2.8. In practice, there is no integral

compensation in the speed control of actual power plant. A proportional controller is su�cient

to implement the droop law. The steady-state error is corrected through a centralized secondary

frequency control.

Stability of a synchronous generator based power system The stability of interconnected

synchronous generators have been extensively documented over the years. In small-signal sens,

additional controls, such as the power system stabilizer, have been included to increase the damp-

ing. Those controls also contribute to a better large-signal stability. In the case of synchronous

machine, the large-signal stability is called traditionally the transient stability and concerns the

ability of the synchronous generator to stay synchronized after a fault.
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Figure 2.9 – Properties of the grid-forming function of a synchronous generator

2.2.3 Conclusion on the parallel grid-forming capability of synchronous gen-

erators

The grid-forming capability of a synchronous generator is formed by its physical properties and

its rather slow acting controls. Transiently, the sti�ness of the voltage source behavior is illus-

trated roughly on �g. 2.9. In response to a nominal load connection, the frequency dynamic

is limited by the large mechanical inertia H of the synchronous generator (�g. 2.9.a). The

frequency dynamic is often quanti�ed by the "rate-of-change of frequency", ROCOF = 1
2H ≈

0.1 rad .s−1.(p.u .)−1. The transient voltage drop following a reactive load connection is limited

by the low transient x ′ and sub-transient reactances x ′′ (�g. 2.9.b). The short-circuit capacity is

commonly used to characterize this sti�ness of the voltage magnitude: Scc = V0
x ′
≈ 5p.u. Mean-

while, the consequence is high transient overcurrent that the synchronous generator can easily

withstand because of its large thermal capacity (�g. 2.9.c). In electrical steady-state, the �eld

current control regulates the RMS value of the terminal voltage within seconds, whereas the

rotation speed control maintains the frequency in acceptable range.

The parallel grid-forming capability is performed through the natural presence of the syn-

chronizing and damping torques when the synchronous generator is linked by an AC line to

another voltage source. Load-sharing is further obtained by introducing a steady-state power to

frequency droop characteristic in the rotor speed regulation. The small-signal and large-signal

stability of interconnected synchronous generators has been proved and improved over the years.
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Figure 2.10 – The considered grid-connected VSC system comprises a DC primary source, a DC

capacitor, and a VSC.

2.3 Power system based on VSC-based electrical sources

Last two decades have seen the emergence of static electrical converters able to create autonomously

a sinusoidal voltage waveform, provided a DC voltage source. Initially developed for motor drives

in various applications, they have been adapted in power system to interface renewable gener-

ation or HVDC link. VSC-based converters are candidates to provide grid-forming functions to

the grid. The sections analyses the physical properties of the VSC system of �g. 2.10 based on its

model to derive the control requirements for parallel grid-forming applications in an intercon-

nected network.

2.3.1 Model of a Voltage Source Converter

Voltage Source Converters (VSCs) are di�erent from Line Commutated Converters (LCCs) be-

cause of their ability to force self-commutation on their switches with no assistance from the

grid. Therefore, the VSCs produce their own AC voltage waveform from a DC voltage source,

independently of the rest of the connected system. One could have also talked about a "voltage-

sourced converter".

Basically, two main layout of switches exist between a DC voltage source and an AC system.

The two-level (or three-level) converter principle is based on a temporal modulation, the pulse-

width-modulation (PWM). Each phase is connected alternatively to the upper DC voltage and
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Figure 2.11 – Two main layout of switches in VSC for two modulation types.

to the lower DC voltage, following a chosen sequence, such that the fundamental component

of the modulated voltage has the desired form. After the �lter stage, the VSC terminal voltage

resembles to the fundamental voltage component of the VSC modulated voltage.

The MMC converter distributes the DC source between a certain amount of voltage levels and

realizes an amplitude modulation. Each phase are connected to the voltage level corresponding

to the sinewave value at a given time. The harmonic purity of the modulated voltage requires

a smaller �lter than for a two-level converter. One advantage of the MMC is to have an extra

degree of freedom on the DC side to manage the stored energy in the distributed capacitors, for

example in [18]. The MMC technology spreads in power system applications, since its modular

structure easily scales up to high-voltage and high-power with low losses. The interested readers

will �nd more information on converters topologies and modulations techniques in [19]. The rest

of the thesis refers to the PWM technology when needed.

As looked from the AC side, at the terminal voltage (see �g. 2.12), both VSC technologies can

be treated as a modulated voltage source behind a �lter stage:

vmabc (t) =mabc (t)
vdc (t)

2 (2.31)

Wheremabc (t) is the chosen modulation signal for each phases.
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e

fL

mv
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Figure 2.12 – A VSC modeled by a modulated voltage source behind the �lter inductance (choke).

Table 2.8 – VSC output �lter inductance typical values

Parameter Value

xf = lf ωn 0.15p.u .

rf 0.005p.u .

In practice, the controllable voltage source is not an ideal voltage source but has a limited

dynamic because of the computation and switching delays in PWM technology. The rated voltage

and current limitations must also be taken into account.

2.3.2 The grid-forming capability of a VSC

From the VSC model of �g. 2.12, the expression of the modulated voltage (2.31) and typical �lter

parameters in table 2.8, the grid-forming functions of table 2.4 are assessed in standalone (S open).

The eq. (2.31) is non-linear. To study the grid-forming behavior of VSC, the DC voltage is �rst

assumed to be constant, and then, the variation of the voltage is taken into account.

Source of sinusoidal waveform voltage A three-phase sinusoidal waveform can be obtained

with a suited modulation mabc (t), with instantaneously controllable amplitude, frequency and

initial phase angle. In this case, the modulated voltage vm(t) can be replaced by its fundamental

component that impacts similarly the terminal voltage, after the �lter stage. For example, the
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2.3 Power system based on VSC-based electrical sources

phase "a" of the modulated voltage can be replaced by the expression:

vma(t) = M(t)cos (ω∗t + θ0)
vdc (t)

2 (2.32)

Provided that the DC voltage is maintained at a constant value and that the VSC dynamics

are neglected, the VSC behaves as a sinusoidal voltage source behind the �lter inductance, with

controllable voltage amplitude and frequency:

vma(t) = V ∗m(t)cos
(
ω∗t + θ ∗0

)
(2.33)

VSC terminal voltages can then be expressed in per-unit, in a dq-rotating frame. For a direct

comparison with the synchronous generator expressions, the rotating angle θ ∗(t) is taken such

that vmq = 1 and vmd = 0.


ed = vmd − lf disddt + lf ω

∗isq − rf isd

eq = −lf
disq
dt − lf ω∗isd − rf isq

(2.34)

In steady-state, the VSC terminal voltage e has the same fundamental frequency component

as the modulated voltage vm . Provided su�cient harmonic �ltering, the terminal voltage assim-

ilated to a pure three-phase sinusoidal voltage.

Transient frequency sti�ness By de�nition, the fundamental frequency of the VSC mod-

ulated voltage is �xed after the reference ω∗. The VSC has theoretically an in�nite frequency

sti�ness as the frequency does not depend on the load currents. If the frequency reference is

provided by a feedback control, it may introduce a load dependence, and thus a non-in�nite

frequency sti�ness.

Transient voltage amplitude sti�ness The transient voltage drop following a reactive cur-

rent demand can be calculated with (2.34). To study the equation in Laplace domain, the VSC

frequency reference is �xed at the nominal frequency: ω∗ = ωn .


ed = vmd − lf sisd + lf ωnisq − rf isd

eq = −lf sisq − lf ωnisd − rf isq
(2.35)

Similarly to section 2.2.1, the response to a load current step isd (t > 0) = ∆id1 is studied. The

resistances are neglected:
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Figure 2.13 – The terminal phase-voltages of the VSC following a load connection.


∆ed (s) = −lf s∆isd (s)

∆eq(s) = −lf ωn∆isd (s)
(2.36)

With ∆isd (s) = ∆id1
s 

∆ed (s) = −lf s∆isd (s)

∆eq(s) = −lf ωn∆isd (s)
(2.37)

The expression form of the terminal voltage variation (2.37) is similar to the expression in

the synchronous generator case (2.4). The di�erences is that lf is not frequency dependent as

ld (s) is. The resulting time domain phase voltage (2.8) can then be transposed by taking xd =

x ′d = x ′′d = xf .

va(t) =
{
vmq0 − id1xf

}
cos (ωnt + θ0) (2.38)

The three-phases are plotted in �g. 2.13. Eq. (2.38) and �g. 2.13 indicate that the voltage mag-

nitude drop occurs directly after the load connection and stays the same until the steady-state.

Compared to the synchronous generator, the short-term voltage transient is smaller following a

load increase as the �lter inductance xf is usually inferior to the subtransient reactance x ′′d . Con-

sequently, the VSC basically provides a sti�er voltage amplitude. This natural property of VSC
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Table 2.9 – VSC output current limits

Current Limit

First cycle magnitude limit is (t) < 1.4p.u .

Steady-state magnitude limit Is < 1.2p.u .

is, however, not reachable in practice. As seen later, the device protection constraints requires

the instantaneous voltage to be controlled in closed-loop.

Steady-state voltage control In steady-state, when the frequency reference ω∗ is kept close

to the nominal frequency, the terminal voltages are:
ed = vmd + xf isq − rf isd

eq = −xf isd − rf isq
(2.39)

Eq. (2.39) shows that a full load connection results in a small amplitude drop of the steady-

state terminal voltage. Using typical output reactance value of table 2.8, and neglecting the re-

sistance, a voltage drop of 0.15 p.u. is expected, from no load to full reactive current. Only small

regulation e�orts are needed to keep the terminal voltage within acceptable limits in steady-state,

by acting on the reference VSC voltage amplitude V ∗m .

Hard transient resilience The VSC devices connected to the grid are subject to high tran-

sients, during line tripping or short-circuit. The sensitivity of the VSC to hard transients is il-

lustrated in the case of a three-phase short-circuit at no load. With similar developments as in

section 2.2, the line current expression following a three-phases short-circuit at the VSC terminal

is:

isa(t) =
V ∗m
xf

sin (ωnt + θ0) +
V ∗m
xf

e−αf tsinθ0 (2.40)

Where αf is the damping term associated with the �lter dynamics (the �lter resistance is not

neglected in this case), the inverse of the time-constant Tf ≈ 0.1 s (from table 2.8):

αf =
rf ωn

xf
=

1
Tf

(2.41)
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Figure 2.14 – The output phase-current of the synchronous generator following a three-phase

short-circuit.

The three-phases are plotted in �g. 2.14. Depending on the initial phase-angle, the phase

current could theoretically raise up to 2V ∗m
xf
= 13p.u . in the �rst 100 ms after the short-circuit.

Such overcurrent would lead to instantaneous destruction of the device, as the VSCs are based

on semiconductor switches with very low thermal inertia. In this thesis, acceptable overcurrent

limits are de�ned in table 2.9. These values are arbitrary chosen to be realistic for high-power

applications, at reasonable costs. Compared to the admissible current of the synchronous gener-

ators, the overcurrent capacity of VSC are very limited.

The VSC must be actively protected from overload when the load impedance is very low [20].

The way the current is limited has a strong in�uence on a full VSC based power system stability.

DC voltage variation during full-load connection In practice, the storage device on DC

side is limited in power rating and cannot react instantaneously to load changes. Consequently, a

current load change in the AC side induces a variation of the DC voltage. If the voltage variation

is large, the �xed DC voltage assumption does not hold, and the AC voltage amplitude sti�ness is

not guaranteed. The paragraph analyses the DC voltage variation during a full load connection
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2.3 Power system based on VSC-based electrical sources

to deduce a design requirement on the DC short-term storage to maintain short-term DC voltage

in acceptable range.

An active power consumption on the AC side causes the DC voltage to decrease with the

energy stored in the DC capacitor. The simpli�ed DC dynamics is ruled by the equation:

1
2Cdc

dv2
dc (t)
dt

= Psource (t) − Pe (t) (2.42)

Where Psource (t) is the DC power fed by the primary source and the DC storage device, and Pe (t)

is the active power demand on the AC side. In small deviation from an initial operating point

where Psource (0) = Pe (0), and vdc = vdc0 gives:

Cdcvdc0
d∆vdc
dt

= ∆Pe (2.43)

The electrostatic constant Hdc is often de�ned from the nominal DC voltage vdcn and the

nominal AC power Pn by:

Hdc =
1
2Cdc

v2
dcn

Pn
(2.44)

Combining eq. (2.44) and (2.43) yields:

2Hdc
vdc0
v2
dcn

d∆vdc
dt

=
∆Pe
Pn

(2.45)

Considering an initial state at nominal value (vdc0 = vdcn), a DC voltage drop of ∆vdc =

10%vdcn following an AC load variation of ∆Pe = Pn is reached after a time t10% determined by:

t10% =
2Hdc

10 (2.46)

The value of Hdc ranges typically between 40 ms and 80 ms considering the natural capaci-

tance of DC cables and the DC �lter capacitor [18]. Hence, t10% is situated around 10ms.

Limiting the DC voltage drop to 10% following an 100% of load increase requires DC fast

storage device (batteries, supercapacitor, etc.) to react within 10 ms. This power source dynamic

requirement is hundred times higher than for synchronous generator.

The VSC reference can be adjusted from DC voltage measurements to compensate for re-

maining variations on the voltage of the DC side. Thus the AC side amplitude can keep a �xed
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2 Problem statement: Challenges of a full VSC-interfaced transmission grid system

value V ∗m(t).

M(t) = V ∗m(t)
vdcmes (t)

(2.47)

With DC voltage compensation, the non-linearity in eq. (2.31) is avoided, and AC controls

can be applied independently from DC voltage. On the other hand, the DC voltage compensation

removes the passive behavior of the DC capacitance that decreases the voltage during AC current

demand. This behavior is interesting during transients to limit the current spike. The impact of

the DC voltage regulation from storage device as well as the DC voltage compensation should

have an impact on stability of the AC system in the case of grid-forming controls and deserve

more investigation on how strongly ac and dc dynamics are coupled. In this thesis, a constant

DC voltage is always assumed.

2.3.3 Parallel grid-forming capability of VSC

The prerequisite for parallel grid-forming capability listed in table 2.5 are assessed in the case of

VSCs to highlight the missing features.

Synchronization All the interconnected VSC follow on their own frequency reference. The

frequency reference could be �xed at the nominal frequency to operate a isochronous system.

This solution is, however, technically impossible. The frequency reference accuracy is depen-

dent on the VSC internal clock-rate. The processor clock-rate is determined by a resonator,

usually based on quartz-oscillator. The short-term accuracy of quartz-oscillators is excellent, but

all resonators su�er from long-term accuracy, caused by aging, pressure or temperature or by

technological dispersion. As a consequence, the frequency references can drift over the time.

The problem of frequency drift can be observed on a system of two interconnected VSCs of

�g. 2.15 connected by their terminals. The frequency di�erence between the two VSCs would

result in unacceptable power oscillations through the grid.

Some authors suggested to use GPS signal as a re-synchronizing link the references periodi-

cally [21],[22], [23], [24]. These solutions, however, are not compatible with the requirement for

autonomous operation of units in transmission grid because they rely on a critical GPS signal.

The synchronization between converters is not natural compared to synchronous generators,
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Figure 2.15 – 2 VSCs represented by three-phase voltage sources behind inductive �lters, con-

nected at their terminal.

but di�erent techniques based on local measurements could be employed as shown in the next

chapter.

Load sharing As soon as the interconnected VSCs share a common frequency, they can share

any load. The load sharing technique will depend on the synchronization mechanism.

Small-signal and large-signal stability of a VSC-based power system VSC devices have

no moving parts but rely on forced commutations. They do not have intrinsic stability issues

without feedback controls. However, when the VSC are controlled as parallel grid-forming

source, they need additional controllers. Each of these controls interact with the grid dynam-

ics, and other VSC controls inducing stability issues. Three potential sources of instabilities are

suspected: the synchronization strategy, the voltage control strategy, and the current-limiting

strategy. It is strongly believed that the DC voltage control also plays a role in the AC stability

but this aspect is out of the scope of the thesis.

2.3.4 Conclusion on the parallel grid-forming capability of VSCs

The VSC based devices are good candidate to provide parallel grid-forming function to the trans-

mission grid as illustrated roughly on �g. 2.16 because its following characteristics in open-loop:

• Sinusoidal voltage-source with fast controllable amplitude, frequency and phase-angle
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Figure 2.16 – Properties of the VSC in open-loop

• Theoretically in�nite frequency sti�ness (�xed frequency) (�g. 2.16.a)

• Strong voltage amplitude sti�ness in during transient (�g. 2.16.b)

However, owing to the VSC nature and to its poor overload capability (c), the following

functions must be added by the control:

• Closed-loop instantaneous voltage control including a current limiting action

• Synchronization mechanism

• Steady-state voltage control

• Small-signal stability of the voltage and synchronization controls

• Large-signal stability during current limiting action.

The next section reviews the control solution presented in the literature to provide those

functions.

2.4 State-of-the-art of grid-forming VSC

Historically, the VSC have been developed for the drive of electrical machines. Some applications,

though, have seen the emergence of VSC controlled in grid-forming mode. The application scope

is wide from local standalone system for back-up generation, to transmission grid interfaces.

The developments of grid-forming converters in di�erent �elds have been conducted and studied

apart, following two-di�erent approaches, but answering the same challenges. The �rst direction

76



2.4 State-of-the-art of grid-forming VSC

started from a standalone system in small Uninterrupted Power System to build a larger system

of multi-devices operating in parallel, until creating a Microgrid. The other direction started from

developing power system support in critical cases where the grid lacks from frequency or voltage

support. The section reviews the main trends in the literature for VSC controlled in grid-forming

to evaluate how both research �elds can contribute to answer the power system needs presented

in the chapter.

2.4.1 Grid-forming VSCs in small, medium-voltage systems

Early developments on paralleling grid-forming VSC in line interracting UPS started with [25],

[26]. A �rst implementation of frequency droop control is tested successfully as a synchroniza-

tion mechanism that also ensures load sharing. From this preliminary results, several droop

scheme improvements are reported to provide faster reaction to load changes. It includes tran-

sient droop controller, adaptive droop, angle droop function, adaptation to resistive output impedance

in low voltage grid seen by the VSC control [27], [28], [29], [30], [31], [32].

Larger and heterogeneous systems of multi-power sources called Microgrid have been next

deeply investigated. Microgrids could be considered as a future feature of power system aggre-

gating distributed energy resources at the local scale, encouraged by all smart-grid initiatives

[33]. As the microgrids must be able to operate autonomously, apart from the main grid, the fun-

damental role of grid-forming converters (also called VSI for Voltage Source Inverter) has been

underlined [34], [35], [36], [37],[38],[39], [9], [40], [41], [42], [43]. In all these reference works,

the inner control of the converters dynamics are neglected and microgrid stability analysis fo-

cused on power controls interaction [44], [37], [45].

Some authors focused speci�cally on the inner voltage control design of grid-forming con-

verters in Microgrids [46], [47] [48], but they based the design on internal model of the �lter

rather than on stability of the whole system. To adapt to every situation, a common solution

in Microgrid is to switch from an islanded control mode to a grid-connected mode, based on a

centralized breaker information [46], [49], [50]. Thus, the challenge is to build a "�exible" inner

voltage control, with a �xed structure, that can survive to islanding and grid-connected situa-

tions. This challenge has been also noted in [51]. The proposed solutions are often complex [52],

[53], or based on estimation of the grid frequency by a PLL [54], [55], [56], [57].

77



2 Problem statement: Challenges of a full VSC-interfaced transmission grid system

When the terminal voltage control is taking into account in stability studies in [58, 31, 59],

they are shown to have less in�uence on stability than power controls, even in the presence

of active load [60]. Indeed, the results have been validated with medium-sized with very fast

dynamics that are quickly damped.

The impact of current-limiting strategies of grid-forming VSCs during faults in the Microg-

grid has been marginally studied, for example in [61], [62], [20], [50], [55], [63], [64], [65]. Among

these studies, [20], [63] were concerned only by the power quality issues during limitation and

not on the induced stability problems cause by the loss of power control of VSC.

2.4.2 Grid-forming VSCs in weak grid or low inertia power system

In high power application, grid-forming VSCs control have been proposed to support respec-

tively the voltage amplitude or frequency when the grid is considered respectively as weak or

with low inertia. A weak grid is a connection node far from a grid-forming generation units,

so, far from the last tightly controlled voltage node. As a consequence, a current injection in

a weak grid results in a large voltage variation. When the VSCs are controlled in grid-feeding

mode, instabilities could arise [66], [67]. Particularly, the destabilizing role of the PLL in weak

grid conditions has often been underlined [68], [69], [70], [71], [72], [73], [74], [75], [76]. Accord-

ingly, several attempts tried to mimic the behavior of synchronous generation to stay synchro-

nized with the grid without PLL. Di�erent name have been given to those controls structure:

"power-synchronization" [66], "Virtual Synchronous Machine" (VSM) [77], [78], [79], "Virtual

Synchronous Generator" (VSG) [80], [81], [82], "Synchroverter" [83], "Swing-Equation-Based-

Inertial-Response" (SEBIR) [11]. All the control schemes consist in adjusting the frequency ref-

erence according to the output power measurement. The power-frequency dependence recreates

virtually the synchronization torque that stabilizes the voltage angle, and thus, the frequency. A

discussion around these di�erent control schemes is proposed in the next chapter 3. When the

VSCs are controlled in grid-forming with a frequency reference deduced from an active power

measurement, the system exhibits a better stability in weak grid conditions [66], [74], and also

support the frequency in low-inertia system [84], [11]. Note that the "VSG" concept, as proposed

by [85], [86], [87], [88], [89], is based on a PLL associated with grid-feeding VSC. As no grid-

forming capability is included, such control scheme cannot feed a passive load. These types of

78



2.4 State-of-the-art of grid-forming VSC

Figure 2.17 – O�shore wind farms linked through an HVDC to the continental transmission grid

[4]

VSG are more related to "virtual (synthetic) inertia emulation" concept, where converters react

to fast ROCOF by power injection [90], [14]. Note further that, the original VISMA concept from

[91] uses a detailed model of the synchronous generator to inject emulated stator currents from

voltage measurement, without the need of PLL. The VISMA based on current injection showed

limits to preserve a pure sinusoidal waveform in islanded conditions, especially at no load [92].

Alternatively, [92] suggests a direct voltage control of the VSC, closer to the one proposed by

[83], providing grid-forming capability.

Removing the PLL is interesting to keep an easier understanding of a large power system dy-

namics. The blind emulation of synchronous generators with their advantages and disadvantages

is, however, not believed to be the best approach. In all the presented scheme, the parameters of

VSG are tuned to recreate fast synchronous generators, not to expand the stability limits of large

interconnected system.

79



2 Problem statement: Challenges of a full VSC-interfaced transmission grid system

2.4.3 Grid-forming VSCs in O�shore windfarm park

Several o�shore wind farms have been built lastly in the north of Europe. The main connection

scheme layout is represented in �g. 2.17. Traditionally wind turbines are interfaced with con-

verters of type 4, controlled in grid-feeding mode, whereas the o�shore converter of the HVDC

acts as the only master grid-forming converters. In the case where the HVDC converter blocks,

the system is prone to resonnance instabilities because of the current injection of wind turbines

[4, 93]. Consequently, a novel grid-forming control for wind turbine converters has been sug-

gested recently in [94, 93] to withstand faults on the HVDC. The proposed control de�nes a new

standard approach for large grid-connected converters that can survive islanding. The chosen

approach uses a terminal voltage estimation still based on a PLL. The PLL is associated with a

power control that includes droop characteristic to stay synchronized. This promising approach

is, however, not compatible the choice of removing all the PLLs of our system.
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Conclusions on the new challenges of VSC based transmission system

In this chapter, the fundamental requirements of electrical sources have been formulated

to provide the transmission grid services summarized in table 2.2. The �rst requirement

is to provide grid-forming capabilities, to supply the loads with enough quality. The grid-

forming capability is de�ned as the ability to apply a sti� voltage sinusoidal waveform to

the sources terminal, with regulated amplitude and frequency in steady-state.

The second requirement is to operate grid-forming sources in parallel to ensure redun-

dancy of feeding paths. Parallel operations are obtained if all electrical sources converge to

a consensus frequency in steady-state, if the load demand is shared between sources, and if

the interconnected system is stable.

These requirements must be observed by the sources in compliance with their intrin-

sic physical constraints and with the transmission grid operating needs. These needs are

summarized in table 2.3. Traditionally, the synchronous generators ful�lled the above re-

quirements, because of their physical properties (a sinusoidal windings distribution, a small

transient reactance, mechanical inertia) and slow acting controls of the terminal voltage and

of the rotation speed.

VSCs are good candidates to provide grid-forming capabilities to the transmission sys-

tem but some complementary features do not naturally exist and must be designed properly

for parallel operation on transmission grid:

• A stable power-frequency control based on local measurements must ensure that all

units converge to the same frequency,

• A load sharing function,

• A voltage control in steady-state,

• A tight regulation of instantaneous output electrical quantities in closed-loop to avoid

overcurrent during normal operation or fault,
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• A careful design of control parameters to keep the system stable and damped in any

con�gurations, from standalone, to grid-connected in a large system.

A large diversity of grid-forming controls of VSC have been proposed in the literature.

Either for full-VSC based system in local application like UPS, Microgrids, and o�shore wind

farms, or for transmission grid-connected application for voltage or frequency support. The

present thesis aims at taking advantage of these two distinct research �elds to draw a design

methodology to construct a full-VSC transmission grid.

Compared to local application like UPS, Microgrids, and o�shore wind farms, the addi-

tional transmission grid constraints are:

1. High-power converters, which limit the inner closed loop control bandwidth, specif-

ically in the case of PWM-VSC

2. Variable grid topology and situations. The VSCs must operate in standalone or in

grid-connected situation, seamlessly, in stable manner, with a �xed control structure.

3. Unpredictable grid events

4. Large transient stress

Compared to grid-connected application, the grid-forming VSC in full-VSC transmission

grid must be able to operate in parallel as well as in standalone situation. In this context,

the output current limitation has not been studied yet.
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Chapter 3

Synchronization and power exchange

control of two voltage-sources on a

transmission grid

Contents

3.1 Dynamic modeling of a full VSC-based power system . . . . . . . . . . 84

3.2 Synchronization one voltage source with the other �xed voltage source

("in�nite bus") . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

3.3 Synchronization of two voltage sources and link with droop control . 103

3.4 Toward generalization of small-signal and large-signal stability ofmul-

tiple droop-controlled VSCs, in a scalable, radial or meshed grid . . . . 112

3.5 Transient load-sharing capabilities of droop-controlled voltage-sources 117

Regardless their technology, the VSC converters are naturally controllable AC voltage-sources

as they modulate a DC voltage source. In this sense, they provide the function grid-forming by

creating a sinusoidal waveform at their terminals. On a power system, the voltage angular fre-

quency and amplitude of the fundamental wave, applied to the transmission grid, are indepen-

dently controllable by the VSCs, with a bandwidth twenty to �fty times higher than the nom-

inal frequency. Interfacing independent and autonomous controllable voltage-sources on the

transmission grid requires understanding their interaction in terms of power exchanges. This
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Figure 3.1 – Basic VSC-based power system

chapter recalls some founding principles about power exchange between two voltage sources

and explores the control opportunities to make the voltage-sources operate in parallel through

a transmission grid network. It claims that fast-acting power electronics are an opportunity for

tight regulation of power �ows through the network, but also excite new dynamics. Based on

this observation, it is shown why droop-controlled voltage-sources give the system a locally sta-

ble synchronization between VSCs, under certain conditions that shall be observed. To scale up

the stability conditions of the two voltage-sources system, the recent analytic studies on gener-

alization toward a random meshed grid of multiple VSCs are reviewed. The chapter closes on

transient capability limits of droop-controlled voltage-sources while facing typical transmission

grid events such as sudden line opening. The trade-o� between the synchronization stability

margin o�ered by droop control, and the ability of VSCs to cope with transient overloading is

identi�ed as the major challenge for a future full VSC-based transmission grid system.

3.1 Dynamic modeling of a full VSC-based power system

The basic power system under study in the chapter gathers two loads, two VSC-based electrical

sources for redundancy and an interconnection line between sources.

In this chapter, the VSC rating is supposed to be Pnom = 1GW , corresponding to the biggest

VSC converter connected to the transmission grid nowadays [6]. The AC voltage nominal value

is Unom =400 kV, rms, phase-to-phase, corresponding to the highest voltage level on the french

system. The objective of the �rst section is to detail the model of each component of the network
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3.1 Dynamic modeling of a full VSC-based power system

and then to derive an analytic expressions of the dynamics power transfer between the two

sources.

3.1.1 Voltage sources model

As mentioned previously in section 2.3, the VSC-based electrical source can be assumed to be

a pure voltage source. This representation is a common assumption to study interactions be-

tween them [95]. The fundamental sinusoidal voltage waveform applied to the output of each

voltage-source i is totally determined by its time-varying amplitude Ei (t), and time-varying in-

stantaneous phase angle θi (t). Depending on the VSC technology, amplitude and phase-angle

quantities can be controlled with a limited dynamic inherent to the modulation techniques, and

the power ratings of the devices. To produce a sinusoidal waveform out of the voltage-source,

the phase-angle is continuously de�ned by integration of the instantaneous angular frequency

reference:

θi (t) =
∫ t

0
ωi (τ )dτ ∀t > 0, (3.1)

From instantaneous amplitude and phase-angle information, the three-phase sinusoidal, di-

rect, and balanced voltages are de�ned by:


eia(t)

eib (t)

eic (t)


=


Ei (t) cos(θi (t))

Ei (t) cos(θi (t) − 2π
3 )

Ei (t) cos(θi (t) + 2π
3 )


(3.2)

At the transmission level, typical power sources have the characteristics gathered in table 3.1.

Those nominal values are used to de�ne relative values of the electrical quantities in per-unit.

3.1.2 AC Transmission line model

In case of short-length distance (under 80km), an overhead power line has a negligible capacitive

e�ect [17]. Under balanced conditions, the line can be represented by its resistive and inductive

e�ect for electrical quantities propagation around fundamental frequency. Between 80km and

240km, pi-equivalent model of line should be used. Rigorously, the series impedance line model
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Table 3.1 – Typical nominal values of electrical sources connected on transmission grid

Parameter Quantity Value per-unit

Pn Nominal active power 1GW 0.96

Qmin , Qmax Reactive power at rated power ±300MVAR ±0.29

Sbase Base apparent power 1044MVA 1

Ubase Base voltage 400kV 1

Zbase Base impedance 160Ω 1

ωn Nominal angular frequency 2π50 rad .s−1 1

Xc Transformer leaks reactance at ωn 24Ω 0.15

Table 3.2 – Typical 400 kV overhead line on transmission grid

Parameter Quantity Value

rl ine distributed line series resistance 0.024 Ω.km−1

xl ine distributed line series reactance at ωn 0.24 Ω.km−1

bl ine distributed line shunt susceptance at ωn 3.974.10−6 Ω−1.km−1
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Figure 3.2 – Basic VSC-based power system

is only valid for dynamics slower or equal to the nominal frequency and below. Higher dynam-

ical studies must consider more complex models (frequency-dependant model), or shorter lines.

However, the approach presented hereafter could be easily extended to all line models. Typical

values for high-voltage overhead lines are summarized in table 3.2.

The overhead line length variation is deduced from current grid-codes. In typical transmis-

sion grids, highest powered generation units (>800 MW) see a total connection equivalent series

reactance, that can range betweenXmin=0.05 p.u. andXmin=0.6 p.u., from their point of coupling

(PCC) after the transformer, and the in�nite bus model of the rest of the grid [16]. This equiv-

alent reactance variation is adapted to the studied system studied as seen in �g. 3.2. Given the

line parameters of table 3.2, it would correspond approximately to an overhead line connection,

up to 300 km between two VSC-based sources of 1 GW.

3.1.3 Power system loads model

The load models are diverse, depending on load types (heating, lightning, motors, or electronic

appliance). Under a given voltage waveform, the diversity of load models leads to various ab-

sorbed current dynamics, and the consequent disturbances are unpredictable. In high-power

studies (at 400 kV) loads are usually represented in the system model under an impedance model

[16]. However, loads impedance contribute positively to the damping of the system as they dissi-

pate energy [60], especially at high frequencies [58]. In power control stability studies, neglecting

load impedances places the system in critical damping situation, which is interesting to assess the

stability limits in the worst conditions case. Besides, the characteristic-time τload = Lload/Rload
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Figure 3.3 – Basic VSC-based power system dynamic model

of linear loads can often be neglected relatively to the line characteristic time τl ine = Ll ine/Rl ine

[96].

More complex and non-linear load models, as ZIP models, could be employed as proposed

by [42] at the expense of additional analytic computation e�orts. In particular, constant-power

load model are suspected to destabilize the system [97, 98]. Although the impact on the system

stability is real, the e�ect of the load dynamics is not investigated in this chapter and therefore,

the loads are removed whenever it comes to the power dynamics between sources.

For the dynamic model of power �ow between units derived in this section, the loads in�u-

ence is disregarded, so that the study consider dynamical interactions between sources on a non-

loaded system. In practice, such system could represent a AC area only fed by VSC-interfaced

wind generation which is exported through a VSC-based HVDC.

3.1.4 Power system dynamic representation

Using the description of the components models, the basic power system of �g. 3.1 is represented

solely by the dynamic model in �g. 3.3 with two perfect and independent voltage-sources and a

series impedance link.

Assuming the transmission line is represented only by its resistive and inductive series impedance,

the impedance link between the two sources of �g. 3.3 is represented by an equivalent R-L

impedance, including the transformers leaks. A transformer has a typical leakage reactance of

0.15 p.u . that gives the extreme values for the total impedance link between the two voltage-

sources: Xmin + 0.15 = 0.2 < Lωn < 0.75 = Xmax + 0.15 (see �g. 3.2). At high voltage, all
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Figure 3.4 – Rotating dq-frame compared relative to the natural frame abc.

the overhead lines present low losses, for all voltage classes. The interconnection links are then

considered dominated by their reactive behavior, with the ratio 5 < Lωn/R < 20.

The transmission grid dynamic model determines the current �owing between the two sources

connected at both terminals.

(
L
d

dt
+ R

) 
ia(t)

ib (t)

ic (t)


=


e1a(t)

e1b (t)

e1c (t)


−


e2a(t)

e2b (t)

e2c (t)


(3.3)

As we assumed that lines, loads and more generally all the electrical system is balanced over

the three-phase, the �owing currents are also symmetric with sinusoidal waveform in steady-

state.

3.1.5 Power flows between two voltage-sources

Power �ow is the principal quantity of interest through out a power system because they are

conservative values over di�erent voltage-level. As illustrated in the previous chapter 2.3, two

voltage-sources only can exchange power in steady-state, if they operate at a common frequency.

To understand the dynamic relationship between power and frequencies deviation, the instanta-

neous active and reactive power expressions out of source 1 are derived, following the de�nitions

provided in the instantaneous power theory [99, 100]. The power expressions are then linearized

at the vicinity of a steady-state operating point by small-signal approximation.

The three-phases quantities are expressed in per-units by their coordinates in dq-rotating

frame, turning at the phase-angle reference θ ∗(t), by using complex space vector xdq(t) = xd (t)+

jxq(t). Using this formalism equation (3.3) is re-written as:
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(
L
d

dt
+ R + jω∗(t)L

)
idq(t) = e1dq(t) − e2dq(t) (3.4)

e1dq(t) = E1(t) (cos(θ1(t) − θ ∗(t)) + j sin(θ1(t) − θ ∗(t))) ,

e2dq(t) = E2(t) (cos(θ2(t) − θ ∗(t)) + j sin(θ2(t) − θ ∗(t))) .
(3.5)

The angle frequency ω∗(t) in (3.4) is the time-derivative of the phase-angle reference θ ∗(t).

A convenient choice of θ ∗(t) = θ1(t) aligns the dq-frame with the �rst voltage-source output.

Moreover, to manipulate �xed quantities in steady-state, the voltage-angle di�erence between

sources δ (t) has been de�ned by:

δ (t) = θ1(t) − θ2(t) = θ ∗(t) − θ2(t), (3.6)

Voltage coordinates in dq-frame from (3.5) simplify then in:

e1dq(t) = E1(t),

e2dq(t) = E2(t) (cos(−δ (t)) + j sin(−δ (t))) .
(3.7)

Instantaneous active and reactive powers, de�ned according to [99, 100], are further given

by the combination of (3.4) and (3.7):

P(t) = Re{e1dq(t)idq(t)∗},

Q(t) = Im{e1dq(t)idq(t)∗}.
(3.8)

The power expressions in (3.11) are non-linear di�erential equations where P(t) and Q(t)

are inter-dependent. To use linear control theory, the expressions must be linearized around a

steady-state operating point, following the method of [101, 102, 103]. The steady-state is reached

when the frequencies ω∗(t), ω1(t), and ω2(t) tend to the same value ω0. In this case, the dq-

coordinates are time-invariant and the steady-state active power and reactive expressions are:

P0 = Re{e1dq0i∗dq0},

Q0 = Im{e1dq0i∗dq0},

P0 =
R

(
E210 − E10E20 cos(δ0)

)
+ E10E20 (Lω0)2 sin(δ0)

(R) + (Lω0)2
,

Q0 =
(Lω0)

(
E210 − E10E20 cos(δ0)

)
− E10E20R sin(δ0)

(R)2 + (Lω0)2
.

(3.9)
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Assuming such a synchronized situation at t = 0 , the dynamical linearized power expres-

sions expression are obtained by small-signal variations of ∆δ (t) and ∆E1(t) from this operating

point. The second voltage-source amplitude E2 is kept constant. In small-signal sense, the si-

nus and cosinus from (3.5) in the current expression (3.4) can be replaced by their �rst order

approximation :

(
L
d

dt
+ R + jω0L

)
∆idq(t) = ∆E1(t) − E20 (− sin(δ0)∆δ (t) − j cos(δ0)∆δ (t)) (3.10)

Note that ω∗(t) potentially can change transiently. However, if the variation of ω∗(t) are

smooth and contained in a small range (up to 5% of ω0), the variation can be neglected to keep

the equation (3.10) linear. Further linearizing the product, in the instantaneous active and reactive

powers expressions, yields:

∆P(t) = Re{∆E1(t)i∗dq0 + E10∆idq(t)
∗},

∆Q(t) = Im{∆E1(t)i∗dq0 + E10∆idq(t)
∗}.

(3.11)

Inserting (3.10) in (3.11) and replacing the derivative operator d
dt by the Laplace variable "s"

gives the transfer functions from small variations of the voltage-angle di�erence and the ampli-

tude to the active and reactive power variations. The four transfer functions of the linearized

system system constitute a multi-input multi-output system (MIMO):


∆P(s)

∆Q(s)

 =

FPδ0(s) FPE0(s)

FQδ0(s) FQE0(s)



∆δ (s)
∆E1(s)
E10

 (3.12)

With:
FPδ0(s) = E10E20

sin(δ0) (R + Ls) + cos(δ0) (Lω0)
(R + Ls)2 + (Lω0)2

,

FQδ0(s) = E10E20
sin(δ0) (Lω0) − cos(δ0) (R + Ls)

(R + Ls)2 + (Lω0)2
,

FPE0(s) = E10E20
sin(δ0) (Lω0) +

(
2E10E20
− cos(δ0)

)
(R + Ls)

(R + Ls)2 + (Lω0)2
,

FQE0(s) = E10E20
sin(δ0) (R + Ls) +

(
2E10E20
− cos(δ0)

)
(Lω0)

(R + Ls)2 + (Lω0)2
,

(3.13)

The model has been validated by EMT simulation with the EMTP-RV software. As an illus-

tration, the active power exchange variation following a step of ∆δ = 0.1 rad is shown in �g.
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Figure 3.5 – Comparison between the linearized model of active power to voltage-angle di�er-

ence dependency FPδ0(s) implemented in Matlab, and an EMT simulation of the same system,

following a voltage-angle di�erence step. Lωn = 0.45 p.u. and R = 0.025 p.u.

3.5. The initial active power transfer between sources is set at P0 = −0.9 p.u. Both curves are

similar, but one can notice a slightly di�erence in steady-state due to the linearization and the

dependence on the initial point.

Several observations from these power expressions can be made:

1. The linearized relationships are dependent on the initial operating point.

2. The voltage-angle di�erence must respect the steady-state stability criterion of power

transfer de�ned by [17]. This criterion states that the sign of FPδ0(0) must stay positive,

inducing the limit on the voltage-angle:

∀δ0 ∈] − π2 ;
π

2 [ FPδ0(0) > 0⇒ δ0 > arctan(−Lω0
R
) (3.14)

When FPδ0(0) > 0, a closed loop control on the active power can be stable in small-signal

sense. If Lω0 >> R, the criterion is (3.14) respected for all the operating points respecting

the conditions δ0 ∈]− π
2 ;

π
2 [. Out of these limits, the sign of FPδ0(0) changes and the closed

loop regulation diverges. This requirement is developed further, as a necessary condition
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for the stability of the chosen power control. In practice, for the model of �g. 3.3 and in

the worst case of a rated active power exchange on a interconnection line of Lω0 = 0.75

p.u. and R = 0.15 p.u., the voltage-angle di�erence in steady-state remains in [−π4 ;
π
4 ].

3. All the transfer functions contain two conjugate poles with resonance at the initial fre-

quency ω0:

p1,2 = −
R

L
± jω0 (3.15)

This resonance is visible on the time-response of �g. 3.5. The resonance is due to the DC

current component of the line currents.

4. At very low frequencies, the transfer functions (FPδ0(s ≈ 0), FQδ0(s ≈ 0), FPE0(s ≈ 0),

FQE0(s ≈ 0)) simplify in the classical quasi-static relationships between power and angle

and voltage amplitude of phasors circuit theory [17]. Quasi-static relationships are simpler,

as the line dynamics are neglected, but they hide the resonance and potential instabilities

[101, 104, 102, 105].

5. One right-half-plane zero appears under certain conditions. For example, the active power

to the voltage phase-angle di�erence transfer function FPδ0(s) have a real zero at:

z = −R
L
+

ω0
− tan(δ0)

(3.16)

The zero have a positive real-part if the initial active power transfer is negative:

z > 0⇒ −Lω0
R
< tan(δ0) < 0 (3.17)

Systems with the right-half-plane zeros are called non-minimal-phase system. Their short-

term time-response to an excitation has an opposite direction than to the long-term re-

sponse. The e�ect is visible in �g. 3.5. The non-minimal-phase systems are non-trivial to

control as they induce a bandwidth limitation in their excitation to remain stable in closed

loop [106]. However, the e�ect of the zero is only signi�cant for very high total reactances

between sources, for high voltage-angle di�erences, and/or high voltage amplitude di�er-

ences. These conditions are out of the scope of the thesis, but the RHP zeros limitation

must be handled properly when it comes to weak grid situations.
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6. Recalling that Lω0 >> R, and considering frequencies below the nominal frequency, the

o�-diagonal transfer functions gains (FQδ0(s ≈ 0),FPE0(s ≈ 0)) in (3.12) are negligible

compared to diagonal transfer functions gains FPδ0(s ≈ 0), FQE0(s ≈ 0). The comparison

at low frequencies of FPδ0(s ≈ 0) and FPE0(s ≈ 0) is well illustrated in �g. 3.6, for three

di�erent initial power operating points. The dominance of FPδ0(s ≈ 0) over FPE0(s ≈ 0) is

obvious at P0 = 0, as shown on the case (a). In the case where P0 = 1 (b) or P0 = −1 (c), the

comparison FPδ0(s ≈ 0) > FPE0(s ≈ 0) is still e�ective, although the di�erence between the

gains is reduced. However, the domination of diagonal terms is not true aroundω0, yielding

to coupled dynamics between active and reactive power. As a consequence, only slow

dynamics (below ω0) of active and reactive power could be controlled independently with

a feedback control on respectively the voltage phase-angle and the voltage amplitude. A

faster control of the active and reactive power is theoretically possible for a MIMO system

[107, 100] but it comes at the expense of increased complexity of the controller structure

and parameters tuning. In addition, the increased complexity of the large power system

analysis under MIMO controls is a corollary. For this reason, the choice has been made to

stimulate the transmission grid below the steady-state frequency to prevent the coupled

dynamics between active and reactive power. In practice, a low-pass �lter at ωLP < ω0 is

introduced in the feedback loop as explained in the next section.

3.1.6 Conclusions on power flow dynamics on the power system

The section described an elementary model of a power system of two ideal VSC-based voltage-

sources interfaced through a basic transmission grid-system. The instantaneous power transfer

between the sources are modeled as a response to a voltage-angle di�erence between the units,

and to the voltage magnitude di�erences. The power expressions have been linearized, from a

credible operating point, giving the power system response to small variation of voltage-sources

references in the form of a MIMO system (3.12).

Among the four transfer functions, FPδ0(s) in (3.13) gives the instantaneous real power trans-

fer, in response to a small voltage angle change ∆δ (s) between the two sources. For any operating

points, the function FPδ0(s) dominates the transfer function FPE0(s) provided that the voltage-
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Figure 3.6 – Frequency-response comparison of FPδ0(s) and FPE0(s) at di�erent operating points

with Lωn = 0.45 p.u. and R = 0.045 p.u.
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Figure 3.7 – Active power feedback control

sources references vary slowly compared to the nominal frequency. As a consequence, an instan-

taneous variation of the observed active power transfer ∆P(s) between units reveals a variation

of the voltage angle reference ∆δ (s) between units. A variation of ∆δ (s) occurs when one of

the interconnected sources is subject to a phase-angle deviation, or a frequency deviation from

the other. From a technological point of view, the frequency references of autonomous voltage-

sources cannot not be equal over the time, because they are provided by independent internal

oscillators. To compensate the phase-angle or frequency deviation, a control feedback on active

power measurement of one converter can adjust its frequency reference ω∗i (t), and so the phase

angle θ ∗i (t), to keep the sources synchronized together.

3.2 Synchronization one voltage source with the other fixed volt-

age source ("infinite bus")

Given the model of the active power transfer between two voltage-sources, this section shows

how a conventional feedback droop control on the frequency on one voltage-source can keep

it synchronized with the other source. The section considers that the left-hand source in �g.

3.3 is equiped with an active power feedback control, and that the right-hand source is a �xed

voltage-source with constant voltage amplitude and �xed frequency reference over the time. This

consideration corresponds to the classic in�nite bus assumption in power system analysis. The

system and control parameters impact the local stability of the synchronization.
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3.2.1 Structure of the active power feedback control

Fig. 3.7 shows the structure of the output active power feedback control of voltage source 1 that

modi�es the voltage frequency reference ω∗1(t) through the phase-angle θ ∗1 :

The real power measurement P1(t) is �rst processed through a low-pass �lter. This �ltering

stage is desirable to limit the bandwidth of the voltage phase-angle reference variations, and to

remain in the quasi-static domain of power transfer expression. A limited bandwidth contributes

to a good decoupled behavior between the phase-angle variation and the voltage angle variation

in power response given by (3.13).

Other reasons motivate the use of a power �lter, such as: Calculating the average power

calculation in case of single-phase converters [108, 109], �ltering the power harmonics at 2ω0 in

case of unbalanced currents [110], taking into account the sensor and computation delays [96],

time-decoupling with faster inner VSC dynamics [111, 44], [58, 31, 50], introducing a degree of

freedom to damp the active power response [112], or facilitating the analysis based on dominant

poles [96]. In any case, to pursue those objectives, the �lter cut-o� frequency must be taken

between:

ωn

20 < ωLP <
ωn

5 (3.18)

The set-points Pset1 andωset1 are the desired value for the active power output and frequency

of the converter in normal operation. The set-points can be provided to each converter by an

external and centralized control, based on low-bandwidth communication, as a function of an

energy management strategy or an optimal load-�ow dispatch [35, 113]. Such a global control

is out of the scope of the present thesis but is of major interest for a full VSCs interfaced power

system operation. Accordingly, the active power Pset1 and angular frequency ωset1 set-points

in �g. 3.7 are assumed to be �xed and equal to the initial steady-state output real power P0 and

frequency ω0. A proportional gain of mp1 adjusts the output frequency whenever the measured

real power does not equal its set-point. From steady-state, small-signal variation in the measured

active power leads to variation of frequency reference:

∆ω1(s) = −
mp1ωLP

ωLP + s
∆P1(s) (3.19)
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Figure 3.8 – Small-signal representation of the active power transfer in closed loop between the

controlled voltage source 1 with power-frequency droop control.

3.2.2 Synchronization mechanism of the active power feedback control

Recalling that the active power response originates from a voltage angle di�erence variation

given by (3.13) when both voltage sources �xed amplitude, the small-variation of active power

output from voltage-source 1 is given by:

∆P1(s) = FPδ0(s)∆δ (s) (3.20)

By combining the equations (3.20) and (3.19), the small-signal representation of the active power

transfer in closed loop between the controlled voltage source 1 with active power feedback and

the �xed voltage source 2 is drawn in �g. 3.8.

The closed loop in �g. 3.8 helps to understand the synchronization mechanism provided

by the active power feedback control on the left-hand voltage source when the second source

is subject to either an arbitrary phase angle jump ∆δd or a frequency step ∆ω2. The e�ect of

the voltage angle disturbance ∆δd , and of the frequency variation in voltage-source 2 (∆ω2), are

studied separately. In both cases, the system is able to reach a new steady-state. Assuming �rst

a constant frequency of the voltage source 2 (∆ω2 = 0), the closed loop response of ∆δ (s) to ∆δd

is deduced from the block diagram in �g. 3.8:
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∆δ (s) = ∆ω1(s)
s
+ ∆δd

∆δ (s) = 1
s

(
−
mp1ωLP

ωLP + s
FPδ0(s)∆δ (s)

)
+ ∆δd

∆δ (s) = 1
1 + mp1

s
ωLP
ωLP+s

FPδ0(s)
∆δd ,

(3.21)

The closed loop transfer function (3.21) contains an integration in the loop due to the phase-

angle computation from the frequency reference. The integration compensates the voltage angle

di�erence disturbance ∆δd in steady-state [101]. As the voltage angle di�erence converges to

its initial value ∆δ (s = 0) = 0, also goes the frequency variation ∆ω1(s = 0) to zero, meaning

that the output real power returns to P1(s = 0) = Pset1 = P0. In other words, the controlled

voltage-source 1 regulates its power output by rejecting voltage angle disturbance ∆δd , in the

case where the frequency of voltage-source 2 is �xed.

Secondly, the voltage source 2 is subject to a small variation of its frequency reference∆ω2(s) =

∆ω2, and ∆δd = 0.

∆δ (s) = ∆ω1(s) − ∆ω2
s

(3.22)

The response of the controlled frequency reference of voltage source 1 is given by (3.19), (3.20)

and (3.22):

∆ω1(s) = −
mp1ωLP

ωLP + s
FPδ0(s)

(
∆ω1(s) − ∆ω2

s

)
∆ω1(s) =

mp1
s

ωLP
ωLP+s

FPδ0(s)
1 + mp1

s
ωLP
ωLP+s

FPδ0(s)
∆ω2,

(3.23)

The equation (3.23) shows the synchronizing action of the active power feedback control.

The frequency ∆ω1(t) converges to the same frequency variation of ∆ω2.

To conclude, the proportional gain controlmp1 on the frequency in �g. 3.7 ensures a tight con-

trol output power with no steady-state error if the frequency of the other source is constant. Also,

the integration in the active power closed loop serves to follow a frequency variation of the other

source with no error in steady-state. The control realizes then the synchronization of voltage-

source 1 in closed loop, with the rest of the system. Regarding these steady-state considerations,

the control structure builds the necessary conditions for an e�ective synchronization action. The
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control principle, based on active power-feedback, has been called the "power-synchronization"

[66, 67]. The dynamic stability of the synchronization is, however, dependent on the system dy-

namics modeled by equation (3.20). A careful tuning of control parametersmp1 and ωLP must be

realized to ensure the local stability of an operating point.

3.2.3 Small-signal stability of the synchronization

The parameters mp1 and ωLP of the controller in �g. 3.7 must be chosen carefully to ensure the

stability of the synchronization action in the whole range of network parameters and accessible

operating points described in section 3.1. This paragraph gives insight on how to tune parameters

considering the linearized model of power transfer (3.20). The model is only valid locally, close

to an operating point. The local stability is assessed in small-signal sense by the ability of the

system to reach a steady-state following a small disturbance. [111] conducted a similar analysis

but did not take into account the line dynamics.

The analysis of small-signal stability limits of the power-synchronization is conducted by

plotting the Bode diagrams of the open-loop transfer:

mp1

s

ωLP

ωLP + s
FPδ0(s) (3.24)

The Bode diagrams of �g. 3.9 illustrate the in�uence of network parameters L and R, as well

as of the control parameters mp1 and ωLP , at a rated active power transfer between sources and

�xed nominal voltage amplitude. On each plot, the gain margins on the upper axis and the phase

margins on the lower axis are marked with dots. When not subject to the parametric variations,

the parameter values are taken as follows: P0 = 1 , Lωn = 0.45 p.u., R = 0.045 p.u., ωLP = ωn/10,

mp = 0.05ωn .

Comparing the phase margin for di�erent parameters set, several conclusions can be drawn.

in �g. 3.9 (a), the phase margin decreases with the active power control gain mp . The result

was predictable as high gain means fast excitation of the line, increasing the risk to fall into line

resonance area. To preserve stability margin but also a time response below 0.25 s, the variation

of mp should be restricted to [0.01ωn ; 0.1ωn]. An additional static constraint will give the value

ofmp in the next section. The impact of the power �lter cut-o� frequency ωLP is further shown

in �g. 3.9 (b), using a median value of mp = 0.05ωn . As expected, if the low-pass �ltering
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action is not far enough from the nominal frequency (ωLP = ωn), the damping of the resonance

is not achieved and the closed-loop system is unstable. On the other hand, a very low power

�lter cut-o� frequency (ωLP = ωn/100) introduces an early phase lag in the open loop response,

leading to low phase margin. An acceptable trade-o� is (ωLP = ωn/10), which stands for a widely

used value for power �ltering. Regarding the network parameters impact, the variation of total

inductance between both voltage-sources is illustrated in �g. 3.9 (c), whereas the total resistance

is kept at a constant ration R = Lωn/10. Higher is the inductance value, lower are the phase

margins. As long as the inductance stays in the operating limits 0.2p.u . < Lωn < 0.75p.u .,

the stability margins remain acceptable. The last �gure 3.9 (d) looks at the evolution of stability

margin for three reactance-to-resistance ratios Lωn/R. Obviously, adding more resistance damps

the resonance peak, but the impact on the stability margins is not signi�cant.
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3.3 Synchronization of two voltage sources and link with droop

control

In this section, neither of the two voltage sources have a �xed voltage frequency anymore, but

they both embed a power-synchronization control. Besides the property of the controls to keep

the two sources synchronized, the section emphasizes the load-sharing property of the controls

and the steady-state frequency-drop behavior of the system following a load increase. In a large

power system, one electrical source cannot be designated as the master, imposing the frequency

reference over the other sources. The loss of the master unit would be fatal for the rest of the

system. Instead, all the sources must have symmetrical roles in the network. From static consid-

erations, the two controlled sources form a droop-controlled system similar to the current syn-

chronous generators based power system. In contrast with synchronous generators, the control

parameters do not depend on physical electromechanic characteristics. The control parameters

must be chosen to maintain the steady-state frequency in the de�ned operation range. Small-

signal stability analysis is then conducted to ensure that the chosen parameters keep the local

stability de�ned in the previous paragraph.

3.3.1 Static analysis: from double power-synchronization to droop control

The system of two controlled voltage-sources exhibits a static frequency-droop following a load

increase. If both sources are controlled with power-synchronization scheme in �g. 3.7, their

frequency references are guided by the equations:

ω1 = ωset1 −mp1

(
ωLPP1
(ωLP + s)

− Pset1
)
,

ω2 = ωset2 −mp2

(
ωLPP2
(ωLP + s)

− Pset2
)
.

(3.25)

For the static analysis, the total steady-state load connected to the system of �g. 3.3 is taken

into account as a purely active power load Pload . The initial operating point is �xed by load-

�ow and ωset1 = ωset2 = ω0. The initial active power transfer on the line is P0 and the to-

tal power delivered by the sources is Pset1 + Pset2 = Pload . After a power demand increase

of ∆Pload , the voltage-sources ful�ll the new load, while assumed to stay synchronized by the
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Figure 3.9 – Comparison of margins on the open-loop transfer voltage angle di�erence response

(3.24). Gain margins on the upper axis and the phase margins on the lower axis are marked with

dots. Base values: P0 = 1 , Lωn = 0.45pu, R = 0.045pu, ωLP = ωn/10,mp = 0.05ωn .
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power-synchronization control. This assumption supposes that a new stable operation point

exists, and the frequencies converges to a new a common value ωf :

∆ω1 = ∆ω2 = ωf − ω0,

∆P1 + ∆P2 = ∆Pload .

(3.26)

Equations (3.25) drive the load-share among∆P1 and∆P2, and the �nal steady-state frequency

(ωf ):

−mp1∆P1 = −mp2∆P2,

∆P1 =
mp2

mp1 +mp2
∆Pload ,

∆P2 =
mp1

mp1 +mp2
∆Pload ,

ωf − ω0 = −
mp1mp2

mp1 +mp2
∆Pload .

(3.27)

From (3.27), note that the coe�cientsmp1 andmp2 determine the �nal active load-share of the

load increase ∆Pload among the two sources. The last equation of (3.27) quanti�es the system

frequency drop following a load increase. This static behavior is similar to the current power

system. The frequency drop gave its name to this type of parallel control of VSC-based sources:

"the conventional droop control" as early de�ned by [25].

In a general power system where the two sources have di�erent power rates, it is highly

desirable that each source handles the load according to their own capability. The parameters

mpi are therefore de�ned in respect with the nominal power Pni , for each source.

mpi = σ
ωn

Pni
. (3.28)

The nominal frequency ωn is introduced to give the proportional droop coe�cient σ no di-

mension. Considering that all the sources control have an identical droop coe�cient σ , the �nal

steady-state after the load change (3.27) can be rewritten with (3.28):
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∆P1 =
Pn1

Pn1 + Pn2
∆Pload ,

∆P2 =
Pn2

Pn1 + Pn2
∆Pload ,

ωf − ω0 = −
σωn

Pn1 + Pn2
∆Pload .

(3.29)

The system reaches an e�ective active load share in steady-state, and the frequency drop

is completely determined by the value of the droop coe�cient σ . This �nal state only depends

on the initial set-points, and on the droop coe�cient. For example, if the normal power system

operation limits the frequency to ωn ± 5%, σ must be chosen between 0 and 0.05, limiting the

accessible values of mpi . From the previous analysis, the power-synchronization control of an

unique source stayed stable for the all these possible values mpi . On the current power system,

a droop static slope of σ=4% is common.

3.3.2 Small-signal stability of the droop-controlled system

To assess the local stability of the synchronization of the two interconnected voltage-sources un-

der droop control, the system is assumed to be in an accessible steady-state. Around this operat-

ing point, a small-signal stability analysis reveals the impact of droop parameters on the system

stability. Compared to the previous section, the introduction of a second power-synchronized

source might tighten the parameters choice to ensure stability.

Assuming two identical sources Pn1 = Pn2, with equal droop coe�cients, so that mp1 =

mp2 = mp . When the sources have equal droop coe�cients, [45] identi�es the situation as the

most critical case for the stability of interfaced VSCs. Fig. 3.10 shows the equivalent model under

study. From this model, the expression of ∆P1(s) is given by (3.20). As the system is symmetric,

the active power variation ∆P2(s), out of the source 2 is:

∆P2(s) = FP (−δ0)(s)(−∆δ (s)) (3.30)

The characteristic equation on the voltage angle di�erence is obtained combining (3.20), (3.30)

and (3.19):

106



3.3 Synchronization of two voltage sources and link with droop control

Figure 3.10 – Representation of the two sources with each an autonomous conventional droop

control. Loads are neglected.

∆δ (s) = 1
s
(∆ω1(s) − ∆ω2(s)) ,

∆δ (s) = 1
s

(
−
mpωLP

ωLP + s
∆P1(s) −

(
mpωLP

ωLP + s
∆P2(s)

))
,

∆δ (s) = −1
s

mpωLP

ωLP + s

(
FPδ0(s)∆δ (s) − FP (−δ0)(s)(−∆δ (s))

)
,

∆δ (s) =
−mp

s

ωLP

ωLP + s

(
FPδ0 + FP (−δ0)

)
∆δ (s),

(3.31)

With

(
FPδ0 + FP (−δ0)

)
= E0V0

2 cos(δ0) (Lω0)
(R + Ls)2 + (Lω0)2

, (3.32)

The small-signal expression of the voltage angle dynamics (3.31) has been validated through

EMT simulation in �g. 3.11 and illustrates the convergence of the simpli�ed system of two droop-

controlled voltage-sources.
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Figure 3.11 – Comparison of voltage angle di�erence dynamics ∆δ (s) between two voltage-

sources following a disturbance. An EMT model time-domain response is plotted with dashed

line, the linearized model (3.31) plotted on Matlab with plain line. System parameters are: σ =

0.04 p.u., ωLP = ωn/10, P0 = −0.9 p.u. for Lωn = 0.45 p.u. and R = 0.025 p.u.

3.3.3 Physical considerations around the droop control parameters

The frequency-droop controlled system has a behavior close to the current synchronous gener-

ation based power system. The parameters of the droop control can be compared to the physical

characteristic of synchronous generators and their control. The droop control, as described in �g.

3.7, has two parameters of interest, namely σ de�ned frommp by equation (3.28) and ωLP . First,

the normalized droop coe�cient σ represents the ability of one source to change its frequency

reference in response to a real power demand change. The value of σ changes the behavior of

the controlled voltage-source:

• σ = 0 builds a �xed frequency voltage-source irrespective to load demand. The delivered

active power satis�es the load presented at its output, with no load-sharing capacity. In

traditional power system representation, this is the behavior of an in�nite bus or of a

synchronous generator with in�nite inertia. An ideal voltage source.
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• σ = ∞ forms a theoretically instant frequency-changing voltage-source. In response to a

load change, the controlled voltage-source adapts directly its voltage angle to maintain its

active output power at P = Pset . Such controlled voltage-source corresponds to an ideal

power source or sink, that follows immediately frequency changes of the others sources

connected in the same network. An ideal grid-following source.

• 0 < σ < 0.05 makes frequency reference elastic to load demand changes, with a con�g-

urable degree of elasticity. A real power change creates a synchronization torque to adjust

the voltage angle of the source with a certain dynamic. It has therefore, a static behavior

that results in a frequency drop as expressed in equation (3.29), and a dynamic e�ect which

determines the synchronization speed.

Note that the parameter σ is involved in the static �nal state, and in the convergence dy-

namics toward this �nal state. Secondly, the power �lter parameters introduces an additional

degree of freedom to decouple static objective from the dynamic behavior. With the power �lter

at ωLP cut-o� frequency, the droop-controlled voltage-sources behavior resembles to those of

synchronous generators, in small-signal sense. On one hand, the frequency reference expression

is deduced directly from equation (3.19), and applied for small variation of the angle di�erence

∆δ (s):

(
s

σωLP
+

1
σ

)
∆ω∗1(s)
ωn

= −FPδ0(s ≈ 0)∆δ (s) (3.33)

On the other hand, the simpli�ed electromechanical model of synchronous generators from chap-

ter 2 is obtained by neglecting the turbine dynamics, the speed control dynamics, and considering

slow variation of the internal angle δe :

(
2Hs + 1

R
+ Γedωn

)
∆ωr (s)
ωn

= −Γes (δe0)∆δe (s) (3.34)

The right hand sides are made equivalent by taking a situation where FPδ0 ≈ Γes (δe0), eg. with

δe0 = δ0 =
π
4 and Lω0 = xc + x

′
d . It is worth noting that the damping e�ect of the load frequency

sensibility has been removed (D = 0), as it is similar in both cases. A quick comparison of both

expressions reveals their similarity and highlights the comparable role of 1
σ and 1

R +Γedωn on one
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side, and 1
σωLP

and 2H on the other side. Thus, the normalized droop coe�cient in 1
σ is related to

the asynchronous damping, as well as to the droop slop. As seen from equation (3.33), the power-

�lter cut-o� frequency multiplicated by the normalized droop coe�cient (σωLP ) represents the

initial sensibility of the frequency referenceω∗ to an active power variation, namely the ROCOF.

In this sense droop-controlled voltage-sources recreate the synchronization mechanism of

interconnected synchronous generators, around an operating point. The order of magnitude of

the parameters, however, are di�erent. For synchronous generators, the commonly used values

in per-units are 1
R = 25p.u ., Γedωn = 31p.u . and 2H = 10 s for classic thermal generators.

Following the tuning recommendations of previous paragraphs, 1
σ = 25p.u . and 1

σωLP
= 0.8 s .

Consequently, the values of R and σ give the same droop characteristic in steady-state, but the

dynamic damping in synchronous generation is completed by the damping torque Γed . Droop-

controlled voltage-sources bring an equivalent "inertia" to the power system of 0.8 s compared

to the ten time higher 10 s inertia of the synchronous generators. Equivalent "inertia" should be

understand as latency time given to the other controls or devices to react on events. This ensures

that the whole system will not collapse instantaneously after a random grid event. In other

words, the physical inertia of synchronous generators limits the dynamics of the frequency with

a characteristic time of 10s, even though no one asked for. As developed in previous sections,

grid stability requirements lead to a limited frequency dynamic with a characteristic time of

only 0.8 s . The consequences are visible on the ROCOF. In the case of droop-controlled inverters,

a ROCOF=σωLP is also ten times higher than with synchronous generators. This might have

consequences on protection based on ROCOF, but not on system security. The frequency will

indeed converge quickly to its steady-state value with an higher damped response. Thus, the

frequency deviation is expected to be lower during transients.

The lower characteristic time of the droop controlled VSC means that lower energy reserve

from the DC bus are required for stability, compared to the traditionnal "spinning reserve". Dur-

ing the latency time, the voltage-sources must ensure to have enough energy stored on the DC

side to feed the load without an excessive DC voltage drop (max 10%). The ratio 1
σωLP

= 0.8 s de-

termines the level of energy reserve needed on the DC storage unit. When the droop coe�cient

increases, the need for DC energy reserve is lower, but so are the stability margins.
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The conventional active power frequency droop control has been adapted in various situ-

ations with a wide diversity of alternative droop control schemes. Among them, [31, 114] in-

troduce a control gain on the power derivative. The resulting "transient droop control" adds

supplementary degree of freedom to damp the power response. Similar objective are pursued by

[82], with an additional lead-lag �lter that emulates a generator governor, or by [57] who adds

a PLL. On the other hand, the power �lter can have better performance than �rst-order �lter,

improving the system dynamic and stability [115, 116]. Besides, Virtual Synchronous Machine

(VSM) controls have received a growing interest recently by implementing small-signal model

of SGs in the VSC-based voltage-sources control [117], or directly the non-linear equations of

the synchronous generators [83]. VSM controls result in similar dynamics than SGs and droop-

controlled voltage-sources. They form the droop-like control family. [77, 78, 115, 118] brought

a comprehensive comparison between frequency droop control scheme, VSM, and synchronous

generators. The matching results con�rm that they can all be considered as one droop-like con-

trol family.

To conclude, most of the autonomous solutions for parallel operation of voltage-sources in

the literature rely on the basic synchronization mechanism provided by the frequency droop

control. They can be gathered in a droop-like family. The synchronization mechanism of fre-

quency droop control is the one of traditional synchronous generators. The parameters values

of σ andωLP , however, are not physically constrained, but must ful�ll the stability constraints of

the system. The small-signal stability of one droop-controlled voltage-sources has been analyt-

ically analyzed in the previous subsection, but the generalization to large multi-source system,

or to large-signal stability is a highly challenging topics.

3.3.4 Reactive power droop control

In a real power system, the voltage plan depends on the load level and must be handled by an

appropriate strategy. The transmission grid operator must have the control on voltage reference

set point provided by the VSC-based voltage source. The regulation strategy of voltage level in

a 100 % PE grid could be comparable to the existing one. Additionally, a E −Q voltage-droop is

often presented as a simple control method to share locally the reactive power exchange on two

sources closely bounded [17]. In the thesis, the conventional voltage-droop (3.35) is implemented
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to give the voltage-amplitude reference to the voltage-sources, but the voltage-droop coe�cients

are taken low enough nq < 0.1 p.u. and preserve stability of the frequency droop control [119].

Ei = Eset − nq (Qi −Qset i ) (3.35)

Note that the reactive power Qi must also be �ltered for decoupling reasons. For the interested

readers, the literature explores a bench of innovative solutions [120, 121, 122], for voltage man-

agement and control.

3.4 Toward generalization of small-signal and large-signal stabil-

ity of multiple droop-controlled VSCs, in a scalable, radial or

meshed grid

This section details the attempts in the literature to prove the existence of such an equilibrium, to

generalize local stability of the equilibrium to an arbitrary number of interconnected devices, to

extend local stability to large-signal stability. Power-frequency droop controls have been success-

fully tested in microgrid and showed su�cient robustness in the studied test cases [25, 58, 31].

However, investigations on local stability for large, meshed, and multi-VSCs system has been

identi�ed as a crucial research in the past, as pointed out by [40, 123], and are still hot topics

nowadays. Moreover, transient stability after large signal perturbation is even harder to investi-

gate analytically owing to non-linear behavior of the power-�ow equations. Previous works on

the topic are analyzed with a speci�c attention on the underlying assumptions.

3.4.1 Small-signal stability studies based on linearized models of multiple-

converters network

Analytic studies of small-signal stability on a generalized network are based on linearization of

power expression and rely on approximations to reduce the model size. Di�erent approximation

approaches and associated stability analysis are listed below.

In classical works on microgrid, two or three converters with droop controls are interfaced

on a radial grid. The whole system small-signal stability is often studied focusing dominant
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poles observation [44, 27, 36, 114, 31, 45, 109, 50, 64]. They detail a state-space model system,

including the VSC output �lter, the VSC inner controls, the loads and line dynamics, and droop

controls. The power equation are linearized around an existing steady-state operating point.

The eigenvalues are gathered by clusters, de�ned by mode frequency and damping. The focus is

turned on less-damped poles as they will drive the critical behavior of the system. In all works,

dominant poles are found to be related with the active power droop coe�cients, the reactive

droop coe�cients, and power �lters time constants. For example, the contribution of droop

controls on less-damped modes can be evaluated by participation factor analysis [17, 36, 58]

or by sensitivity analysis [124]. The dominant impact of droop controls on small-signal stability

originate from a time decoupling between low-pass �lters of power measurement, and high VSCs

dynamics, lines dynamics, loads impedance or even fast active loads [97]. When the dynamics

are timely decoupled, the system model can be reduced to perfect controlled voltage-sources

connected with static impedances or admittances, written with algebraic expressions [44, 27,

114, 31, 45, 109, 59, 50]. While considering only dominant poles, the small-signal stability of

droop is said to be acquired for a purely inductive radial grid, as long as the droop gains are

reasonable and do not violate the time-decoupling with the VSC inner loops, regardless the size of

the network [26, 40]. Lossy networks require more care while tuning the voltage droop coe�cient

[40]. [59] expands the reduced model techniques to generalized, scalable, meshed networks. He

assumed inductive lines and neglected the VSC innercontrol dynamics, the loads and the power

�lters impact. Further considering small line impedance, then small voltage angle di�erences

and small voltage amplitude dips between nodes in steady-state, he states that each droop control

stability can be studied independently and that the stability of the whole system is obtained by the

superposition theory facilitating the stability analysis on large systems. In such approximation,

he emphasizes that only high frequency-droop gains compromise the stability of the overall grid,

but the voltage droop have no signi�cant impact on the stability if the system has only reactive

lines.

When the di�erent network components have no timely decoupled dynamics, conclusions

are harder to draw. It has been shown in [102] than neglecting the lines dynamics in the reduced

model by dominant poles failed to predict unstable regions. Furthermore, when the number of

devices increases, the number of poles increase and trajectories analysis might be confusing.
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3.4.2 Singular perturbation techniques for non-linear modeling and large-signal

stability studies

Classical analysis methods rely on numerical procedures to approximate the region of attraction

of an equilibrium [17]. Analytic approach brought by [125, 126, 127, 128], do not aim at providing

best estimation on region of attraction. But they give insights on network structure impact on

synchronization.

At odds with the previous method, [125, 126, 127, 128, 96] �rstly assume that the droop

control is over damped, resulting in a very low time-constant of power dynamics compared to

other phenomena. The singular perturbation theory states that faster dynamics have already

reached their �nal states when calculating the solution of a slower di�erential equation. In this

sense, the approximation technique is inherited from the classical phasor approach in power

system studies where the electrical transients are neglected compare to slower electromechanical

dynamics, as the synchronous generators have inherent inertia. To conclude on the existence on

an equilibrium, local-stability, and large signal stability, the power equations are not linearized.

Large-signal stability based on Kuramoto models Proving the convergence to a frequency

agreement of an unde�ned number of droop-controlled VSCs without a linearization of power

expression has been made possible with the analogy of Kuramoto models. In the Kuramoto

model approach, the focus is not on calculating the maximum stable droop constant, but to give

insight into how interaction between droop-controlled simpli�ed sources creates a frequency

synchronization or not.

In [127], the authors try to solve the consensus problem of a power-network that converges

to a common frequency. They regard the power-network as a system of coupled oscillators. Par-

ticularly, they noticed that a reduced model of a machine based power system with overdamped

generators characteristics can be approximated with a �rst-order, non-uniform Kuramoto model

and the associated synchronization analysis of non-uniform Kuramoto oscillators.

They further noticed in [125] that droop-controlled VSCs behave as overdamped genera-

tors on radial and lossless grid. They can also be represented by Kuramoto oscillator models.

The authors tacitly assumed that power �lters e�ect is neglected. Under these approximations,

they derive necessary and su�cient conditions for the existence of an equilibrium at a common
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frequency shared by all the droop-controlled converters.[126] extends this result to meshed loss-

less networks. He states that the conditions for the existence of the equilibrium become only

a necessary but not su�cient in the case of meshed grids. Once the existence of an equilibria

is proved, the local stability of the equilibria can be demonstrated. In the theory developed in

[129], Kuramoto oscillators with homogeneous coupling weights (ie, homogeneous frequency

droop coe�cients), all the stable equilibria exist in the called principal region, −π2 < δ0 <
π
2 , and

they are locally stable under the assumptions of lossless static grid, and perfect nodes voltage

regulation. This result is also extended to meshed grid in [126] to end with the same conclusion:

assuming there exist a steady-state equilibrium between droop-controlled converters, with fea-

sible load-�ow, then the equilibrium is locally asymptotically stable if the voltage nodes angle

di�erences are within −π2 < δ0 <
π
2 .

Large-signal model based on dynamics-phasors [105] derived also a large-signal model

of two droop-controlled converters based on singular perturbation technique but only neglect

loads time-constants and kept line time-constants. He does not consider the power measurement

�lters. He compares its reduced model with Kuramoto models that neglects lines dynamics. He

showed numerically that its reduced model is able to predict unstable local behavior, for high

values of frequency-droop coe�cients, unpredicted by Kuramoto oscillators theory. The e�ect of

line dynamics on droop-controlled converters was already highlighted in [96]. The local stability

of [96] and [105] system is improved by the presence of power �lter with su�cient bandwidth

by enlarging the range of stable frequency droop coe�cient as he showed in[96].

Large-signal stability based on Lyapunov function Frequency droop-controlled convert-

ers look like Kuramoto oscillators in the aforementioned papers when they have �xed output

voltage amplitude. For taking into account voltage amplitude variation at each nodes, [123]

derives a non-linear model of a generalized meshed network. Further, he followed a Lyapunov

approach to derive stability conditions on droop gains. In opposition with [125, 130], no assump-

tion of constant voltage or small phase angle di�erence are made. The converters have variable

output voltage amplitude. He also neglects the loads and line dynamics so that the network has

an algebraic representation. Lines are predominantly inductive. The power �lters, similar to
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those of [44, 58] are taken into account. Under the given assumptions, the dynamic states trajec-

tories are found to be bounded for all practical choices of droop-control coe�cients and initial

power set-points. He concludes that the local stability of an arbitrary lossless meshed grid is

independant from frequency droop gains and power set-points, but do depend on voltage droop

coe�cients. The asymptotic stability property is guaranteed by the Lyapunov approach.

Large-signal stability based on non-linear frequency controls that resemble to droop

control only around the stabilized common frequency Some authors tried to break away

from conventional frequency droop controls to de�ne a synchronization function from scratch

[131, 132]. They de�ne decentralized and non-linear controls that bring the converters to act

as oscillators that enter a limit-cycle oscillation where a consensus frequency is found. It can

be proved that small-signal perturbation on the system from this equilibrium behave as droop-

controlled inverters. Only large-signal is a�ected as the controllers allows a faster return in the

stable region.

Another approach is to add extra non-linear control on existing droop control to help the

system to come back to its attractive stable area after a large disturbance [112].

To conclude, overdamped frequency droop-controlled converters can be seen as Kuramoto

oscillators which guarantees the existence of a frequency agreement between the units, and the

large-signal stability of this equilibrium as long as the voltage angle di�erences between nodes

stay transiently within −π2 < δ0 <
π
2 , and if the converters do not exceed their rated power.

Advanced non-linear frequency control can help the transient stability, while conserving the

local stable property of droop controls. Taking into account the lines and power �lters dynamics,

or the voltage-droop of VSCs can restrain the local stability conditions. However, to our best

knowledge no studies give an in-depth analysis on the role of power �lter time-constant on the

global system stability, as noticed recently by [133]. Moreover the analytic analysis on transient

stability exposed in this paragraph question the validity of assumptions. Especially in high-power

device, the multiple VSC inner controls and limitations can impact positively or negatively the

stability of the system during fast electrical transients.

While studying transient stability, it is important to keep in mind that real devices have

limitations in the hardware that are hard to predict as it belongs to the manufacturers intellectual
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property. Numerical simulations on real system model cannot be avoided in practice to study the

large-signal stability of device.

3.5 Transient load-sharing capabilities of droop-controlled voltage-

sources

This section illustrates the technical challenge to obtain an acceptable transient behavior of

droop-controlled voltage-sources between to stable operating points. The real VSC-based con-

verters have physical limitation of the instantaneous current magnitude that is not taken into

account in the small-signal stability studies. Grid-forming converters, represented by perfect

voltage-sources, are exposed to large transient currents during network disturbances, such as

a line tripping. Output overcurrent spikes are destructive for power electronics devices or re-

quire costly oversizing investment. Transient studies involve non-linear di�erential equation

which are more practically analyzed in time-domain using step-by-step numerical integration

techniques. Here an EMT simulation software serves to see the impact of network-switching

disturbances on a droop-controlled two-voltage-sources. Network-switching disturbances arise

from planned and unplanned events (line switching or tripping, system faults or faults clearing).

3.5.1 Transient load-sharing during a line tripping in the transmission grid

The current transient following a line tripping is identi�ed as a critical case for VSC-based grid-

forming converters [134]. A time-domain simulation shows that the droop control is unable to

prevent the voltage-sources from exceeding their current limits. In a transmission grid, the lo-

calization of electricity generation and consumption is variable. Large loads can be electrically

close to small rated power units. The grid is built on a highly variable topology, depending on

operation conditions or fortuitous external event. A change in topology causes large local vari-

ations of power �ows. These operating constraints imply large power transients, traditionally

supplied by the synchronous generators, that will be handled by the converters. One must certify

that the output currents do not exceed instantaneous maximal current values of VSC and share

transiently the load.
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Figure 3.12 – Two voltage-sources system interfaced by a double overhead line, subject to a line

tripping

The typical problem of a line tripping is stated in �g. 3.12. A simple network interconnects

two droop-controlled voltage-sources representing ideal parallel grid-forming sources with re-

spectively a nominal power for converter 1 Pn1 = 250MW and another nominal power for con-

verter 2 Pn2 = 1GW , supplying an active load of 1125 MW. The system is initially at steady-

state. The power references of each unit are set to share the load equitably between the sources,

P10 = 0.9 Pn1 = 225MW and P20 = 0.9 Pn2 = 900MW at nominal output voltages amplitude and

frequency.

The lines parameters used are Rl ine = 3Ω, Xl ine = 30.7Ω, for each line, which corresponds

to a 100 km double line. The load has a reactive compensation of 120MVAR to maintain the

voltage in acceptable limits.

The �g. 3.13 and 3.14 show that the closest converters from the load handles temporary the

major part of the active power which induces current inrush. The transient comes from the slow

reaction of power droop controls to an active power demand variation. The power �lter takes few

cycles to react to real power change. The droop coe�cients that ensure stability of the system,

limit the response dynamics. As the voltage-sources do not change instantly their frequency

references, a simple transient model can derive roughly the transient overload magnitude in the

just after the line trip.

Considering �xed frequency references and �xed amplitude, the output current magnitude

of the voltage-sources can be calculated similarly to the short-circuit phase-current in eq. (2.40).

However, analyzing the system behavior with both the e�ect of the fundamental frequency and
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Figure 3.13 – Active power response of two droop-controlled voltage-source following a line

opening
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Figure 3.14 – Current envelopes of two droop-controlled voltage-source following a line opening
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Figure 3.15 – Equivalent circuit describing the initial power sharing

the DC component following the line opening would require much computation e�orts. A sim-

pli�cation consists in treating the dc o�set separately by eliminating the current derivative term

representing the line transient. By removing the derivative term, it is not assumed that the

current are constant, but on the contrary, that they change instantaneously following the per-

turbation. The method is comparable to transient studies on synchronous generators using the

�xed voltage E ′d behind its transient reactance X ′d [17]. The output current and active power

can thus be roughly calculated using a phasor approach at nominal frequency, where only the

reactances of the network are modeled. The loads are neglected. The initial situation is set with

voltage magnitudes �xed at E10 = E20 = E0. The phase origin is taken at the load voltage V ,

the initial voltage-source phase-angle are then θ10 and θ20. Because the converters have distinct

power rate, the reactance and the power values are not expressed in per-unit to avoid confusion.

The initial steady-state can be written as:

X1 = Xc1,

X2 = Xc2 +
Xl ine

2 ,

P10 + P20 = Pload ,

δ0 = θ10 − θ20,

(3.36)
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Under the classical assumption of small voltage angle di�erence δ0 << 1, the initial load-�ow

satis�es:

P10 ≈
E20
X1
θ10,

P20 ≈
E20
X2
θ20,

X1P10 − X2P20 ≈ E20δ0,

X1P10 − X2 (Pload − P10) ≈ E20δ0,

(X1 + X2) P10 ≈ E20δ0 + X2Pload ,

(3.37)

Just after the line opening, and before the two voltage-sources adapt their frequency refer-

ences, neither the voltage-angle di�erence between sources δ = δ0, nor the amplitudes E = E0

do change. But the load is instantly fed by the active power from the voltage-source 1 and 2, so

that P2 +P1 = Pload . The topological change impacts the X2 reactance value by ∆X2 =
Xl ine

2 , the

equation that holds for the �rst few cycles is then:

(X1 + X2 + ∆X2) P1 ≈ E20δ0 + (X2 + ∆X2) Pload , (3.38)

Replacing (3.37) in the second member of (3.38)

(X1 + X2 + ∆X2) P1 ≈ (X1 + X2) P10 + ∆X2Pload ,

(X1 + X2 + ∆X2) (P1 − P10) ≈ +∆X2 (Pload − P10) ,

∆P1 =
∆X2

X1 + X2 + ∆X2
P20.

(3.39)

Thus, an approximative value of power deviation from optimal load share after the line trip

is evaluated from (3.39) and reported in table 3.3.

Those values are the order of magnitude of VSCs output power changes, just after the event.

They are conservative as compared to the simulation in �g. 3.13 because the load voltage drop

following the line trip has been neglected in the analytic phasor model.

Notably, the transient power variation out of the voltage-source 1 (3.39) is strongly dependent

on the reactance between the load and the voltage-source. If the reactance X1 increases, the real

power demand just after the trip is lower.
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Table 3.3 – Numerical application

Parameter Value

Xl ine 30.7Ω

X1 61.4Ω

X2 30.7Ω

P20 900MW

P10 225MW

∆P1 ≈ 128MW = 0.57 Pn1

3.5.2 Limits of available solutions to improve the transient-load sharing

In the literature, di�erent attempts have been proposed to enhanced the droop control transient

behavior. Increasing the droop coe�cient mp is straightforward to fasten the droop control re-

sponse to reach a steady-state [135]. The stability of the whole system is, however, endangered

by high droop coe�cients (see section 3.3). Besides, the consequences ofmp on the �rst current

magnitude spike is negligeable [135]. [27] suggested to add a proportional control on the power

measurement to directly correct the voltage angle di�erence, through the phase-angle reference

θ ∗i . Using a comparable control technique [109] showed the limitation on system stability, due to

the line dynamic.

Speeding-up the droop control is neither desirable as it results in fast frequency reference

transients, nor always possible as it degrades the stability.
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Conclusion on the synchronization of voltage-sources on transimission system

This chapter analyses the theoretical behavior of interfaced droop-controlled voltage-sources

on a transmission grid. Based on the active power dynamics between two sources, a decen-

tralized synchronization of voltage-sources is obtained by the control of each voltage-source

frequency reference, de�ned as an inner state variable. The droop-control makes all the

frequency references converge to a common steady-state frequency, in a closed loop and

decentralized manner. The droop-controlled voltage-sources exhibits the required property

to share, as desired, the active loads in steady-state.

Similarly to the existing synchronization mechanism of synchronous generators, the fre-

quency droop-control ensures the existence of a stable equilibrium between voltage-sources,

regardless of the size of the network, under certain conditions. The stability conditions in-

clude the nature of the grid, which must be predominantly inductive, the existence of ac-

cessible load �ow with limited voltage angle di�erences between voltage-sources, which is

always the case on a well designed transmission grid. Other stability conditions restrain

the droop coe�cient gains to moderate values and require the presence of low-pass power

�lters to decoupled the droop control action from line resonance at the nominal frequency.

The impact of power �lter would need a deeper analysis. Alternative frequency controls,

as VSM or non-linear frequency controls, belong to the same droop-control family because

they provide the same synchronization mechanism around the equilibrium. From a higher

perspective, the frequency droop-control recreates the global information on the power de-

mand adequacy between sources, thus allows upper energy management.

Droop-control small-signal stability requirements, however, are not compatible with

fast transient load-sharing. This could lead to unacceptable overloaded situations. During

sudden but common transmission grid events, such as a line tripping, one VSC might exceed

its current limit for a longer time than the hardware can handle. Ensuring both current

limiting and large-signal stability is still a hot research �eld, even if recent propositions

have been formulated, including in this thesis. It implies to look deeper in the instantaneous

voltage regulation of grid-forming converters.
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Chapter 4

Building a grid-forming VSC-PWM

for the transmission grid system

Contents
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Although the VSC devices are intrinsically controllable voltage-sources, they cannot, in prac-

tice, be connected directly to a transmission grid to provide grid-forming function. A voltage

feedback control must maintain the terminal voltage in case of load changes, in accordance with

the technical limitation of the chosen pulse-width-modulated (PWM) technology and with the

challenging environment of a transmission grid. The voltage control must be stable in various

grid situations from stand-alone to powerful grid-connection made of several other devices. The

chapter derives the design method recommendations, from the hardware requirements of the

�lter, and until the voltage control parameters to face those multiple challenges. The whole VSC

system with its control scheme that o�ers parallel grid-forming capability is drawn in �g. 4.1. As
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Figure 4.1 – Layout of the PWM-VSC with its output �lter and parallel grid-forming controls.

Single-phase equivalent representation

the external controls have been treated in the chapter 3, the focus of the chapter is on the �lter

and the voltage control design.

4.1 Design requirements and method

The terminal voltage control of a grid-forming VSC performs the control and protective functions

essential for satisfactory performances. These performances are obtained if the control ful�lls

the requirements associated with the chosen VSC technology, based on PWM modulation, as

well as the system needs in a transmission grid environment. The section recalls the design

requirements already announced in chap. 2, adapted to PWM-VSC technology, and describes the

voltage control design method.

4.1.1 Design requirements of grid-forming control from PWM-VSC perspec-

tive

Regarding the VSC device, the voltage control must address the following requirements:
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1. Maintaining the magnitude of its terminal voltage e within acceptable limits when the load

varies

2. Ensuring the device survives transient grid-disturbances even with its limited instanta-

neous overcurrent capability

3. Respecting the technological constraint of the PWM-VSC regarding its limited bandwidth

First, the terminal voltage control can be obtained by adjusting the VSC modulation reference

in closed loop to compensate for the dependency of the voltage to the load level. In section 2.1.2,

the performance requirement for voltage control states that the RMS value of the terminal voltage

must reach ±5 % of the reference, within 10 s (see [16], p215). The voltage reference is given by a

setpoint from a centralized operator and usually augmented with a voltage-reactive power droop

control.

Then, the voltage control must be designed so that electrical quantities never exceed their

constructive limits. In particular interest, the output current is must be closely controlled to be

kept under the instantaneous overcurrent capability de�ned in table 2.9.

Finally, the two previous functions must respect the technological constraints of the chosen

VSC technology. At high-power, the PWM-VSC based has a limited valves switching frequency

because of the switching power losses during commutation. The limited switching frequency

has two technical consequences. A second-order output LC �lter must be carefully designed

to mitigate the voltage harmonics in the terminal voltage e . Secondly, the limited switching

frequency results in a limited dynamic response of the VSC modulated voltage, which induces

constraints on the inner control design.

The limited PWM-VSC bandwidth due to the switching frequency limitation fSW can be

approximated by considering that the pure switching delay is equivalent to a broadly accepted

�rst-order transfer function: [136]

vmabc (s) =
1

1 + s
2fSW

v∗mabc (s) (4.1)

A reasonable switching frequency for high-powered device is fSW = 5kHz, and is used as a

reference design value. This value is chosen to be reproducible in laboratory conditions but real
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devices at higher power might have di�erent values, during steady-state or transient conditions

depending on manufacturers and technologies. It is also worth recalling that MMC technologies

might overcome the dynamical constraints presented here.

4.1.2 Design requirements of grid-forming control from power system per-

spective

From the power system perspective, the voltage control should contribute to an e�ective con-

trol of VSC terminal voltage, while maintaining su�cient stability margins when the VSC is

connected to the grid. The required stability is separated in two parts:

1. The small-signal stability is ensured if the potential resonances in the system are su�-

ciently damped

2. The large-signal stability is ensured if a large disturbance does not lead to loss of synchro-

nization of the VSC, or VSC disconnection, and let the system in an acceptable operating

point.

The small-signal stability of voltage control is speci�cally challenging in a transmission grid

environment as the VSC terminal voltage can be connected system either to a standalone passive

load or to a powerful grid, containing several converters. No information on the exact composi-

tion of the rest of the grid is available. A full power-electronic system is even more challenging

as the dynamics and potential resonances of the system depend on the inner control on each

devices and not only on physical invariant properties. Then, the dynamic performance of the

voltage control must be set independently from the grid dynamics, but the voltage control must

be robust in various grid con�gurations.

The large-signal stability will be strongly a�ected by the implemented strategy of the over-

current protection of the VSC device. If the controlled VSC enters in a protecting mode following

a stressing event, that can result in loss of control ability or even to disconnection. The voltage

control must able to keep the unit connected without disturbing the synchronizing frequency

control. The large signal-stability will be analyzed in the next chapter.
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4.1.3 VSC grid-forming capability design method

Following the PWM-VSC device requirements and the power system requirements, the design

method of a grid-forming function is proposed hereafter and followed in the rest of the chapter.

The method includes the output �lter design, the voltage control design and the current limitation

design. The method of the chapter focuses only on the small-signal performances and stability

aspect. Firstly, the output �lter is designed, based on the rated power of the VSC and its limited

switching frequency. Secondly, a voltage control structure is proposed to regulate the terminal

voltage at the �lter output. As the rest of the system is uncertain, the control parameters will be

tuned depending solely on the �lter internal model and the limited dynamic of the VSC. Small-

signal approximation allows to neglect the frequency variation from the external droop control

and thus to design a linear controller. As the number of measurement sensors is not critical in

high-power applications, the load current can be measured and compensated. The small-signal

dynamic performances of the VSC with its �lter, open-circuited at its terminal, are set to reach

the largest available bandwidth to give the grid-forming source the maximum sti�ness, and so,

a better load rejection. Thirdly, the small-signal stability robustness in various grid-connected

situation is assessed using eigenvalues technique. Finally, the eigenvalues technique is completed

by an impedance-based approached in frequency domain to understand the external interaction

of a voltage controlled VSC. The impedance-based approach integrates the control parameters

in equivalent circuit models to help the designer to directly understand the contribution of the

connected devices to the stability of the whole power system.

4.2 Design of the VSC output filter

The sections describes the sizing of the hardware elements of a voltage-source converter based

on PWM modulation that can be connected to the highest voltage level of the transmission grid.

The output �lter must ful�ll the constraints of transmitting rated power to the point of common

coupling (PCC), and must limit the propagation of switching harmonics, even at no load. All rec-

ommendations are drawn using per-unit values as de�ned in chapter 3, considering a converter

of 1 GW of nominal power when needed. Note that the author is aware that such high-power

PWM-VSC device does not exist. It is assumed, instead, that a 1 GW PWM-VSC converter could

129



4 Building a grid-forming VSC-PWM for the transmission grid system

Table 4.1 – De�nition of PWM nominal values �g. 4.1 in a common voltage base (Ub =320 kV)

Parameter Quantity Value

Udc Nominal Direct Voltage 640 kV

Um(nom) Nominal phase-phase VSC output voltage 320 kV (RMS)

fSW PWM switching frequency 5 kHz

represent an aggregation of multiple devices, interfacing a wind power plant or photovoltaic

power plant and connected to the same PCC.

The PWM VSC characteristics are summarized in the table 4.1. The following assumptions

are taken into account:

• The direct voltage is considered as a �xed value udc = Udc , because the voltage support

from the DC capacitance and from DC voltage regulation of the primary source.

• No over modulation techniques are considered here.

• Without over modulation or third-harmonic rejection, the DC voltage level determines the

maximum phase-to-phase RMS value of the modulated voltage vm , with the eq. 4.2 [137]:

Um(max)
√
2
√
3
=
Udc

2 (4.2)

With the nominal values from table 4.1 it results in, for this speci�c case:

Um(max) = Udc

2

√
3
√
2
= Um(nom)

√
3
√
2
= 1.22Um(nom) (4.3)

A maximum value of Um(max) = 1.22Um(nom) gives a satisfactory range of accessible

voltage for an e�ective voltage control as stated by [38].

• The �lter is assumed to be balanced on the three phases.

• In the harmonized base voltage level, the transformer is modeled by a series impedance

Lc − Rc in �g. 4.1, and has a Delta-wye con�guration. The zero sequence of the current iд

is then always null.
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Given these assumptions and requirements, a �lter design is deduced through an analytic

process that lists all the design constraints, and ends with the synthesis of �lter parameters.

4.2.1 Criterion for rated power delivery

The total interconnection inductance combines the transformer leakage inductance Lc that is

naturally present, completed by the �lter inductance Lf to be determined. A minimal value of

the total interconnection inductance is physically required to decouple the VSC-based sinusoidal

voltage-source from the PCC voltage variation, according to the sources interconnection law.

On the other hand, the interconnection inductance has to be kept low enough to ensure the

rated active and reactive power to �ow within the voltage operatin limits [138]. Ideally, the

interconnection impedance is purely inductive to avoid power losses.

The maximal value of the total interconnection inductance is determined from steady-state

expression of active and reactive power transfer from the VSC to the PCC, at nominal frequency.

The power values are given by:

P =
UmUд sin(δ )

xtot
,

Q =

(
UmUд cos(δ ) −U 2

д

)
xtot

.

(4.4)

Where xtot represents the total interconnection reactance between the valves-bridge and the

PCC. Um is the phase-to-phase RMS value of the modulated voltage, Uд is the phase-to-phase

RMS value of the PCC voltage, and δ is the phase-angle di�erences between the two voltages.

The �lter capacitance causes a marginal reactive current contribution and is therefore neglected

at steady-state. This assumption is validated later. The total reactance is then de�ned solely by

xtot =
(
lf + lc

)
, in per-unit.

Two steady-state criteria determine the maximal value of xtot :

• At nominal active power delivery, the voltage angle di�erence δ must be kept su�ciently

low to maintain a linear characteristic of P(δ ), requiring a limitation of |δ | < 30° [38].

Indeed, the external power-frequency droop control has a similar behavior on all the op-

erating points only if the power-angle relationship is linear. Here, the angle is limited to

|δ | < 20° to add some margin.
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Figure 4.2 – Power delivery in steady-state depending on the total �lter inductance. The normal

operation area is �lled in grey. Dot lines delimits the accessible points for a given value of xtot .

• At nominal active power and maximum reactive power delivery, the valueUm of the mod-

ulated voltage must be kept under 1.2 per-unit because of the DC voltage limitation ex-

pressed in eq. 4.3.

Though exact determination of parameters is possible based on (4.4), a graphical method provides

a better overview on the total inductance design constraint as shown in �g. 4.2. The graphical

method is well documented in [137, 38].

To cover all the normal operation area in �g. 4.2, the total interconnection reactance is limited

by:
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4.2 Design of the VSC output filter

xtot < 0.3p.u . (4.5)

Further, recalling that the transformer linkage gives lc = 0.15p.u . and that xtot =
(
lf + lc

)
,

the limitation of �lter inductance dictated by the steady-state power delivery requirements is:

lf < 0.15p.u . (4.6)

4.2.2 Criterion of PWM harmonics a�enuation

Before the connection to the grid, the switching harmonics from the PWM modulation must

be �ltered out from the �lter output voltage e [139]. Considering the relatively low switching

frequency in high-power application VSCs, the �ltering action of a simple inductive �lter would

result in a large and costly investment to respect the harmonics attenuation requirements [138,

137]. A small shunt capacitance provides a low impedance path at high-frequency to permit

harmonic currents to �ow while being negligible at nominal frequency [140]. Meanwhile, the

introduction of a real capacitance smooths the variation of the voltage (e), resulting in easier

measurement and control of this introduced �lter state.

To choose the LC �lter parameters couple, a broadly accepted criterion is based on a frequency-

domain consideration. Filter output voltage with a THD below 5% requires the LC cut-o� fre-

quency to �t above ten times the nominal frequency and below �ve to ten times the switching

frequency [38, 46, 31, 138].

10ωn < ωlc =
ωn√
lf cf

<
2π fSW
10 , (4.7)

With a switching frequency of fSW = 5 kHz, one possible solution is:

1√
lf cf

= 10. (4.8)

To further choice lf value over cf value, [140] suggested to minimize distortion by maximiz-

ing the capacitance cf and to minimize the �lter inductance lf . On the other hand, the value of

the �lter capacitance cf must be kept as small as reasonable to limit the impact of the capacitance

on the rating because of the provided reactive power.
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4.2.3 Criterion of limitation of output current ripples

The design of the �lter inductor lf is dictated by physical limits of current variation in the valves.

At the switching time-scale, the shunt capacitor cf enforces the ac voltage-source nature at the

�lter output. Then, the capacitance voltage e can be approximated by its average value over a

switching period to precisely estimate the current ripples in the �lter inductance lf and in the

valves. These current ripples must be kept below 20% (in most of the IEEE standards) to have a

good trade-o� between current ripple and inductor size [141].

Considering a �xed capacitor e voltage at no load, the �lter inductance lf is calculated from

the current ripple limitation [139, 138]. For a triangular modulation the peak-to-peak ripple is

[140, 141]:

∆ĩs =
1
8

Udc
lf
ωn

fSW
(4.9)

From (4.9), a limited current ripple of ∆ĩs < 20% below 20% gives a minimal value of lf in

per-unit:

lf > 0.048 (4.10)

4.2.4 Filter design synthesis

Recalling the two design criteria for the �lter inductance (4.6) and (4.10), the following limits that

holds are:

0.048p.u . < lf < 0.15p.u . (4.11)

Combined with the LC �lter requirement (4.8), the capacitor size is limited by:

0.066p.u . < cf < 0.21p.u . (4.12)

A degree of freedom still exists in the choice of lf , cf . Various optimization objectives under

cost, size, or stored energy constraints can guide the choice of LC �lter passive elements. The

choice was made here to maximize the �lter inductor lf to minimize as far as possible the current

dynamics in short-circuit, which is always a critical feature in high-power application [142].
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4.2 Design of the VSC output filter

Table 4.2 – LCL �lter parameters

Parameter Quantity Value

lf �lter inductor 0.15p.u .

rf �lter series resistance 0.005p.u .

cf �lter shunt capacitance 0.066p.u .

lc connection inductance 0.15p.u .

rc connection series resistance 0.005p.u .

Moreover, a capacitor value limited to 6.6 % does not degrade too much the power factor at rated

power as assumed �rst [143, 141].

With these numerical values, the resonance frequency of the LCL �lter is calculated to check

that its value is away from low order harmonics and from modulation harmonics [143, 31, 138,

144]. With the minimal value of cf in (4.12), the value of the LCL resonance is:

ωLCL =

√
lf + lc

lclf cf
ωn

ωLCL = 14.2ωn

(4.13)

The LCL resonance frequency of (4.13) is found to above ten times the fundamental frequency,

and below half of the switching frequency, which is satisfactory according to [143, 144]. The

losses have been neglected in the analysis, but are present in reality. At high power (>1 MVA),

the inductive components have generally series losses of 3% with respect to the total impedance.

The determined �lter parameters are summarized in table 4.2, and give coherent results with

existing PWM converters design in high power applications [137, 145].

Following the characteristic of a PWM-VSC for high-power applications, and according to the

speci�ed requirements for nominal operation, an output �lter design has been deduced. There

is, however, a room for manufacturers to optimize the size of the �lter elements with additional

economical criteria.

Fig. 4.3 shows the EMT simulation of the switched model of the designed VSC with its �lter

with the parameter in Table 4.1 and 4.2. Due to the highest value chosen for lf , the current

ripple in isa is largely limited below 20% of the rated current. The �lter line output voltage ea
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on (b) exhibits a very low harmonics content. The voltage ea(pwm) from the switching model

�lts perfectly the ea(avд) from the averaged model . At no load, however, note that there exists a

poor damped harmonics at 500 Hz due to the LC-�lter resonance atωLC , excited by the numerical

computation. This resonance underlines the need for closed-loop control of the voltage to bring

additional damping.

4.3 Design of the terminal voltage control in closed loop

The design of the voltage controller is based on the PWM-VSC averaged model and the output

�lter model. The dynamic performance are �xed from an open-circuited situation at its terminal

voltage. The �lter is modeled in dq-frame to control constant values in steady-state. The dynamic

performances characteristics will be set regarding the frequency response of the system.

4.3.1 Filter model in dq-frame

The equation of electrical quantities are written in the dq-frame (called also synchronous frame)

rotating at θ ∗(t), the integration of the frequency reference ω∗(t) given by the external power-

frequency droop control. The rotating reference is de�ned locally by each inverter. In this frame,

the �lter equations between complex space vectors representation of electrical quantities are:(
lf

ωn

d

dt
+ rf + jω

∗ lf

ωn

)
isdq = vmdq − edq(

cf

ωn

d

dt
+ jω∗

cf

ωn

)
edq = isdq − iдdq(

lc
ωn

d

dt
+ rc + jω

∗ lc
ωn

)
iдdq = edq −vдdq

(4.14)

The time dependency has been removed for clarity when it is unambiguous. The frequency

reference ω∗(t) is moving slowly at the electrical variation scale. The di�erential equations in

(4.14) can be made made linear by considering the reference angle frequency stays at its steady-

state initial values ω∗ = ω0.

As seen in (4.14), the d and q components of electrical quantities in the �lter are interde-

pendent but constant in steady-state. As the equations in (4.14) have been made linear by using

ω∗ = ω0, the relationship between quantities can readily be expressed in Laplace replacing d
dt by

the Laplace variable ’s’:
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Figure 4.3 – EMTP simulation of VSC output phase-current (a), and �lter output capacity phase-

to-ground voltage (b). The full VSC switched model is compared with the averaged model over

a switching period. Initially no load is connected. At t = 0.06 s, a load of Pload = 1 p.u. and

Qload = 0.3 p.u. is connected to the PCC.
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(
lf

ωn
s + rf + jω0

lf

ωn

)
isdq(s) = vmdq(s) − edq(s)(

cf

ωn
s + jω0

cf

ωn

)
edq(s) = isdq(s) − iдdq(s)(

lc
ωn

s + rc + jω0
lc
ωn

)
iдdq(s) = edq(s) −vдdq(s)

(4.15)

The derived model of the �lter in dq-frame is linear and independent of the reference angle

θ ∗ if the variation of ω∗ are slow enough. Based on this model, �lter states can be controlled

independently from the reference angle determination of the external droop control.

4.3.2 Design of the cascaded structure of the VSC voltage control

Regarding the PWM-VSC with its output �lter, the voltage control basically adjusts the VSC

modulated voltage amplitude reference to maintain the terminal voltage, measured at the �lter

output, regardless the demanded load.

The �lter represented in dq-frame by (4.14) will be the physical process to be regulated. The

advantage of the controlling of �lter states in dq-frame is to handle constant values in steady-

state. PI compensators on dq components ensure zero steady-state errors between the measured

sinusoidal values and their references. Besides, as the magnitude is directly controlled, magni-

tude limitation are easier to implement without clipping the voltage waveform. Alternatively,

stationary frame line voltages and currents or their αβ components in stationary frame could be

controlled using resonant controller [141, 97]. Performances for balanced systems are equivalent

[146]. The analysis here only focuses on the positive-sequence tracking of electrical quantities.

For the control of the negative-sequence, in case of unbalanced loads for example, a second ref-

erence dq-frame rotating at −ω∗ could be implemented. As unbalanced loads are not common at

the transmission grid level, they are not considered.

A cascaded structure of PI compensators (�g. 4.4) is deduced to control the inductance current

is in lf and the terminal voltage e across the capacitor voltage cf . The deduction method is

inherited from the principe of the model inversion [147]. Details on the methods are found in

[148]. Other states feedback options are studied in [48], such as the capacitor current feedback,

but were shown to be less e�ective for disturbance rejection.
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Figure 4.4 – Scheme of the inner control of AC �lter output voltage. Two cascaded loops in

dq-frame including cross-decoupling terms, capacitor voltage and grid current feedforward.

Cascaded loops have been employed successfully in UPS and Microgrids [48, 149, 46, 31,

58, 40, 150]. The inner current loop explicitly controls the converter output current which is

convenient for overcurrent protection [46, 149]. In addition, all the classical grid-following con-

verters at transmission level already embed a current-vector control [151, 7]. They could then

be upgraded in grid-forming converters by adding an extra voltage control loop. Finally, cas-

caded loops appears to be more intuitive for industrial applications, answering the requirement

of simplicity of developed solution in this thesis. Fig. 4.4 gives the overall layout of the cascaded

structure.

The current controller forces the current isdq to follow its reference isdq∗. Cross-coupling

terms decouples the d and q axis so that the control is made independent from the operating fre-

quency ω∗ = ω0. Feedforward gains дf f v help the current control to compensate for a capacitor

voltage changes and thus enhance the current control accuracy against output voltage distur-

bance [142]. The PI control nulli�es the error on steady-state. Note here this property is not
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compulsory as the main point is to control the voltage precisely. A proportional control could be

su�cient.

If the currents isdq and the voltages edq equal their measured values, the VSC reference

voltage is given by:

v∗mdq =

(
kpc +

kic
s

) (
i∗sdq − isdq

)
+ j

lf

ωn
ω0isdq + дf f vedq (4.16)

From the current-loop time-scale perspective, the time delay occasioned by the computation

and switching is neglected. The time delay may in�uence high harmonics as shown by [152, 136,

153], but high harmonics are not of interest in this thesis. With a no-delay assumption in the

VSC control, the VSC output voltage equals its reference: vmdq = v∗mdq . The eq. (4.16) can be

re-injected in the �lter equation (4.15) in frequency domain.

(
lf

ωn
s + rf + jω0

lf

ωn

)
isdq =

(
kpc +

kic
s

) (
i∗sdq − isdq

)
+ j

lf

ωn
ω0isdq + дf f vedq − edq ,(

lf

ωn
s + rf + kpc +

kic
s

)
isdq =

(
дf f v − 1

)
edq +

(
kpc +

kic
s

)
i∗sdq .

isdq =

(
kpc +

kic
s

)
i∗sdq(

lf
ωn

s + rf + kpc +
kic
s

) − (
1 − дf f v

)
edq(

lf
ωn

s + rf + kpc +
kic
s

) ,
(4.17)

From the expressions in (4.17), it is remarkable that the feedforward gainдf f v nulli�es output

current sensitivity to the voltage disturbance, closing the gap with an ideal current-controlled

source with in�nite Norton impedance in parallel. To feed a random passive load autonomously,

under its nominal conditions, the current references must be provided by the outer AC voltage

control. Similarly to the current control, the voltage control compensates for the error on the

voltage components of edq with a PI compensator. The d and q components are decoupled. The

grid current iдdq is considered as a disturbance that should be rejected to maintain the voltage.

As the grid current is already measured for the output power calculation, this disturbance can

then be feedforwarded at the voltage control output to improve the disturbance rejection of the

connected load. It is worth mentioning that the feedforward of disturbance signals is delayed in

practice due the measurement and computation time. The delays can degrade the expected per-

formances or lead to an unstable situation. Delays are not taken in consideration in the following,

resulting in an optimistic design.
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i∗sdq =

(
kpv +

kiv
s

) (
e∗dq − esdq

)
+ j

cf

ωn
ω0edq + дf f iiдdq (4.18)

The current loop and the voltage loop of the cascaded structure are tuned independently,

based on the time decoupling principle.

4.3.3 Se�ing the dynamic performance of the cascaded voltage and current

loop

Current loop tuning The PI parameters of current-control kpc and kic are tuned to obtain the

highest closed loop bandwidth, in accordance with the VSC bandwidth limitation. The current-

control bandwidth in closed loop is limited by the time-decoupling assumption with the natural

VSC bandwidth imposed by its switching delay. Neglecting the resulting VSC intrinsic dynamics

given by (4.1) from the current-control time-scale requires to impose a current-control closed

loop bandwidth ten times lower than the VSC bandwidth. For fSW = 5 kHz, it yields a current

bandwidth of:

ωnc =
2fSW
10 ,

ωnc = 1000 rad .s−1.
(4.19)

From (4.17), if the voltage e variation are neglected, the transfer function of the current

closed-loop is:

∆isdq(s) =
(
kpcs + kic

)(
lf
ωn

s2 +
(
rf + kpc

)
s + kic

)∆i∗sdq(s),
∆isdq(s) = Gc (s)∆i∗sdq(s)

(4.20)

In (4.20), the dynamic response of the capacity voltage edq is supposed to be neglected

from current dynamic perspective or completely compensated by the voltage feedforward ac-

tion (дf f v = 1). Gc (s) represents the ideal current closed-loop transfer when the capacity voltage

dynamics is ignored. The current closed-loop dynamics can then be �xed following the poles

placement techniques, by identifying the denominator of (4.20) with:(
s2

ω2
nc
+
2ζcs
ωnc
+ 1

)
(4.21)

141



4 Building a grid-forming VSC-PWM for the transmission grid system

Table 4.3 – Numerical values

Parameter Name Value

ωnc Current closed loop bandwidth 1000 rad .s−1

ζc Current closed loop damping 0.7p.u .

kpc Proportional gain 0.62p.u .

kic Integral gain 477.5 rd .s−1

Trc Time response at 5% 3ms

Whereωnc represents the desired current closed-loop control bandwidth, and ζc is the desired

damping. The identi�cation from (4.20) to (4.21) gives the PI parameter expression:

kpc = 2ζclf
ωnc

ωn
− rf ,

kic =
kpcωnc

2ζc −
rf ωn
lf ωnc

.
(4.22)

The current control parameters are summarized in table 4.3.

If the voltage dynamic of edq(t) is not neglected or not perfectly compensated, the states of

isdq depends on edq and the closed loop performance is slightly a�ected. The �g. 4.5 shows a

dependency of the closed loop bandwidth with the connected load. Without the voltage feed-

forward дf f v = 0, the frequency response of the real current closed loop gain exhibits a cut-o�

frequency of 200 rd .s−1 at no load, and of 10 rd .s−1 with a resistive load of 1 p.u. Compared

with the presence of the voltage feedforward, the highest frequencies (above 1000 rd .s−1) are

less damped.

Voltage loop tuning A conventional approach [58, 31, 124] for cascaded loop, is to set the

outer voltage loop with a bandwidth 5 to 10 times lower than the innermost current loop. Under

this time decoupled assumption, the voltage controller considers that the current has already

reached its reference value by the time it starts changing the current reference. Considering

therefore that isdq = i∗sdq , (4.18) is injected into (4.15):
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Figure 4.5 – Bode diagram of three current closed-loop transfer functions. With ideal edq voltage

feedforward (дf f v = 1), no voltage feedforward at no-load (дf f v = 0, iдdq = 0), and no voltage

feedforward at full load (дf f v = 0, rload = 1 p.u.).

(
cf

ωn
s + j

cf

ωn
ω0

)
edq =

(
kpv +

kiv
s

) (
e∗dq − esdq

)
+ j

cf

ωn
ω0edq + дf f iiдdq − iдdq ,(

cf

ωn
s

)
edq =

(
kpv +

kiv
s

) (
e∗dq − esdq

)
+

(
дf f i − 1

)
iдdq ,(

cf

ωn
s + kpv +

kiv
s

)
edq =

(
kpv +

kiv
s

)
e∗dq +

(
дf f i − 1

)
iдdq ,

edq =
kpv +

kiv
s(

cf
ωn

s + kpv +
kiv
s

) e∗dq − 1 − дf f i(
cf
ωn

s + kpv +
kiv
s

) iдdq ,
(4.23)

The relationship between the �lter output voltage edq in (4.23) an the voltage reference e∗dq
is given by the closed-loop gain Gv (s),

Gv (s) =
∆edq

∆e∗dq
=

kpvs + kiv(
cf
ωn

s2 + kpvs + kiv
) (4.24)

The closed loop gainGv (s) is a transfer function with real coe�cients because of the decoupling

gains and because the dynamic of the current loop has been neglected. The whole closed-loop

control system is split, approximately, into two decoupled single-input-single-output control

loops for the d and q components of edq . Note from the expression of (4.23) that the grid current
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Table 4.4 – Numerical values

Parameter Name Value

ωnv voltage closed loop bandwidth 100 rad .s−1

ζv Voltage closed loop damping 0.7p.u .

kpv Proportional gain 0.03p.u .

kiv Integral gain 2.1 rd .s−1

Trv Time response at 5% 30ms

feedforward (дf f c = 1) weakens the dynamic interaction between the grid and the controlled

VSC.

The voltage closed-loop dynamics is �xed following the same method as previously. The

voltage control parameters are summarized in table 4.4.

The Bode diagrams of the voltage closed-loop transfer in �g. 4.6 con�rms that the current

loop dynamic does not in�uence the desired voltage-closed loop bandwidth, if the latter is de-

signed at least �ve time slower than the inner loop.

To assess the performance of the voltage control, the controlled VSC is submitted to the

connection of large load connection (500 MW, 300 MVAR) and to a voltage reference change.

The �g. 4.7 gives the time-responses from simulations in ETMP-RV. Two simulated models are

superimposed. One modeling the valves switches (PWM), and one using an averaged model of

the VSC over a switching period (avд). The averaged model replaces the switching valves by

an ideal ac voltage-source. In �g. 4.7 the VSC initially operates at half nominal load. When the

load is connected to the PCC at 0.01 s, the nominal power is reached. Transiently, the terminal

voltage magnitude drops until the controllers compensate. The voltage returns to its nominal

value with a signi�cant overshot and oscillations. Compared to the performance set at no load,

this behavior result from a poor instantaneous load current compensation due to the current loop

time response delay. However, the duration of the overshot has not been considered as critical.

The reference change of ∆e∗d=-0.1 p.u., applied at t=0.11 s, gives a time-response of the terminal

voltage between 30 and 40 ms which is the expected performance. On the lower plot, it can

be seen that the output currents follows tightly their references. The averaged model and the
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Figure 4.6 – Bode diagram of two voltage closed-loop transfer functions: considering a perfect

inner current control (isdq = i∗sdq ) and taking into account the closed-loop current dynamic

(isdq = Gc (s)i∗sdq ).

instantaneous model with the valves switches are well superimposed. This observation justi�es

that the voltage-controlled VSC will be represented solely by its averaged model in the rest of

the thesis.

4.3.4 Current limitation in cascaded loop

Limiting the VSC output current isdq in cascaded loop may appear as straightforward as it follows

exactly its reference i∗sdq . In grid-forming control, there is no need to de�ne a current priority on

d or q axis. It will depend on the load. To prevent the voltage controller to command excessive

current, the module of the output current reference is then limited whereas the phase angle is

conserved:

i∗sdq,l im =


i∗sdq i f

√
i∗2sd + i

∗2
sq < Isat

Isat i∗sdq√
i∗2sd+i

∗2
sq

i f
√
i∗2sd + i

∗2
sq > Isat

(4.25)

Such a current limiting strategy is called "latch-up" because it holds the voltage controller out-

put in a current-limit and return to normal-operation after the event. The strategy is common for
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Figure 4.7 – Time-domain response of the voltage closed-loop. (a) The load (rload=0.5 p.u.,

lload=0.3 p.u.) is connected at 0.01 s, and ∆e∗d=-0.1 p.u. at t=0.11 s.
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4.3 Design of the terminal voltage control in closed loop

cascaded loop structure [20, 154, 63, 155]. Trip and reset conditions can be de�ned di�erently as

reviewed in [63], and comparison with limitation in the natural abc-frame can be found in [155].

Here, we de�ned Isat according to table 2.9. Reset strategy depend on the expected behavior of

the VSC once the fault is cleared. The subject is wide and not treated here but detailed analysis

can be found in [97].

Imposing a limitation on the current reference out of the voltage control necessitates to stop

the integration in the voltage PI controller to avoid the wind-up. Anti-wind up strategies inher-

ited from motor drives have been extensively studied and some example are reported in [154]. In

our case, the dynamic calculation of integral limits is used in the digital integration of the con-

troller in EMTP software. It consists in the limits of the integral action at each sampling period in

order to ensure that the sum of proportional plus integral action never exceeds the output limits

of the regulator [154].

To prove its ability to limit the output current, the current limiting strategy has been tested

on three-phase resistive short-circuit, applied at the terminal voltage (e in 4.1). The external

controls were not considered. It will be shown later that this current limitation technique is not

su�cient when the external controls are included because of stability issue during the limitation.

Another current limiting strategy will then be suggested in the next chapter.

4.3.5 Conclusion on the voltage control design

The �rst role of the voltage control is to imposed a voltage waveform at its �lter output with a

controlled amplitude in closed-loop. The voltage amplitude reference comes from the external

regulation. The inner control keeps �lter states under control during transients with the highest

bandwidth to protect the device and reject the load variation.

The dynamic performances of the inner control can only be set precisely on a de�ned system.

Accordingly, the choice was made to tune the control based on the open-circuited �lter model,

at no load. The load current disturbances are compensated by feedforward gain.

Time-domain simulations with an EMT software validate the tuning method on passive loads

by verifying the expected response times with valves-switching dynamics. The grid-forming

capability of the designed voltage-controlled VSC has then be proved.
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Figure 4.8 – Current-limiting strategy during short-circuit at terminal voltage (Rf ault = 1Ω). (a)

Terminal voltages. (b) VSC output currents. (c) VSC output currents in dq-frame.
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4.4 Robustness of the voltage control in various grid configurations

The system exhibits satisfactory performances for rated passive loads. However, the dynamic

performances no longer stands when the rest of the grid has di�erent dynamics. In this case, a

stability robustness analysis must be conducted using eigenvalues technique.

4.4 Robustness of the voltage control in various grid configura-

tions

The voltage control showed satisfactory performance on a passive load. The present section

shows how the control stability is endangered when the voltage-controlled VSC is connected to

a strong grid. Accordingly, the role of the voltage feedforward gain is highlighted. Transmission

grid have variable and unpredictable topologies. The voltage-control must remain stable in any

grid-connected situation. This ability of a VSC to face a standalone situations as well as grid-

connected situation with the same control is known as "�exibility" [156, 108]. The instability

which arises in grid-connected mode is characterized according to the short-circuit capacity of

the linked network.

4.4.1 Grid sti�ness and short-circuit capacity definition

Each device will need to interact with a grid composed of interconnected converters. Unlike

Microgrids or UPS system, the VSCs will not be able to determine if they are linked to a grid

or not. Neither could be predicted the short-circuit capacity of this grid as it will depend on

external parameters. Accordingly, the developed controls must be assessed under grid-connected

conditions with an equivalent source of variable "sti�ness". The "sti�ness" or the "strength" of

a grid is de�ned by its ability to preserve its voltage magnitude whatever the current �owing

through. In a series Thevenin equivalent of the grid as presented in �g. 4.1, the "sti�ness" is

characterized by the value of the series impedance parameters Lsrc and Rsrc . In power system,

the short-circuit capacity at the PCC is the indicator traditionally used instead, based on the

phasor impedance value in nominal conditions (Zsrc = jLsrcωn + Rsrc ).

Ssc =
3Vsrc
|Zsrc |

(4.26)
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To characterize the impact of the short-circuit capacity Ssc on the VSC control, this power is

expressed per-unit values with respect to the VSC rating. The short-circuit ratio is the de�ned

by (4.26).

SCR =
Ssc
Sb

(4.27)

The grid series inductance and resistance expressed in per-unit in the VSC base, using lsrc

and rsrc notation. In transmission grid system, lsrc >> rsrc , so that:

SCR ≈ 1
lsrc

(4.28)

Note that an other de�nition exits using the nominal active power instead of the nominal ap-

parent power. Regarding today requirements for the generation connection at the transmission

grid level, the VSC interfaces must face a grid inductance variation of 0.05p.u . < lsrc < 0.6p.u .

(see section 3.1) and [16]. The equivalent range of the short circuit ratio is 1.7 < SCR < 20. At

1 < SCR < 3, the grid is considered to be "weak" [66].

4.4.2 Small-signal stability limit of the voltage controlled VSC in various grid-

connected situations

To assess the stability limits of a grid-connected grid-forming converters, a small-signal stability

analysis has been conducted using eigenvalues technique of the state-space model of the system.

The new considered system is the voltage-controlled VSC with its �lter connected to the grid

equivalent as shown in �g. 4.1. The load is neglected. Equations (4.18) and (4.17) of voltage and

current loop still hold, along with the equation of the grid current dynamic (iдdq ), determined

by the transformer impedance, in series with the equivalent grid impedance.

(
lc + lsrc
ωn

s + rc + rsrc + jω0
lc + lsrc
ωn

)
iдdq(s) = edq(s) −vsrcdq(s) (4.29)

The �lter equations (4.15), the control equations (4.16), (4.18), and the grid current expresion

(4.29) can be rewritten in state-space form as shown in [58, 124, 150] to form a ten states model.

The derivation of the system eigenvalues is realized, assuming a perfect synchronization

between the VSC and the grid (ω∗ = ωsrc = ω0). Fig. 4.9 shows the behavior of the system with
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4.4 Robustness of the voltage control in various grid configurations

the evolution of the poles for a SCR growing from 0.25 to 20. Clearly, the poles with an angular

frequency around 100-200 rd .−1 are shifted to the right-hand-side when the SCR increases. The

stability limit, marked with a red cross, is reached when lsrc = 2.95 and rsrc = 0.295, so for

SCR = 0.34. This exhibits the poor stability of a voltage-controlled source connected to a strong

grid. At an extreme point, it can be easily understood that controlling the voltage of an in�nite

bus is impossible.

The in�uence of the voltage control parameters already studied in [124]. Through sensitivity

analysis, [124] showed that the increase of inner current loop bandwidth, the decrease of volt-

age feedforward gain, lowering the voltage bandwidth, the increase of the capacitance stabilize

the system. In microgrids, small inverters usually embed fast current control or relatively large

�lter capacitance. In high-power VSC devices, speeding-up the current bandwidth is not pos-

sible due to the limited switching frequency. On the other hand, increasing the capacitor size

induces higher cost. In the following, the stabilizing e�ect of a lower voltage feedforward gain

is illustrated.

4.4.3 Improving the robustness against grid sti�ness with the voltage feedfor-

ward gain

Instabilities arise when the series impedance of the Thevenin equivalent model decreases. This

means that the dynamics of the current �owing through the grid are faster. The voltage control

bandwidth is not large enough compared to the voltage variation observed across the �lter ca-

pacitor. A straightforward solution would be to design a large voltage control bandwidth [124]

or to slow down the terminal voltage variation by increasing the capacitors value. Unfortu-

nately, these directions are neither technically feasible for high-power converters, nor desirable

in transmission system applications. As an alternative way, the author considered the oppor-

tunity of lowering the sti�ness of the controlled voltage source formed by the VSC system and

its voltage control by acting on the voltage feedforward gain. The �g. 4.10 shows the impact of

voltage feedforward gain on grid-connected stability.

Compared to �g. 4.9, �g. 4.10 does not show unstable poles of the system for a feedforward

gain of (дf f v = 0.5). At SCR = 20, however, two poles marked with a cross in the �g. 4.10 (b) are

really closed to the imaginary axis. The situation is at the stability limit.
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Changing the control parameters impacts its performances on disturbance rejection but also

on tracking capability. The poles maps show that the unstable poles are around 100-200 rd .s−1

can be e�ectively damped by lowering the voltage feedforward. Very slow and poorly damped

modes are, however, introduced around 20 rd .s−1. Sensivity analysis showed that these poorly

damped poles are associated with voltage control. Therefore, the voltage controlled VSC re-

sponds slowly to a voltage reference change but is less a�ected by disturbance, as load changes.

This consequence is desirable for standalone regulation but the external control can su�er from

the sluggish response of the voltage reference tracking.

4.4.4 Conclusion on VSC voltage control robustness

When a voltage controlled VSC is connected to other voltage sources, the loop dynamic used

in section 4.3 to tune the controllers parameters no longer stands. The load current rejection

is not e�ective when the connected grid has fast current dynamics, eg. a large short-circuit

capacity. A small-signal stability analysis based on eigenvalue technique gave a stability limit

of SCR = 0.34 meaning that such a grid-forming VSC can only be attached to a one-third less

powerful voltage source. As an example, the positive impact on stability of lowering the terminal

voltage feedforward gain has been emphasized. Optimization process such as [124] can be easily

implemented to �nd the most stable point according to the range of grid situations.

The representation of the grid by a Thevenin voltage source has validity limits. In a larger

system with multiple VSCs, pole maps cannot be directly used due to the larger number of eigen-

values. Physical insights on instability origins must come from participation factors analysis

or parameter sensitivity analysis. Alternatively, to understand the contribution of the voltage

control to the power system small-signal (in)stability, another approach looks at the frequency

representation of the equivalent output impedance of the VSCs. The VSC and associated controls

are then observed from the external point of view of the grid, so that the control parameters are

integrated in an equivalent circuit model.
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4.5 Analysis of the control robustness through the impedance-

based approach

Building a VSC based power system requires a comprehensive analysis of external behavior of

converters, and their interactions with the rest of the grid to predict unstable behavior. Following

this objective, the impedance-based approach, exposed originally in [157], has recently regained

interest to predict instabilities of grid-connected, grid-feeding, converters, in the frequency do-

main [158, 159, 71, 153, 160]. This section details how to transpose the concept of passivity and

impedance-based stability to grid-forming converters. The passivity is �rst explained with a sim-

ple open-loop VSC (without feedback control), and its LCL �lter. Then, it is shown how voltage

control modi�es the shape of the output equivalent impedance. Thus, the in�uence of the control

parameters on the output impedance passivity is highlighted. Recommendations on the voltage

control parameters tuning are submitted for higher robustness, with the consequence of slowing

down the voltage control dynamic.

4.5.1 Concept of passivity of the equivalent output impedance

Origin of the VSCs interactions with the system resonances In opposition to electrome-

chanical devices, VSC devices the main dynamics of VSC-based interfaces are dictated by their

controls that might interact with the rest of the system. Instabilities of grid-connected converters

originates from three main causes: the forced switching commutations can excite resonances on

the system, the controls can be wrongly designed and thus induce instabilities even in a stan-

dalone situation, or the controls can deteriorate the damping of resonances or modes, that are

already present in the connected system.

Nowadays, power system have identi�ed resonances, classi�ed by [153] as follows:

• Harmonics resonances from 100 Hz, to kHz. Caused by lines, cables, LCL �lters interaction.

Those harmonics resonances might by stimulated by switching modulation, current or

voltage controls or VSC.

• Near fundamental resonances from 50 Hz, 100Hz especially observed in weak grid con-

ditions. But also subsynchronous resonances, traditionally caused by torsional modes of
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4 Building a grid-forming VSC-PWM for the transmission grid system

electromechanical devices or by series compensated lines. Those resonances can be stimu-

lated by the inner controls as well as by the external synchronization and power controls.

Listing the resonances for a full VSC based system is ambitious as it depends mainly on

the controls chosen for the VSC devices. Harmonics resonances will still be present, whereas

near fundamental resonances could be cause by three-phases lines resonance interacting with

the inner controls, external power and synchronization controls of grid-forming VSCs. Also, the

grid-feeding controls of VSCs, with tightly regulated power are prone to destabilize the system

at new modes [161].

In the present study, the harmonics resonances are disregarded, as well as the impact of the

VSC switching dynamics. The VSC is modeled by its averaged model. If no feedback controls

are applied to the VSC (open-loop), all the possible resonances listed above would be naturally

damped by the physical resistances of the LCL �lter. Indeed, a resistance dissipates the energy

at all frequencies. When the voltage control is implanted, the controlled VSC actively injects

or absorbs energy when needed to ful�ll the control requirements. Concretely, when energy

is respectively absorbed or injected at certain modes, the damping of the modes are improved

or degraded. The positive of negative contribution of a controlled VSC can be represented by

drawing the frequency-response of its equivalent output impedance.

Equivalent output impedance of a VSCs device and passivity definition The equivalent

output impedance of a VSC is formed by a combination of passive circuit components of the �lter

and active control elements. The control structure and the control parameters play a signi�cant

role in the frequency pro�le of the equivalent output impedance. Using notation of Fig. 4.1, the

output impedance is de�ned in small-signal sens, by the response of the PCC voltage to a grid

current incremental variation:

Zout (jω) =
−∆vд(jω)
∆iд(jω)

(4.30)

In particular, the negative or positive real-part of this impedance depicts the negative or a

positive equivalent resistance presented, at certain frequencies, to the rest of the system. When

a positive resistance is presented, the concerned frequencies are damped, and the system be-

haves as a passive device in this frequency range. A more formal de�nition of the passivity in

frequency-domain of a linear transfer function Z (s), with real coe�cients is recalled by [162]:
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Figure 4.11 – Equivalent representation of the VSC in open-loop modeled by a voltage-source,

and a open-loop output impedance Zol
out (s).

1. Z (s) has no Right Half-Plane (RHP) poles

2. <(Z (jω)) > 0⇔ arд(Z (jω)) ∈ [−90; 90] ∀ω > 0

The concept of passivity is illustrated in the next subsections by �rst only considering the

VSC in open loop with its LCL �lter. Then the impact of the voltage control is shown. It is

reminded here that the external controls are not considered in this section, and their action on

the output impedance shape is not treated.

4.5.2 Output impedance shape and passivity of a VSC in open-loop

As seen from the PCC, the equivalent output impedance of the system is shaped only by the LCL

�lter dynamic as shown on 4.11. Following the de�nition of (4.30), the output impedance can

be expressed both in the natural abc-frame or in the synchronously rotating dq-frame. The dq-

frame representation has the advantage of o�ering simpler expression of the output impedance

when the controller will be added. However, the di�erent frame references induce di�erences

in the frequency representation as illustrated here, with the simple example of the open-loop

impedance.
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Open-loop output impedance model in the natural abc-frame As the �lter elements are

balanced, the output impedance is the same for each phase.

[
Zol
out (s)

]
abc
=
−∆vдa(s)
∆iдa(s)

(4.31)

− ∆vдa(s) =

lc
ωn

s + rc +

lf
ωn

s + rf(
lf
ωn

s + rf

) (
cf
ωn

s
)
+ 1

 ∆iдa(s) (4.32)

[
Zol
out (s)

]
abc
=

lc
ωn

s + rc +

lf
ωn

s + rf
lf cf
ωn

s2 +
rf cf
ωn

s + 1
(4.33)

In natural frame,
[
Zol
out (s)

]
abc has only real coe�cients that depends on LCL �lter characteristics.

The frequency response of
[
Zol
out (jω)

]
abc is plotted in orange/light line on the Bode diagram in

�g. 4.12. The two characteristic frequencies of the �lter are also plotted on the �gure: the LC

�lter cut-o� frequency ωlc from eq. (4.8), and the LCL �lter resonant frequency ωlcl given by eq:

(4.13).

Results from the frequency response of
[
Zol
out (jω)

]
abc plotted in orange/light line on the �g.

4.12 indicate that the output impedance of the LCL �lter presents a very high magnitude at ωlc ,

and a very low magnitude atωlcl . Indeed, the �lter inductance lf and �lter capacitance cf trap the

currents components at the designed cuto� frequencyωlc . As a consequence, the phase currents

at a frequency close to ωlc cannot �ow between the VSC device, and the grid. The impedance is

then high at this particular frequency. On the other hand, ωlcl is the natural resonant frequency

of the LCL �lter. The LCL �lter o�ers a preferable path for the phase current whose frequency

is around ωlcl inducing low impedance magnitude at this frequency.

Looking further at the real-part of
[
Zol
out (jω)

]
abc plotted in orange/light line on the �g. 4.13,

one can observe that the real-part, equal to rf + rc = 0.01, is constant over the whole frequency

range excepted in a narrow band around ωlc . The conclusion can be formulated as follows. In

the case where no controls are applied, the resistive behavior (positive real-part) is due to the

presence of physical resistances rf and rc , providing damping at all frequencies, excepted around

ωlc . The harmonics currents are trapped because of the path o�ered by the shunt capacitor cf

and the �lter inductance lf resulting in high damping of this frequency.
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Open-loop output impedance model in the synchronously rotating dq-frame Unlike in

the abc-frame, the frequency responses of dq-components can not be expressed independently.

Instead, four real transfer functions in a matrix must be de�ned. For illustration, the voltage

response v to a current i in a three-phase series r-l line is given in frequency domain by:


∆vd (s)

∆vq(s)

 =


l
ωn

s + r − l
ωn
ω∗

l
ωn
ω∗ l

ωn
s + r



∆id (s)

∆iq(s)

 (4.34)

Nonetheless, when the modeled system is symmetric, its frequency response is represented

by a symmetric transfer matrix, such as in eq. (4.34). Without loosing information, complex

transfer functions between complex space vectors can be de�ned instead of matrice transfer

[163]. Complex transfer function are denoted with bold and capital letters in (4.35):

∆vdq(s) =
(
l

ωn
s + r + jω∗

l

ωn

)
∆idq(s)

∆vdq(s) = Z l (s)∆idq(s)
(4.35)

To derive the VSC output impedance frequency response when no voltage-control is applied,

the LCL �lter equations (4.15) can be directly used to obtain the complex transfer function of

equivalent output impedance in dq-frame.

Z l f (s)isdq(s) = vmdq(s) − edq(s)

Y cf (s)edq(s) = isdq(s) − iдdq(s)

Z c (s)iдdq(s) = edq(s) −vдdq(s)

(4.36)

Z l f (s) =
lf

ωn
s + rf + jω

∗ lf

ωn

Y cf (s) =
cf

ωn
s + jω∗

cf

ωn

Z c (s) =
lc
ωn

s + rc + jω
∗ lc
ωn

(4.37)

− ∆vдdq(s) =
[
Z c (s) +

Z l f (s)
Z l f (s)Y cf (s) + 1

]
∆iдdq(s) (4.38)

[
Zol
out (s)

]
dq
= Z c (s) +

Z l f (s)
Z l f (s)Y cf (s) + 1

(4.39)
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in �g. 4.12, the frequency response of the complex transfer function
[
Zol
out (jω)

]
dq is plotted

with the blue/dark line on the same Bode diagram than
[
Zol
out (jω)

]
abc . Curves from �g. 4.12 show

a frequency shift of ω∗ = ωn , between the frequency responses expressed in the two reference

frames. The frequency translation is explained in the next paragraph, but one can already note

that the frequency response of subsynchronous frequencies in the natural frame (ω < ωn) are

missing in the case of
[
Zol
out (jω)

]
dq because they are shifted to negative frequencies plan.

Discussion on frequency response of generic signals in the synchronously rotating dq-

frame compared to abc-frame The dq-transformation of real electrical quantities phase sig-

nals implies a translation of their frequency spectrum of ωdq → ωabc − ω∗ [163, 71, 153]. This

frequency translation has consequences as the frequency responses of dq-signals cannot be con-

sidered as symmetric on positive and negative frequencies. An analytic explanation is brie�y

described in the following, but more details can be found in [163].

In the general case, the complex space representation of a sinusoidal three-phase signal, with

no zero-sequence, oscillating at a given frequency ω, is composed of a positive and a negative

sequence in time domain, denoted as:

xabc (t) = X+e
jωt + X−e

−jωt (4.40)

The corresponding complex space representation in dq-frame is de�ned by:

xdq(t) = 2
3e
−jω∗txabc (t) = 2

3

(
X+e

j(ω−ω∗)t + X−e
−j(ω+ω∗)t

)
(4.41)

As an example, the positive sequence of a real signal at fundamental frequency ωn in abc-

frame, is turned into a DC component if the qd-frame is also rotating atω∗ = ωn . This property of

dq-frame is expected. The negative sequence, in the other hand, is turned into a−2ωn component,

so that the negative sequence in abc-components induces 2ωn oscillations in dq-components.

When the electrical system is assumed to be symmetric, the three-phase signals are commonly

supposed to be balanced, and the negative-sequence is often disregarded. However, it has been

shown in section 2.3.2 and eq. (2.11), that the phase currents out of the VSC, have unbalanced

transient DC components when a bold three-phase fault is applied at the terminal voltage. The

DC components in real phase signals result in oscillating signals at −ω∗ in the dq-frame. Hence,
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to take into account the system response to small-signal perturbation of DC components in phase

signal, the frequency response of dq-component must be studied also on negative frequencies.

Note here that the expression of (4.39) could have been directly obtained from (4.33) with

the transformation s → s + jω∗ [153, 163] because of the frequency translation between the

abc-frame and the dq-frame.

To summarize:

• Complex transfer functions are only valid to simplify the representation of symmetric mod-

els. In case of unbalance, transfer matrices must be used instead.

• When complex transfer function have only real coe�cient, their frequency response on

negative frequencies veri�es G(−jω) = G(jω)∗ , so that the magnitude is even and the

phase is odd. The frequency response of real complex transfer functions can be plotted on

positive frequencies only. In the presence of complex coe�cient, the frequency-responses

must be plotted on the whole frequency domain −∞ < ω < ∞.

• In practice, the frequency boundary ωmax is limited by the validity of VSC model consid-

ered as a ideal voltage source. In our case, ωmax is �xed by the VSC bandwidth, so by its

switching frequency. The maximum frequency of the frequency domain is taken as the

Nyquist frequency: ωmax =
2π fSW

2 .

• Complex transfer function are compatible with gain-margin and phase-margin de�nition,

as given in[163].

To validate the statements above, the frequency response of
[
Zol
out (jω)

]
abc and

[
Zol
out (jω)

]
dq

are plotted in �g. 4.14 on the full frequency range. The frequency response of
[
Zol
out (jω)

]
abc

is symmetrical on positive and negative frequency, but this is not the case for
[
Zol
out (jω)

]
dq .

The very low impedance in abc-frame for DC components is represented by low impedance

magnitude in dq-frame around ω = −ωn . As detailed later, this low impedance at −ωn could be

critical. in �g. 4.15, the real part of both frequency response is plotted, and the e�ect of frame

change is not clearly visible except for the frequency translation.
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Figure 4.14 – Bode diagram of the VSC open-loop output impedance for positive and frequencies.[
Zol
out (jω)

]
abc is expressed in the natural abc-frame, and
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]
dq is expressed in the dq-

frame rotating at ω∗ = ωn .
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Figure 4.15 – Real-part of the VSC open-loop output impedance for positive and frequencies.[
Zol
out (jω)

]
abc is expressed in the natural abc-frame, and

[
Zol
out (jω)

]
dq is expressed in the dq-

frame rotating at ω∗ = ωn .
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Figure 4.16 – Representation of the voltage-controlled VSC with its reference tracking transfer

gain Gv (s) and its closed-loop output impedance Z cl
out (s).

4.5.3 Output impedance shape and passivity of voltage-controlled VSC in closed-

loop

The presence of a voltage-control strongly a�ects the impedance pro�le. Assuming a perfect

synchronization with the grid (ω∗ = ωsrc = ωn) the voltage-controlled VSC can be represented

by a reference transfer gain and an closed-loop output impedance as shown in �g. 4.16.

Closed-loop impedance model of voltage-controlled VSC As the cascaded voltage and

current controllers are symmetrically applied to d and q components, the complex transfer func-

tion can be used to represent the closed-loop output impedance. To obtain the output impedance

complex transfer function, the controlled current expression in (4.17) is rewritten in :

isdq = Gc (s)i∗sdq − Yi (s)edq , (4.42)

With:

Gc (s) =

(
kpc +

kic
s

)(
lf
ωn

s + rf + kpc +
kic
s

)
Yi (s) =

(
1 − дf f v

)(
lf
ωn

s + rf + kpc +
kic
s

) , (4.43)
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The current closed-loop dynamic given by (4.43) is associated with the voltage control (4.18),

and the complex transfer model of the �lter (4.36), to form the terminal expression in closed-loop

using complex transfer functions:

edq = Gv (s)e∗dq − Zv (s)iдdq , (4.44)

The complete expression of Gv (s), and Zv (s) are :

Gv (s) =
Gc (s)

(
kpv +

kiv
S

)
Gc (s)

(
kpv +

kiv
S

)
+Y i (s) + j

cf
ωn
ω∗ (1 −Gc (s)) +

cf
ωn

s

Zv (s) =
(
1 − дf f cGc (s)

)
Gc (s)

(
kpv +

kiv
S

)
+Y i (s) + j

cf
ωn
ω∗ (1 −Gc (s)) +

cf
ωn

s

(4.45)

Gv (s) represents the closed loop complex transfer function of the voltage tracking refer-

ence at no load condition. Zv (s) is the complex transfer function representing the sensitivity of

regulated voltage to the output current perturbations. The complex transfer Zv (s) can also be

regarded as the sti�ness of the regulated voltage against grid disturbance [164].

As seen in �g. 4.16, the closed loop output impedance Z cl
out (s) is formed by:

Z cl
out (s) = Zv (s) + Z c (s) (4.46)

Where Z c (s) is the connection impedance given by (4.37).

Comparison of the closed-loop and open-loop output impedance models The frequency-

response of Z cl
out (jω) in �g. 4.17 is compared with Zol

out (jω). Their real-parts are also plotted on

positive and negative frequencies in �g. 4.18.

Fig. 4.17 reveals that the voltage control decreases the output impedance magnitude at low

frequency, which is expected to improve the voltage sti�ness. The integral action of the voltage

control ensures a perfect control of the terminal voltage edq , so that Zv (s ≈ 0) ≈ 0, and then

Z cl
out (jω) is only formed by the connection impedanceZ c (s) at low frequencies. Indeed, a constant

magnitude of |Z cl
out (jω)| ≈ 20loд(lc ) = −16.5 is reported for approximately −60 rd .s−1 =< ω <

60 rd .s−1.
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Figure 4.17 – Frequency-response comparison of the closed-loop and open-loop output

impedance models in dq-frame.
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Figure 4.18 – Real-part comparison of the closed-loop and open-loop output impedance models.

ω1 = 24 rd .s−1 and ω2 = 319 rd .s−1.
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Figure 4.19 – Frequency-response in dq-frame of the closed-loop output impedance of the con-

trolled VSC Z cl
out (jω) and of two values of the grid impedance Z src (jω). ω1 = 24 rd .s−1 and

ω2 = 319 rd .s−1.

Fig. 4.18 shows the damping contribution of the voltage around ω = 1000 rd .s−1 and ω =

1000 rd .s−1 where the real-part of Z cl
out (jω) is high. The voltage-controlled VSC is then passive

at high frequencies. However, The voltage-control creates large region of negative real-part,

for both positive and negative frequencies, between ω1 = 24 rd .s−1 < |ω | < ω2 = 319 rd .s−1.

As consequence, the voltage tuning conventional method detailed in the previous section could

adversely a�ect the stability of the system. This prediction is coherent with the frequency of

unstable poles in �g. 4.9 in grid-connected situation. To understand if the VSC e�ectively desta-

bilizes the system, the output impedance must be compared with the equivalent impedance of

the rest of the system.

4.5.4 Interaction between the closed-loop output impedance and the grid impedance

To understand how the output impedance of the voltage-controlled VSC can interact adversely

with the grid impedance in grid-connected situations, the expression of the PCC voltage vд is

derived to deduce a stability requirement. The grid impedance Z src from �g. 4.16 is modeled by
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complex transfer function in the same dq-frame under the assumption: ω∗ = ωsrc = ωn . The

external controls are still neglected as they are assumed to provide a perfect synchronization.

Z src (s) =
lsrc
ωn

s + rsrc + jω
∗ lsrc
ωn

(4.47)

Definition of the impedance-based criterion for voltage-controlled VSC Given the voltage-

controlled VSC, connected through its �lter to a generic grid formed by a stable voltage source

vsrcdq and its own dynamic represented by Z src (s) (see Fig. 4.16). The grid current �owing

through the PCC can be written as:

iдdq(s) =
vдdq(s) −vsrcdq(s)

Z src (s)
(4.48)

Recalling that the PCC voltage is given by:

vдdq(s) = Gv (s)e∗dq − Zout (s)iдdq(s) (4.49)

Combining (4.48) and (4.49):

vдdq(s) =
1

1 + Z out (s)
Z src (s)

(
Gv (s)e∗dq +

Zout (s)
Z src (s)

vsrcdq(s)
)

(4.50)

The closed-loop voltage gain Gv (s) is stable by construction, and we assume that Z src (s) is

passive and has no RHP zeros. The ratio of the controlled VSC output impedance Zout (s) to

the grid impedance Z src (s) can be regarded as the open loop gain of a closed-loop with unit

feedback gain. Hence, the stability of vдdq can be evaluated by the classic Nyquist criterion

applied to complex transfer function. Application examples of Nyquist criterion on Nyquist plots

are shown in the appendix A.2 for the grid-connected stability and in [165] for the stability of

a two grid-forming VSCs system. In the following, the stability requirements on the impedance

shape are deduce from this stability criterion.

Stability requirements for the closed-loop output impedance VSC The stability of the

grid-connected VSC requires the Nyquist curve of the impedance ratio does not encircle the

critical point -1. A necessary condition to encircle -1 is that the phase di�erence between the
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Figure 4.20 – Frequency-response in dq-frame of the closed-loop output impedance of the con-

trolled VSC Z cl
out (jω) and of two values of the grid impedance Z src (jω). The negative real-part

of Z cl
out (jω) is delimited by ω1 = 24 rd .s−1 and ω2 = 319 rd .s−1.

Zout (jω) andZ src (jω) goes below -180°. SinceZ src (s) is passive, its phase is con�ned in [-90°,90°].

If the closed-loop impedance is also passive, the phase di�erence is limited over -180°. Therefore,

the passivity of the closed-loop impedance is a su�cient condition for the system stability. One

other necessary condition to encircle -1 is that the the magnitude ofZout (jω) is equal or superior

to Z src (jω) for certain frequencies. As a result, even if closed-loop impedance is not passive, the

stability is ensured if the magnitude ofZ src (jω) is over the magnitude ofZout (jω) in the negative

real-part region. Those observations are illustrated in �g. 4.20 where their frequency responses

superimposed on the same Bode diagram

Two extreme values of the grid impedance are plotted in �g. 4.20. The minimal value

(lsrc (min) = 0.05p.u ., rsrc (min) = 0.005p.u .) modeling a sti� grid situation that led to insta-

bilities (see section 4.4), and the limit value of the impedance that led to a stable situation of

the grid-connected VSC ((lsrc (lim) = 2.95p.u ., rsrc (lim) = 0.95p.u .)). The frequency range of

negative real-part region is delimited by −ω2 and −ω2, in the negative frequency plan. The fre-

quency responses show that the magnitude |Z src (min)(jω)| is under the magnitude |Z cl
out (jω)|,

in the negative real-part region of Z cl
out (jω). Thus, the interaction between the VSC closed-loop
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impedance and the grid impedance is likely to be unstable. The stability limit is obtained when

the grid impedance is superior to the controlled VSC output impedance (eg, |Z src (lim)(jω180)| >

|Z cl
out (jω180)|) at the frequency ω180, where arд(Zout (jω180)) − arд(Z srcM (jω180)) =-180°.

Conclusion The representation of the output impedance in frequency domain gives insights

on potential adversely interaction with the grid. It opens the path to output impedance shaping

techniques developped for grid-feeding converters [70, 98, 67, 166, 153]. Their purpose is to

modify magnitude and phase around certain frequencies. A popular approach seeks at modifying

only the impedance module at certain frequencies to stay under the grid-impedance module

[152, 167]. Another approach tries to extend the passivity region [162, 168]. In our case, the

grid impedance is unknown so that it is more robust to decrease the negative real-part region

as much as possible and to shift it far from the grid-impedance resonance or regions where the

grid-impedance module is always higher than the closed-loop impedance module.

4.5.5 Output impedance shaping to improve its passivity

The frequency-response of Zout (jω) is in�uenced by the voltage control parameters. Here is

detailed the impact of the parameters on real-part of Zout (jω) to increase the non-negative fre-

quency domain.

Influence of voltage feedfoward gain The �g. 4.21 illustrates the in�uence of the feedfor-

ward gain дf f v , on Zout (jω). Clearly, the negative real-part region grows with дf f v .

Influence of voltage loop bandwidth As seen in �g. 4.22, decreasing the speed of the voltage

regulation loop, compared to the �xed designed bandwidth of the current loop, decreases also

the region of negative real-part.

Influence of integral gain of current controller The integral gain of the most inner current

controller is not needed in practice, as there is an integration already in the voltage loop to follow

the reference with no steady-state error. Also, some cases identi�ed the integral gain to cause

instabilities [93]. The evolution of the real-part of Zout (jω) with the integral gain is plotted on

170



4.5 Analysis of the control robustness through the impedance-based approach

 

 

gffv = 1gffv = 0.5gffv = 0

Angular Frequency (rad/s)

R
ea
l
p
ar
t
(p
.u
.)

-104 -103 -102 -101 0 101 102 103 104
−1

0

1

2

3

4

5

Figure 4.21 – Real part of the frequency-response of Zout (jω) for three di�erent voltage feed-

forward gains.
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Figure 4.22 – Real part of the frequency-response of Zout (jω) for three di�erent voltage loop

designed bandwidths.
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Figure 4.23 – Real part of the frequency-response of Zout (jω) for three di�erent integral gain of

the current loop controller.

4.23. Results says that suppressing the integral gain of the current control shift the negative real-

part region to lower frequencies, with a narrower band: 4 rd .s−1 < |ω | < 200 rd .s−1. However,

suppressing the integral gain does not guarantee su�cient passivity.

Conclusion on impedance shaping To decrease the destabilizing e�ect of the voltage con-

trol, two parameters changes has shown their e�ectiveness: lowering the voltage feedforward

gain дf f v in the current controller, or lowering the designed voltage loop bandwidth ωnv . In

return, the voltage tracking performance at no load, modeled by the voltage gainGv (s), will also

be a�ected as shown in �g. 4.24. The �gure clearly shows that the voltage gain bandwidth moves

from 149 rd .s−1 for the original design, to 42 rd .s−1 in the case of дf f v = 0, and to 28 rd .s−1 when

ωnv = ωnc/50.

However, the voltage control performance of grid-forming units is not precisely de�ned in the

system requirement, as long as the voltage is controlled in steady-state and reaches its reference

value within 10 s. There exists then a large room for parameters optimization in grid-forming

controls with the objective of increasing the stability of external interactions with the grid. The

172



4.5 Analysis of the control robustness through the impedance-based approach

 

 

GvGv(ωnv = ωnc/50)Gv(gffv = 0)

Angular Frequency (rad/s)

P
h
as
e
(d
eg
)

M
ag
n
it
u
d
e
(d
B
)

100 101 102 103 104
−180

−135

−90

−45

0
−60

−40

−20

0

20

Figure 4.24 – Frequency-response of Gv (jω) for дf f v = 0 and ωnv = ωnc/50, compared to the

originally designed function.

tuning criterion must then be the external interactions limitation rather than the control speed

maximization.

4.5.6 Conclusion on impedance-based approach

A conventional design approach for the voltage control showed satisfactory performances in

standalone situation but su�ers from instability issues when the VSC is connected to a grid above

a certain short-circuit ratio. Interaction between the VSCs and the grid is ruled by the shape of

the equivalent output series impedance in frequency domain. The impedance shape depends on

control parameters. In this section, some example of parameters impact on the output impedance

shape are discussed. Results showed that lowering the voltage feedforward gain or the designed

voltage loop bandwidth improves its passivity and thus the damping provided by the VSC to the

rest of the system, at the expense of the voltage tracking performances.

Compared to the pole map tool, the impedance-based approach and the passivity property

directly give insight of the positive or negative contribution of a grid-forming converter, without

knowledge of the remaining system. Moreover, this technique is well suited to TSOs, since they

do not always have information on internal control structure and parameters of the power elec-
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tronic devices. The frequency-response of the closed-loop output impedance can be estimated

by external measurements on real devices or on replica. The impedance shape also gives a com-

mon framework to compare the external behavior of converters with di�erent controls. One can

imagine that the impedance shape will become a requirement in future grid-codes for converter

connection to the transmission system.

Provided the closed-loop impedance model, the stability the grid-forming converter can be

directly assessed, using the Nyquist criterion applied to the impedance ratio. Based on this cri-

terion, an optimal output shaping tuning could be performed to �nd the best trade-o� between

parameters as made by [160]. Nevertheless, it relies on estimation of the grid impedance [169],

which is not always feasible. To overcome this di�uclty, a promising robust technique to shape

the output impedance along with the tracking performances is suggested in [170], using H-in�ny

method.

The impedance-based approach could be generalized to include external controls. In that

case, the modeled system will not be symmetric on d and q components, so that the output

impedance must be imperatively expressed by mean of transfer matrices. A generalized Nyquist

criterion must be then used for the impedance-based stability criterion [163, 75]. Note that asym-

metric models introduce a dependency of the output impedance elements on the power operating

point [71].
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Conclusion on VSC-PWM grid-forming control design method

This chapter proposed a design method of grid-forming that respects the PWM-VSC physi-

cal constraints and the transmission grid needs. Cascaded loop structure has been employed

for its simplicity and its ability to explicitly control the VSC output current and terminal

voltage. As the connected system is unpredictable, the control performance are initially

set at no load conditions, treating the load current as a disturbance that can be compen-

sated. However, the small-signal stability is endangered when the voltage-controlled VSC

is connected to a strong grid. Small-signal stability is traditionally evaluated with eigen-

values technique. The poles map tool is easily readable for a single inverter system, but

its complexity raises with the number of devices. Physical interpretation of instabilities is

also missing. Instead, an analysis of stability requirements is proposed for grid-forming

converter using the impedance-based approach.

The impedance-based approach is interesting from the TSOs perspective as the output

impedance can be externally measured without the knowledge of VSCs internal controls. It

also gives a common framework to quickly compare the potential interactions of di�erent

control structure with the rest of the system. Moreover, the passivity property of the equiv-

alent output impedance of a voltage-controlled VSC gives a su�cient stability condition

without knowledge of the grid model. Passivity appears then as an interesting control ob-

jective, but increasing passivity could has consequences on the voltage reference tracking.

Although the transmission system need requirements are not demanding for the tracking

performance of the voltage, it could have consequences during large-disturbance as illus-

trated in the next chapter.
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Chapter 5

Enhancing the large-signal stability

of parallel grid-forming converters

Contents

5.1 Overcurrent limiting strategy for improving the VSC transient stability 178

5.2 Simulation EMT of a two-VSCs parallel grid-forming system . . . . . . 190

5.3 SimulationEMTof a three-VSCs parallel grid-forming system in ameshed

grid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195

Combining the external controls designed in chapter 3 with the terminal voltage control from

chapter 4 gives the VSC the parallel grid-forming function, stable in small-signal sense. This

last chapter speci�cally addresses large-signal stability issues of the developed controls during

faults or large grid transients. A speci�c current limiting strategy has been developed to avoid

saturation of the control references in order to keep the system under control. The chapter further

validates the solution by simulating simple systems comprising two and three converters. The

systems are excited by various grid events to observe the resulting dynamics and validate the

stability. The designed control solution is shown to be a good candidate to operate a future full

VSC-based power system.
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5.1 Overcurrent limiting strategy for improving the VSC tran-

sient stability

Transient stability of a power system is obtained if all the generators remain synchronized and

return to normal operation after a fault or a grid event. In converter based system, this tran-

sient stability is a�ected by the current strategy limit. Grid-forming converters are exposed to

large transient currents during network disturbances, such as a large load connection or line trip-

ping. Output overcurrent spikes are destructive for power electronics devices or require costly

oversizing investment. In high-rating devices such as those integrated in transmission grid, the

manufacturers include protection scheme to saturate the output current. However, reaching sat-

uration level of inner current reference is undesirable in a multi-loop control as it neutralizes the

voltage control action. Without voltage control, the VSC may be subject to loss of synchroniza-

tion. A current limiting strategy is proposed in this section to speci�cally address the transient

overcurrent issue in a VSC based power system.

5.1.1 The loss of transient stability with conventional current limitation

The section 3.5 showed the sensitivity of parallel grid-forming converters to transient overcur-

rents during grid events. As seen from the VSC perspective, the grid events have basically two

possible consequences. A sudden drop of the voltage amplitude at the PCC when a short-circuit

occurs, and or a sudden phase-angle shift when a topological change rearranges the power �ow

on the grid. The section focuses particularly on phase-shift angle perturbation. The short-circuits

certainly require a speci�c protection scheme that depends deeply on the fault clearance time

[60], and are thus excluded from the analysis

To assess the transient stability of the developed parallel grid-forming converter, the fully

controlled VSC of �g. 4.1 is considered. The external controls by active power-frequency droop

and reactive power-voltage from chapter 3 are included, as well as the voltage control previously

designed, comprising the conventional current limitation by saturation of the inner current ref-

erence detailed in section 4.3.4. To model a transient event, the voltage of the grid equivalent is

a�ected by a large phase-angle shift ∆ϕ:
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vsrca(t)

vsrcb (t)

vsrcc (t)


=


Vsrc cos(ω0t + ϕ0 + ∆ϕ)

Vsrc cos(ω0t + ϕ0 + ∆ϕ − 2π
3 )

Vsrc cos(ω0t + ϕ0 + ∆ϕ +
2π
3 )


(5.1)

The response of the controlled VSC following a ∆ϕ = −π6 is plotted in �g. 5.1. The magnitude

of VSC output current shown on plot (b) shows that the current is limited at the saturation level

of Imax = 1.2p.u . in the �rst cycles following the disturbance. This is caused by the latch-up

of the current reference by the current limitation module detailed in section 4.3.4. However, the

system does not manage to keep the synchronization with the grid as illustrated by the frequency

reference of the VSC on plot (c).

Reaching saturation level of inner current reference opens the voltage loop and thus neu-

tralizes the voltage-control and the power-frequency droop control. The reference saturation in

the inner control of a cascaded structure has already been identi�ed as critical in previous works

[64, 171, 154]. The loss of synchronization process when during the current loop saturation is

particularly well illustrated in [171].

To keep the synchronization during transients, some authors suggested to insert a PLL that

operates when the VSC-based source is turned into current-source mode by the reference sat-

uration [66, 55, 154]. Thus, the source operates transiently in grid-feeding mode during faults.

Introducing such switching-mode control is, however, a challenging topic for the stability of the

system. Moreover, the presence of a PLL based synchronization is hazardous if the VSC faces a

standalone situation [72] and is avoided in this thesis.

In high-rating devices such as those connected at the transmission grid level, the manufactur-

ers always include protection schemes to saturate the output current and protect the hardware.

The following developments aim at preventing the voltage loop from commanding exceeding

current by the implementation of a threshold virtual impedance.

5.1.2 Threshold-virtual impedance concept for limiting the overcurrent

As demonstrated in 2.3 and 3.5, the magnitude of transient currents after faults and line switching

are dictated by the output reactance of the VSCs. The Threshold Virtual Impedance (TVI) concept

proposes to virtually increase the output impedance by of the controlled VSC, Zvi when needed
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Figure 5.1 – Time-domain response of fully controlled VSC after a grid voltage phase-angle shift

at 0.2 s. (a) VSC output phase-currents (b) Magnitude of the VSC output current (c) Frequency

reference.
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5.1 Overcurrent limiting strategy for improving the VSC transient stability

but only when the VSC output current magnitude exceeds a de�ned threshold. This strategy

is best suited to limit the overcurrent in a grid-forming converter before reaching the current

reference saturation level. The virtual impedance is a wide VSC control concept and [172] reviews

the di�erent possible applications. This idea is applied here for current limitation in the grid-

forming converters. A similar current limitation by voltage reference modi�cation is already

presented in [149, 50] and more recently in [64], in di�erent application goals. They propose a

signal ∆vV Idq , given by the TVI module to be subtracted to the voltage control reference as in

eq. (5.2):

e∗d = E∗ −vV Id ,

e∗q = −vV Iq .

(5.2)

Threshold-virtual impedance structure Modifying the form of the actual VSC series out-

put impedance by a virtual impedance term Zvi requires to analyze the bene�t of adding more

resistive or more inductive behavior between the VSC and the PCC during grid disturbances.

From a rough analysis in 3.5, it has been concluded that �rst current peak following a line switch

or, more generally, an phase-angle shift, is determined by the inductive component of the VSC

output impedance. A purely resistive, as the one presented in [149] is excluded. Besides, em-

ulating numerically inductive impedance is not straightforward task due to the di�erentiation

operation. An algebraic representation of quasi-static impedance is, however, easy to implement

in the dq-rotating frame, as follows:

Zvi = rvi + jxvi ,

vV Id = rviisd − xviisq ,

vV Iq = rviisq + xviisd .

(5.3)

The overcurrent detection is added to form the voltage drop ∆vV Idq signal out of the TVI as

shown in �g. 5.2.

For smoother transition between normal operation and current limiting operation, the resis-

tance and reactance values are chosen to be progressive in respect with the overcurrent.
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5 Enhancing the large-signal stability of parallel grid-forming converters

Figure 5.2 – The threshold virtual impedance control scheme is implemented in dq-frame. The

virtual impedance is active only if the VSC output current magnitude (Is ) exceeds the de�ned

threshold value Itr esh .

rvi (Is ) = kR |Is − Ithresh |

xvi (Is ) = kR |Is − Ithresh |ρX /R
(5.4)

The two TVI parameters to be de�ned are the gain kR and the ratio ρX /R of the reactive part

to the resistive part of TVI. Isd and isq are the VSC output currents expressed in the rotating dq-

frame. The following paragraph explains how to choose the gain kR given a maximum acceptable

current magnitude, and how to determine ρX /R to maintain the stability of the droop controls

when the TVI is active.

Threshold-virtual impedance tuning The value of kR is chosen to keep the output current

under the �xed limit Imax in steady-state. The amplitude of the transient disturbance are impos-

sible to predict so that kR is determined in the worst case of a three-phases bold short-circuit at

the PCC. Fig. 5.3 illustrates the electrical circuit after of a short-circuit when the steady state is

recovered. Since then the TVI becomes active, the steady-state output current expression is:

Issc =
E0

Zc + ZV I (Issc )
(5.5)

Assuming that Issc = Imax during the short-circuit, introducing (5.4) in (5.5) yields kR to be

solution of:
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5.1 Overcurrent limiting strategy for improving the VSC transient stability

0E gV

cjx
sscIcrvijx vir

Figure 5.3 – Steady state representation of the system after short-circuit, for the calculation of

kR value.

(
E0
Imax

)2
= (rc + rvi (Imax ))2 + (xc + xvi (Imax ))2 (5.6)

Keeping the positive solution of the second order equation (5.6) gives the value orkR , depend-

ing on the value of ρX /R . To further determine the couple of parameters (kR , ρX /R ), a stability

study is performed. The aim is to ensure that the external controls are not disturbed by the

presence of the virtual impedance. The TVI is highly non-linear so the large-signal stability is

complicated to assess analytically. Instead, a small-signal stability analysis is conducted con-

sidering that the TVI is continuously activated (switched-on). First, the trade-o� between the

in�uence of the resistive and reactive component of ZV I on the dynamic behavior of the system

is assessed. Then, with the chosen ρX /R value, a pole map is plotted for all range of values taken

by the ZV I when the output current is comprised between Ithresh < Is < Imax . For the clarity of

the results, the voltage-control has been disregarded and the voltage-controlled VSC is approxi-

mated by a controllable voltage-source. The impact of the TVI is then focused on the interaction

with the external controls, especially with the power-frequency droop control. The considered

system is given in �g. 5.4.

The simpli�ed system has �ve remaining states: two associated with �rst order �lters of the

active and reactive power, the d and q components of the iд current, and the phase-angle reference

θ ∗ resulting from the integration of the frequency reference ω∗. First of all, it is interesting to

compare the impact of the TVI on the poles of the system, with the impact of a real additional
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Grid equivalent at  

the PCC

cL cR
gi

e gv

srcL
srcR

*e External

Controls
setE

n
P-f Droop+E-Q Droop

setQ

setP

srcv

TVI


Figure 5.4 – Considered system for the tuning of the TVI. The terminal voltage-control is disre-

garded. The source impedance value is taken as lsrc = 0.15 p.u. rsrc = 0.15 p.u.

Table 5.1 – Comparison of eigenvalues from �g. 5.5

Eigenvalue Real impedance Equivalent TVI

λ1−2 −53.12 ± 313.5j −172.0 ± 1017j

λ3−4 −15.56 ± 12.43j −15.65 ± 12.26j

λ5 −31.74 −31.74

inductance of equivalent size in steady-state. As shown in �g. 5.5 and the corresponding table 5.1,

the TVI and the real impedance have the same eigenvalues corresponding to the three slowest

modes λ3−4 and λ3−4. These eigenvalues are related to the external control. The fastest modes

λ1−2, related to the currents, are increased in frequency by the presence of the TVI but keep the

same damping. As a conclusion, the TVI resembles to a real impedance at low frequency which

was expected.

From the situation of �g. 5.5, the value of ρX /R = 10 is progressively decreased to ρX /R = 0.1.

The poles trajectories are plotted in �g. 5.6.

As previously mentioned, the TVI cannot be purely resistive. However, increasing relatively

the resistive component of the TVI provides more damping at high frequencies. The slowest
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Figure 5.5 – Poles map of the simpli�ed system in the presence of a real additional series

impedance compared to the presence of the equivalent TVI. ρX /R = 10, Is = Imax .

modes have a signi�catively reduced damping once ρX /R < 1. Indeed, the external controls

have been designed based on the assumption of series impedances dominated by their inductive

component. Consequently, the value of ρX /R = 5 is chosen to preserve the inductive behavior of

the line, as seen by the external controls.

The last poles map ensures that all the values taken by the TVI do not destabilize the system

when the current is comprised between Ithresh < Is < Imax . The result in �g. 5.7 shows that

the small-signal stability of the system is not drastically a�ected by the permanent presence

of the TVI. However, this is not a proof of large-signal stability of the complete system during

grid transient events. Time-domain simulation on hard transients must be conducted on EMT

software to validate the e�ectiveness of the TVI

5.1.3 Implementation of the Threshold-virtual impedance in the parallel grid-

forming VSC

The implementation of the TVI on the fully controlled system must take into account the limita-

tion of the voltage tracking performance. If the voltage-control is sluggish to adjust the terminal

voltage amplitude, the current spike can not be mitigated soon enough. Moreover, the design
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Figure 5.6 – Poles trajectories of the simpli�ed system with the presence of an active TVI (a)

and zoom on the slowest modes (b). ρX /R = is moving from 10 (orange/light) to 0.1 (blue/dark),

ZV I = ZV I (Is = Imax ).
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Figure 5.8 – Implementation of the TVI within the cascaded loops of the voltage-control.

recommendations of section 4.5 specify to decrease the voltage control dynamic to increase the

system robustness.

To by-pass the voltage-control during critical events, the TVI signalsvV Idq have to be applied

as close as possible from the VSC modulation, in order to speed up the response to overcurrent.

In the present implementation,vV Idq signals are subtracted directly to the VSC modulation refer-

ence (v∗mdq ) given by the current control output, to form the reference (vef f ∗mdq ) e�ectively applied

to the converter modulation:

v
ef f ∗
md = v

∗
md −vV Id ,

v
ef f ∗
mq = v

∗
mq −vV Iq .

(5.7)

The signals vV Idq are still subtracted from the voltage control tracking reference, otherwise,

the inner voltage control tries to compensate the threshold virtual impedance action. The imple-

mentation of TVI in the internal multi-loop control is summarized on the scheme �g. 5.8.

This feedforwarded implementation of the TVI (TVI-FF) is compared to the implementation

on the voltage reference only. The �g. 5.9 displays the time-domain curves of quantities following

a grid event modeled by ∆ϕ = −π6 . The activation of the TVI certainly a�ects the behavior of the

inner current loop. Depending on the requirement during transient, the current loop parameters

tuning could be improved in the presence of the TVI.
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Figure 5.9 – Time-domain response of fully controlled VSC with the TVI after a grid voltage

phase-angle shift at 0.2 s. (a) Amplitude of the VSC output current (b) Amplitude of the VSC

terminal voltage (c) Frequency reference.
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5 Enhancing the large-signal stability of parallel grid-forming converters

5.1.4 Conclusion on the new overcurrent limiting strategy

The TVI principle is to avoid that the demanded current reaches the current limit in the inner

current loop. The activation on threshold does not disturb the controlled VSC behavior when it

is far from its current limit. In other words, the grid-forming VSC acts as a sti� voltage source

as long as its nominal output current is not exceeded. Once the current limit is reached, the

equivalent output impedance of the controlled VSC is drastically increased, and thus the voltage

sti�ness property is abandoned to protect the device. This behavior seems desirable for future

parallel grid-forming converters.

The main di�culty of the TVI design is the analytic analysis of the transient-stability of the

system. The design procedure here only ensures that the external controls are not signi�cantly

disturbed when the TVI is activated. Investigations on formal proof of the stability of the TVI

would be more rigorous. At the moment, the large-signal stability of the TVI has been only

evaluated using numerical simulations on possible but demanding situations of future VSC-based

transmission system.

5.2 Simulation EMT of a two-VSCs parallel grid-forming system

The �rst considered system is the two-VSCs system of �g. 3.12 presented in the chapter 3. One

objective of the simulation is to validate that the overcurrent risk predicted in this previous

chapter has been mitigated by the developed controls.

5.2.1 System model and parameters

The two-VSCs system includes all the parallel grid-forming controls developed in this thesis, as

detailed on the left hand side converter in �g. 5.10. The two VSCs have di�erent ratings of 1

GW and the 250 MW power rates, connected to the highest voltage level (400kV) of the French

transmission grid. The parameters are recalled in tables 5.2, 5.3, and 5.4. Notably, the e�ect of

the reactive power droop has been disabled by making nq = 0 as it is not of interest here.

The inverters are interfaced with a double overhead line of 100 km, whose parameters are

recalled in table 5.5.

190



5.2 Simulation EMT of a two-VSCs parallel grid-forming system

Table 5.2 – Nominal values of two VSC based sources

Parameter Quantity Value per-unit

Pn1 Nominal active power of VSC 1 1GW 0.96

Sb1 Base apparent power of VSC 1 1044MVA 1

Pn2 Nominal active power of VSC 2 250MW 0.96

Sb2 Base apparent power of VSC 2 261MVA 1

Ub Base voltage 400kV 1

ωn Nominal angular frequency 2π50 rad .s−1 1

Table 5.3 – LCL �lters parameters

Parameter Quantity Value

lf �lter inductor 0.15p.u .

rf �lter series resistance 0.005p.u .

cf �lter shunt capacitance 0.066p.u .

lc connection inductance 0.15p.u .

rc connection series resistance 0.005p.u .
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Figure 5.10 – Layout of a power system based on two parallel grid-forming VSC
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5 Enhancing the large-signal stability of parallel grid-forming converters

Table 5.4 – Control parameters

Parameter Name Value

mp Frequency droop gain 0.04ωn rd .s
−1

nq Reactive power droop gain 0p.u .

ωLP Power �lter cut-o� frequency ωn/10 rd .s−1

kpc Proportional gain 0.62p.u .

kic Integral gain 477.5 rd .s−1

дf f v Voltage feedforward gain 0p.u .

kpv Proportional gain 0.03p.u .

kiv Integral gain 2.1 rd .s−1

дf f c Current feedforward gain 1p.u .

kR TVI gain 0,67p.u .

ρX /R TVI ratio 5p.u .

Table 5.5 – Typical 400 kV overhead line on transmission grid

Parameter Quantity Value

rl ine distributed line series resistance 0.024 Ω.km−1

xl ine distributed line series reactance at ωn 0.24 Ω.km−1

bl ine distributed line shunt susceptance at ωn 3.974.10−6 Ω−1.km−1
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5.2 Simulation EMT of a two-VSCs parallel grid-forming system

5.2.2 Response to a line switch, load change, and power setpoint modification

The two-VSC system is initially loaded with Pload = 1125 MW of resistive load. The �rst sim-

ulated event opens one of the lines (S1 opens) between the two VSCs at 0.1 s. This situation

has been identi�ed as particularly challenging for parallel grid-forming converter in section 3.5.

Then, the load sharing capability of the system is evaluated through the increase of 150 MW (+12

%) of the active load at 0.8 s. Lastly, the adjustment of the active power setpoint is evaluated by

increasing Pset2 from 0.85 to 0.95 p.u. at 1.5 s. The resulting electrical quantities are plotted in

�g. 5.11 in their respective per-unit bases.

The output current magnitude Is1 of the smallest VSC (VSC 1) following the line switch is

limited by the TVI action. Whereas the current could theoretically reach 1.4 p.u. for few cycles

if the VSC was idealy controlled in voltage (see �g. 3.14), the actual current remain limited here

under 1.05 p.u. As a direct consequence, the terminal voltage E1 drops to 0.96 p.u. but returns

to its nominal value in around 100 ms which is an acceptable dynamic considering the present

system requirements. It may be noted, that the total power demand decreased after the line

switch because of the small load voltage drop due to the larger impedance separating the load

and the VSC 2. Still, the load is shared equitably.

The load increases at 0.8 s is electrically closer from VSC 1, resulting in a larger transient

seen by the VSC 1. Before the P-f droop control reacts, the TVI is activated to avoid transient

overcurrents. In steady-state, however, the load level of each converter is well shared. The power

setpoint modi�cation of Pset2 = +0.1 p.u. reliefs the smallest inverter from part of the load. This

action shows how an outer and centralized controller could restore the power margins of di�erent

units.

Looking at the frequency reference in �g. 5.12, it should be noted that the units keep the

synchronization after each events. Because of the droop characteristic, the common frequency

in steady-state gives the information of the disequilibrium between the power setpoints and the

actual load level. It shows also that the power setpoint modi�cation of Pset2 = +0.1 p.u. can

restore the frequency.
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Figure 5.11 – Time-domain response of electrical quantities of the two-VSC system (�g. 5.10)

expressed in respective per-unit base Sb1=261 MVA, Sb1=1044 MVA. At t=0.1 s, S1 opens, t=0.8 s

Pload = +150 MW, t=1.5 s Pset2 = +0.1 p.u.
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Figure 5.12 – Time-domain responses of the frequency references of the two VSCs (�g. 5.10). At

t=0.1 s, S1 opens, t=0.8 s Pload = +150 MW, t=1.5 s Pset2 = +0.1 p.u.

5.2.3 Response to islanding

In this second simulated case, the load is readjusted to Pload = +250 MW and is initially shared

among the two units. At 0.1 s, The largest units is separated from the rest of the system. The

�g. 5.13 shows how the system recovers from this severe outage. Clearly, the �gure illustrates

that the VSC 1 manages to feed the load in standalone under nominal terminal voltage, whereas

the VSC 2 is successfully islanded with no load. The units are not connected anymore so the

frequency references diverge from each other (see 5.14).

5.3 Simulation EMT of a three-VSCs parallel grid-forming system

in a meshed grid

In this second simulated case, three VSCs are interfaced through a meshed grid. The impact of

topological changes are assessed.
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Figure 5.15 – Layout of a power system based on three parallel grid-forming VSC
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5 Enhancing the large-signal stability of parallel grid-forming converters

Table 5.6 – Nominal values of three VSC based sources

Parameter Quantity Value per-unit

Pn1 Nominal active power of VSC 1 1GW 0.96

Sb1 Base apparent power of VSC 1 1044MVA 1

Pn2 Nominal active power of VSC 2 250MW 0.96

Sb2 Base apparent power of VSC 2 261MVA 1

Pn3 Nominal active power of VSC 2 500MW 0.96

Sb3 Base apparent power of VSC 2 522MVA 1

Ub Base voltage 400kV 1

ωn Nominal angular frequency 2π50 rad .s−1 1

Table 5.7 – Chosen lines length

400kV line Length

Line1 100 km

Line2 125 km

Line3 25 km

5.3.1 System model and parameters

Compared to the previous study case, a new VSC-based source of 500 MW of nominal power

is added as seen in table 5.6. The �lters and control parameters (given in tables 5.3,and 5.4) are

identical for the three converters, in respect with their base power.

The overhead lines have the same characteristics (given in table 5.5) but di�erent lengths as

described in table 5.7.

5.3.2 Response to line switches and power setpoints modification

The three-VSC system is initially loaded with Pload = 1050 MW of resistive load. The opening

of the switch S3 corresponds to a sudden line trip between the smallest converter (VSC 1) and

the largest converter (VSC 2). Following the fault, the active power �ows are instantaneously re-
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5.3 Simulation EMT of a three-VSCs parallel grid-forming system in a meshed grid

dispatched and the VSC 1 must handle transiently a high load level. The phenomenon is visible

in �g. 5.16 at 0.1 s. The action of the TVI is visible when the current Is1 exceeds its limit. The TVI

keeps the VSC 1 in an acceptable operation range and the synchronization stability is maintained

as shown in �g. 5.17. Later, the opening of one line between the VSC 1 and the VSC 3 is simulated

at t=0.8 s. The VSC 1 is electrically too far from the event to be seriously a�ected. Lastly, the

power setpoint of VSC 2 is modi�ed by Pset2 = −100 MW at t=1.5 s. Consequently, the two-other

converters have an increased active power, and the frequency drops.

5.3.3 Response to a VSC-based generator outage

This subsection focuses on what happens if the the largest unit (VSC 2) trips. The remaining

VSC-based production of 750 MW nominal power is apparently not su�cient to feed the 1050

MW of the load. The switch S2 opens at t=0.1 s and the simulation results are plotted in �g. 5.18.

The curve of Is1 shows that the current stays over 1 p.u. meaning that the TVI is constantly

activated. As a consequence, the terminal voltage E1 drops until 0.83 p.u. lowering the active

power demand of the load due to its impedance characteristic. In this speci�c case, the TVI

acts as a load self regulation. The situation is not sustainable regarding the electrical quality

requirements of the transmission system, but it is interesting to note that the system is kept

stable even during overloaded situations. However, the frequency (ω∗1 = ω∗2) is stabilized with

a small drop (see �g. 5.19), so that the defense plan based on frequency measurement for load

shedding may be not activated. The protection strategy must therefore be adapted to the new

dynamics of VSC-based transmission system.
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Figure 5.16 – Time-domain responses of electrical quantities of the three-VSC system (�g. 5.15)

expressed in respective per-unit base Sb1=261 MVA, Sb2=1044 MVA, Sb3=522 MVA. At t=0.1 s, S3

opens, t=0.8 s S1 opens, t=1.5 s Pset2 = +0.1 p.u.

200



5.3 Simulation EMT of a three-VSCs parallel grid-forming system in a meshed grid

 

 

ω∗
3

ω∗
2

ω∗
1

F
re
q
u
en
cy

re
fe
re
n
ce

[r
a
d
.s

−
1
]

Time [s]
0 0.4 0.8 1.2 1.6 2

312

313

314

315

Figure 5.17 – Time-domain responses of the frequency references for the three VSCs (�g. 5.15).
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Figure 5.18 – Time-domain responses of electrical quantities of the three-VSC system (�g. 5.15)

expressed in respective per-unit base Sb1=261 MVA, Sb2=1044 MVA, Sb3=522 MVA. At t=0.1 s, S2

opens
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Figure 5.19 – Time-domain responses of the frequency references for the three VSCs (�g. 5.15).

At t=0.1 s, S2 opens.
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5 Enhancing the large-signal stability of parallel grid-forming converters

The chapter exhibits the limit of the inner current reference latch-up after grid-events. The

controlled VSC did not manage to return to an acceptable operating point. Instead, a new

current limiting strategy, based on a Threshold Virtual Impedance, is proposed to keep sta-

bility of the external controls, and to suit the voltage control designed previously. In pur-

pose, the TVI falls down the voltage sti�ness of the grid-forming VSC only when the oper-

ating limits of the device are reached transiently. The large-signal improvement of the TVI

is shown through numerical EMT simulations in typical situation of one, two and three fully

controlled VSCs. Interestingly, one speci�c case of overloaded situation following a gener-

ator outage lead to the stabilization to a lower voltage. It raises the question of modifying

defense strategy such as frequency-based load shedding to adapt to the parallel grid-forming

behavior.
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Chapter 6

Conclusion and perspectives

6.1 Summary and discussion around the achievements

This thesis investigated the operating conditions for a full-VSC based power system, giving in-

sight on analysis tools that must be employed, as well as design methods and requirements to

build parallel grid-forming devices. From system needs analysis, three-challenges have notably

been discussed, the synchronization process of ideal voltage-sources, the small-signal stability

of a voltage-controlled VSC in various grid-con�gurations, and the enhancement of large-signal

stability with a speci�c current limitation strategy based on a threshold virtual impedance. The

resulting dynamics of the new controlled system are resumed roughly on �g. 6.1. Main contri-

butions and �ndings are summarized here.
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Figure 6.1 – Properties of the grid-forming fonction of the controlled VSC

205



6 Conclusion and perspectives

Future challenges of VSC-based power system As opposed to the discussion on the �exi-

bility that fast power-electronics can bring to the power system, the chapter 2 conducts a re�ec-

tion on what are the sti�ness the system must rely on to operate at su�cient level of reliability

and security. Among the fundamental needs, the sti�ness of the voltage amplitude and fre-

quency have been supported historically by the physical properties of synchronous generators

and their associated controls. The amplitude sti�ness is usually quanti�ed by the "short-circuit

power", and the frequency sti�ness by the "inertia". These properties have been rede�ned here as

grid-forming capability which is required from power-electronics based sources to operate a full

power-electronics interfaced power system. Further, the stability of the interconnected system is

a basic requirement for reliable operation of multi-sources system. Thus, the ability of electrical

sources to stay synchronized and to converge to an acceptable equilibrium following a grid distur-

bance has been de�ned as the parallel grid-forming capability. The requirement of grid-forming

capability increases the sensitivity of sources to overcurrent, which faces the technological cur-

rent limitation of VSC-based converters. As a consequence, the VSCs must be tightly controlled

in closed-loop and their output current must be actively limited. Active control actions on VSCs

modi�es the sources behavior which could be di�erent during small-signal disturbances, or large

disturbances. The traditional notions of "inertia" and "short-circuit power" are then reconsidered

throughout the thesis to take into account the speci�city of VSCs on transmission grid.

Synchronization stability of ideal grid-forming sources The chapter 3 speci�cally out-

lines the trade-o� between synchronization stability between ideal voltage-sources and their

sensitivity to transient overloads. It turns out that introducing an elasticity between frequency

references and delivered power creates conditions for the convergence of all units toward a com-

mon steady-state frequency. This elasticity takes the form a droop coe�cient that is completely

determined by the desired excursion limits of the frequency variation. The frequency variation

dynamic is ruled by a second fundamental parameter, the power �lter cut-o� frequency. On one

hand, high value of the �lter cut-o� frequency results in rapid convergence to the �nal state,

avoiding large transient overloads or oscillating behavior. On the other hand, the small-signal

stability of droop-controlled converters and the frequency sti�ness are reinforced by a lower

value of the �lter cut-o� frequency.
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6.1 Summary and discussion around the achievements

For multi-sources system of droop-controlled voltage source, the existence of an equilibrium

and the exponential convergence to this equilibrium has been proved in the literature, provided

a power �lter with su�cient �ltering action. The synchronization stability mechanism is easily

understood as it resembles to synchronous generators synchronization. The control schemes

based on "virtual synchronous machine" are also e�ective because they are similar to the �ltered

droop control and can be placed in a droop-like control family. From the author point of view,

the terms "virtual synchronous machine" or "virtual inertia" must be carefully employed. Droop-

controlled VSCs and synchronous generators share some common behavior for slow and small

deviations around an equilibrium, but their characteristic time constants and dynamic damping

characteristics are very di�erent. The time constant of synchronous generators is determined

by its non-chosen mechanical inertia, whereas the droop control time constant is �xed after the

power �lter choice for stability reasons. Moreover, some dynamics of the synchronous generators

are not desirable and it would be unproductive to blindly introduce them into the VSCs dynamics.

Droop-like controls that improves transients load share exist in the literature. They propose

either to fasten or suppress the power �lter, or to add a derivative gain on the measured power

to adjust the frequency. As the stability of such improved controls have not been proved yet,

the author considered rather to treat separately the trade-o� between synchronization stability

and transient overload. More precisely, the VSC control speed should be increased exclusively

when the VSC exceeds its operating limits, which motivates the choice of a threshold virtual

impedance to limit the current.

Grid-forming control design for a PWM VSC To meet the technical challenges of build-

ing a grid-forming source based on a PWM-VSC, a terminal voltage control in closed loop has

been developed in chapter 4. It was found out that the small-signal stability the controlled con-

verter is endangered as soon as it is connected to a grid with su�cient sti�ness. To analyze the

contribution of the voltage control to the grid instabilities, its external behavior has been rep-

resented through its equivalent output impedance. From this closed-loop impedance model, the

passivity property is identi�ed a highly desirable feature for grid-connected converters as it is a

su�cient condition for stability. The chosen cascaded current and voltage structure has a strong

implication in the non-passivity of the output designed closed-loop impedance, due to the time
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6 Conclusion and perspectives

decoupling constraint between loops. In particular, the feedforward gains, that compensate for

the load disturbance, play a major role in the output impedance shape even if their tuning is

often skipped in the literature. Passivity based design could overcome the limitation of the clas-

sical design of the cascaded-voltage control. It gives a solid theoretical background to develop

solutions based on active-damping, or on lead-lag compensation at certain frequencies.

The output impedance model has the advantage to represent the behavior of a controlled

converter on all the frequency range. It clearly exhibits the short-term response in its high-

frequencies, the steady-state behavior at nominal frequency, as well as potential subsynchronous

interactions for lower frequencies. Moreover, the output impedance can easily be observed ex-

perimentaly without knowledge of the control structure.

Overcurrent protection The traditional current reference saturation is not applicable in par-

allel grid-forming control as it opens the cascaded loop structure, resulting in loss of voltage

control and of synchronization control. Instead, the TVI, proposed in chapter 5, reacts to over-

current by dropping the terminal voltage and preventing the current reference from reaching its

saturation level. Transient overloads are thus limited and the external regulation is kept e�ective

after a grid-event. The use of the TVI reveals that even if the fast-control of power-electronics is

not a system requirement under normal operation of the system, it is useful to prevent damages

and to recover after faults and grid events.

Simulations on two and three VSCs systems validate the large-signal stability on hypotheti-

cal but realistic networks. The overloaded situation raised new questions for power-electronics

based system. Indeed, it turns out that the constantly overloaded sources react by dropping the

voltage of the whole system to reach a new stable operating point without large frequency drop.

This completely new behavior when the VSC are closed to their limits must be understood to re-

consider the defense plan. For example, the frequency-based load shedding might not be e�ective

anymore.
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6.2 Perspectives

Beyond the studies presented in this document, certain research directions deserve more inves-

tigations to alleviate the remaining challenges.

Output impedance as comparative framework between solution TSOs could take the

opportunity to de�ne impedance pattern requirements for either grid-forming of grid-feeding

VSC in future grids. However, the external controls also shape the output impedance, especially

at subsynchronous frequencies. The non-linearity of the external controls induce complication

in the incremental impedance shape determination. The non-linearity is due to a PLL or due to

a power calculation. These particularities should be explored.

Voltage control design optimization The design method presented in this thesis could be

improved using robust control theory (such as in�nite control theory), or through parameters

optimization algorithm provided the range of variation of the grid model. In particular, a desired

impedance shape or a passivity property could be obtained with optimal determination of the

tuning parameters.

Other synchronization techniques In the present thesis, it has been chosen to rely only

on droop-control technique to synchronize grid-forming converters during parallel operation.

However, PLL-based solutions exist and can be better explored to improve the transient behavior

with droop control. Also, non-linear synchronization techniques such as "virtual oscillators" are

promising. Finally, information from GPS signal or from remote PMU measurement could be

employed to improve the response of the system.

Impact of the DC regulation In the whole thesis, the DC voltage was considered as �xed.

The DC bus control impact has often been studied for grid-feeding converters but rarely for grid-

forming converters. As commented in section 2.3.2, one could fear that the DC voltage control

adversely impacts the AC stability or the way around depending of the choice of compensating

the DC voltage variation or not.
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Application to MMC devices Some stability issues of the voltage-control are linked to the

dynamics limitation of PWM-VSC with high power rates. However, at the transmission level,

the biggest converters are now built with the MMC topology. The MMC technology can change

its modulated voltage almost instantaneously. Besides, the output �lter does not require a ca-

pacitor for harmonic �ltering in grid-connected applications. Applying parallel grid-forming

requirements to MMC devices opens a whole new research area.

Large-system analysis The present study limited the simulation cases to a three-VSC system.

The developed solutions are expected to be applied on larger systems. The simulations of such

systems could be time-consuming. E�orts should be undertaken to reduce the presented models

while keeping the physical meaning of states variables.

Large-signal stability Analytical proof of the large-signal stability of droop-controlled con-

verters with current limitation strategy is missing. Especially, the addition of the TVI changes

drastically the VSC behavior depending on whether it operates in normal condition, or under

overloaded condition.

Short-circuit fault ride-through As we are convinced that short-circuits would require a

speci�c management action (including the unit disconnection and reconnection), they have not

been treated in this thesis. Some simulations of the developed controls with the TVI showed

that the current is can be limited during voltage sag, but that the frequency reference from droop

control diverges during the very low voltage. The divergence is due to the impossibility to export

the desired active power under low voltage, so that the power reference is never reached. One

ongoing solution, currently investigated, adapts the power reference with the terminal voltage

level to block the angle integration in the droop control during short-circuits.

Migrate Project To address part of the future researches, the EU has recently funded, through

the Research and Innovation programme Horizon 2020, a project focused on maximizing the

penetration of power electronics devices in the electrical grid. This project, named MIGRATE

for “Massive InteGRATion of power Electronic devices”, decomposes the expected issues in sub-

tasks. Amongst the subjects of the overall MIGRATE project, a work package speci�cally address
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a particular aspect, namely the operation of a grid with only Power Electronic (PE) devices. Re-

sponses to some of the perspectives mentioned above are de�ned as the project outputs. A sub-

stantial contribution of the Migrate project will be the validation the chosen strategies through

an experimental mock-up.
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Appendix

A.1 Electromechanical model of a synchronous generator

The analytic model of synchronous generators have been deeply detailed in the literature for

power system studies [17] [5] [173]. Main assumptions and equations are recalled here to ex-

hibit later the grid-forming functions of the synchronous generator. The following modeling

assumptions hold in all the section:

• The generator is a bipolar synchronous generator,

• The stator windings have a sinusoidal distribution,

• The magnetic saturation is neglected,

• The system is balanced, such that the homopolar components are always equal to 0,

• All the physical quantities are expressed in per-unit, except for the time constants and

frequencies.

A.1.1 The mechanical equation

The mechanical equation rules the dynamic rotation of the rotor shaft:

2H
ωn

dωr

dt
= Γm − Γe (A.1)
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Figure A.1 – Stator windings and rotor windings relative positions.

Where H is the mechanical inertia constant in per-unit, Γm the mechanical torque provided by

the primary energy sources, Γe the electromechanical torque depending on the electrical circuit

quantities and ωr is the instantaneous rotating speed of the rotor de�ned as the derivative of

the angular position θ of the rotor winding axis, relatively to the axis of the �rst phase stator

winding as represented on �g. A.1.

ωr =
dθ

dt
(A.2)

A.1.2 The electrical equations

The electrical equations are written in a rotating dq-frame attached with the rotating rotor wind-

ing axis, forming a angle θ with the axis of the �rst stator winding that respects the equation

(A.2). The stator electrical quantities are linked by:


vd =

dψd
dt −ψqωr − raid

vq =
dψq
dt +ψdωr − raiq

(A.3)

On the rotor, the three circuits of the inductor on the d-axis, and dampers on d and q-axis

respect: 
vf = rf if +

dψf
dt

0 = rDiD + dψD
dt

0 = rQiQ +
dψQ
dt

(A.4)
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The equations set is completed by the magnetic relationship coupling the �ux and the cur-

rents between the rotor and the stator:


ψd

ψf

ψD


=


ld maf maD

maf lf f mf D

maD mf D lDD


=


id

if

iD


(A.5)


ψq

ψQ

 =


lq maQ

maQ lQQ

 =

iq

iQ

 (A.6)

Where ld and lq denote the synchronous self inductances of the stator along each axis (ld = lq

if the saliency of the rotor is neglected), lii denote the self inductance of the i-winding and, mi j

the mutual inductance between the i-winding and the j-winding.

The electromechanical torque is deduced after the instantaneous expression of the active

power delivered at the stator terminal:

pe = vdid +vqiq ,

pe =

(
id
dψd
dt
+ iq

dψq

dt

)
+

(
ψdiq −ψqid

)
ωr − ra

(
i2d + i

2
q

)
.

(A.7)

In the second member of (A.7), the �rst term corresponds to the variation of the magnetic

energy stored in the magnetic circuits, the second term corresponds to the mechanical power

transformed into electrical power, and the third represents the electrical losses in the stator cir-

cuits. The electromechanical torque is then (in per-unit of Γbase = Sbase
ωn

):

Γe =
(
ψdiq −ψqid

)
ωn (A.8)

A.1.3 Steady-state representation of the synchronous generators at fixed speed

In steady-state, the electrical equations (A.3) and (A.4), and magnetic eq. (A.5) and (A.6) simplify

in :


vd = −ψqω0 − raid

vq = +ψdω0 − raiq

vf = rf if

(A.9)
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ψd = −ldid +maf if

ψq = −lqiq
(A.10)

At no load, in steady-state, eq. (A.10) and (A.9) give:


vd = 0

vq =maf ω0if

(A.11)

As seen on eq. (A.11), the voltage terminal at no load is sinusoidal of frequency ω0 and

amplitude of maf ω0if . In other words, the synchronous generator with a �xed rotation speed is

a sinusoidal voltage source with a controllable voltage amplitude in steady-state, depending on

the �eld current if . The no-load terminal voltage is called the electromotive force (emf), eemf :

eemf =maf ω0if (A.12)

With a load, the terminal voltages are then:
vd = lqω0iq − raid

vq = eemf − ldω0id − raiq
(A.13)

From (A.13) worth noting that the load current deeply a�ects the terminal voltage magnitude

in steady-state, as the reactance value is around ldω0 ≈ lqω0 = 2p.u . when ω0 is closed to the

nominal frequency ωn . Maintaining the terminal voltage in an acceptable range requires an

adaptation of the current �eld if to the load level through a slow acting voltage control.

In loaded conditions, an electromechanical torque is created, which impacts the rotor speed

by the mechanical law (A.1). To maintain a constant frequency, the mechanical power repre-

sented by the torque Γm must be adapted through a rotor speed control. The electromechanical

torque, induced by the load, can easily be derived in steady-state by representing the electrical

value in a complex phasor diagram. The vector corresponding to the e.m.f. eemf forms an angle

di�erence δ with the terminal voltage vector. This angle δ is called the internal angle. Neglecting

saliency, so that ld = lq , the steady-state couple expression is:

Γe =
EemfV

ldω0
sin(δ ) (A.14)
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Table A.1 – Typical parameters of synchronous generators with round pole in power system [5]

Parameters Value

ra 0.003 p.u.

ldωn 2 p.u.

lqωn 2 p.u.

T ′d 1.2 s

T ′′d 0.04 s

T ′q 0.6 s

T ′′q 0.04 s

T ′d0 10 s

T ′′d0 0.05 s

T ′q0 2 s

T ′′q0 0.4 s

TD 0.02 s

Where v is the terminal voltage magnitude V =
√
v2
d +v

2
q .

Before reaching the long-term steady-state, the behavior of the synchronous generator de-

pends on its electrical transient equation.

A.1.4 Transient electrical representation of the synchronous generators at fixed

speed

At �xed speed, the electrical and magnetic equations are linear and can be studied in Laplace

domain.

From equations (A.3), (A.4), (A.5), (A.6) in Laplace domain, and after some computation ef-

forts detailed in [17] [5], it comes:


ψd = −ld (s)id + д(s)vf

ψq = −lq(s)iq
(A.15)
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Where ld (s), and lq(s) are the direct and quadrature frequency varying inductances, and д(s)

the voltage gain transfer function. Using traditional parameters of synchronous generators listed

in table A.1, their expressions are:

ld (s) = ld

(
1 +T ′ds

) (
1 +T ′′d s

)(
1 +T ′d0s

) (
1 +T ′′d0s

) ,
lq(s) = lq

(
1 +T ′qs

) (
1 +T ′′q s

)(
1 +T ′q0s

) (
1 +T ′′q0s

) ,
д(s) = maf

rf

1 +TD(
1 +T ′d0s

) (
1 +T ′′d0s

) .
(A.16)

T ′d ,T ′′d ,T ′d0,T
′′
d0 are characteristic time constant related of the synchronous generators related

to its external behavior as viewed from terminal. The time constants respect:

TD < T
′′
d < T

′′
d0 < T

′
d < T

′
d0

T ′′q < T
′′
q0 < T

′
q < T

′
q0

(A.17)

And more speci�cally from table A.1:

T ′′d << T
′
d

T ′′d0 << T
′
d0

(A.18)

A.2 Impedance-based Nyquist criterion

The impedance stability criterion, �rst proposed by [157] for dc power electronic systems, re-

lates the system stability to the ratio between the source and load impedances. The interest of

the method for grid-connected grid-following inverters has been raised in [158] arguing for its

simplicity over system poles in case of high-order interconnected system. In this section, the

impedance stability criterion is adapted to voltage-controlled grid-forming converter designed

previously.

From the equation (4.50), the interconnected system is stable if and only if the ratio of the

controlled VSC output impedance Zout (s) to the rest of the system dynamics Z src (s) ful�lls the

Nyquist criterion. Applied to complex transfer functions, the Nyquist curve of the ratio Zout (jω)

to Z src (jω), must be drawn from on positive and negative frequencies.

218



A.2 Impedance-based Nyquist criterion

 

 

Zout(gffv = 1)/ZsrcmZout(gffv = 0)/Zsrcm

Im
ag
in
ar
y

Real
−70 −60 −50 −40 −30 −20 −10 0 10 20

−30

−20

−10

0

10

20

30

Figure A.2 – Nyquist diagram of the ratio Zout (jω) to Z srcm(jω) for дf f v = 0 and дf f v = 1.

Application to the stability of a grid-connected and voltage-controlled VSC As an ap-

plication example, the output impedance of the voltage-controlled VSC Zout (jω) is compared to

the minimal series impedance grid impedance Z srcm(s) de�ned previously. The Nyquist curve of

the impedances ratio is plotted on �g. A.2 for two di�erent values of the feedforward gain дf f v .

In the case where дf f v = 1, the Nyquist curve does encircle -1 (marked by the black cross),

con�rming the unstable situation. In the case whereдf f v = 0, the Nyquist curve does not encircle

-1 (marked by the black cross), leading to a stable situation.

Conclusion on the impedance-based stability criterion Although the Nyquist criterion

on output admittance of grid-feeding VSC has already been developed in [158], we showed here

that it can be extended to grid-forming VSC when applied to the equivalent output impedance.

The Nyquist criterion to the ratio of the voltage-controlled VSC to the minimal grid-impedance,

gives the same conclusion on stability than poles plot in section 4.4. The grid impedance can suc-

cessfully by replaced by a more complex impedance shape, as the output impedance of an other

grid-forming VSC as demonstrated in [165].
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Les nouvelles stratégies de contrôle d’onduleurs pour un système électrique 100% in-

terfacé par électronique de puissance

Résumé Dans un contexte de développement des énergies renouvelables et des liaisons HVDC dans les systèmes électriques,

les travaux présentés s’attachent au fonctionnement technique de tels systèmes. La génération éolienne, photovoltaïque et les

liaisons HVDC sont interfacées par dispositifs d’électronique de puissance au réseau de transport électrique. Dès lors, serait-il

envisageable d’alimenter la demande électrique uniquement via des sources électriques interfacées par des convertisseurs statiques?

Le pilotage du système électrique par électronique de puissance constitue un changement radical du fonctionnement dynamique des

réseaux. La traditionnelle stratégie de commande « grid-following » des onduleurs a montré ses limites lorsque la pénétration de

ces dispositifs devient importante. Elle doit être révisée au pro�t de stratégies dîtes « parallel grid-forming ». Dans cette thèse, les

besoins fondamentaux du système électrique sont d’abord analysés pour dé�nir les exigences de la stratégie « parallel grid-forming

», ainsi que les dé�s associés. Selon ces spéci�cations, une méthode de synchronisation de sources « grid-forming » est ensuite

proposée ainsi qu’un contrôle de tension, adapté aux limitations physiques des convertisseurs de tension PWM. La stabilité de la

solution est discutée pour di�érentes con�guration de réseau. En�n, une stratégie de limitation du courant a été spéci�quement

développée pour palier la sensibilité des VSC aux surcourants, lors d’évènements réseaux éprouvant. Les idées développées sur un

convertisseur unique sont appliquées à petits réseaux a�n de tirer des interprétations physiques à partir de simulations temporelles.

Mots-clés : Convertisseur de tension, Contrôle distribué, Réseau de transport électrique, Gestion des transitoires.

From grid-following to grid-forming: The new strategy to build 100 % power-electronics

interfaced transmission system with enhanced transient behavior

Summary In the context of renewable energy and HVDC links development in power systems, the present work concerns the

technical operations of such systems. As wind power, solar photovoltaics and HVDC links are interfaced to the transmission grid with

power-electronics, can the system be operated in the extreme case where the load is fed only through static converters? Driving a

power system only based on power electronic interfaced generation is a tremendous change of the power system paradigm that must

be clearly understood by transmission grid operators. The traditional “grid-feeding” control strategy of inverters exhibits a stability

limit when their proportion becomes too important. The inverter control strategy must be turned into a “parallel grid-forming”

strategy. This thesis �rst analyses the power system needs, proposes the requirements for “parallel grid-forming” converters and

describes the associated challenges. Accordingly, the thesis gives a method for designing a stable autonomous synchronization

controls so that grid-forming sources can operate in parallel with a good level of reliability. Then, a method is proposed to design a

voltage control for a grid-forming PWM source taking into account the limited dynamic of powerful converters. The robustness of

the solution is discussed for di�erent con�guration of the grid topology. A current limiting strategy is presented to solve the current

sensitivity issue of grid-forming converters, subject to di�erent stressing events of the transmission grid. The ideas developed on

a single converter are then applied on small grids with a limited number of converters to allow a physical interpretation on the

simulation results.

Keywords: Converters, Distributed control, Overcurrent protection, Power system dynamic stability, Power system transients,

Transmission line, Voltage control
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