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Résumé en Francais

De par le monde, 'utilisation d’énergie conventionnelle est confrontée aux problemes
d’épuisement progressif des ressources en combustibles fossiles, a une mauvaise efficacité
énergétique et une pollution environnementale importante. Ces probléemes ont conduit a
une nouvelle tendance visant a transformer localement I’énergie de sources non convention-
nelles/renouvelables en énergie électrique et 'intégrer dans un réseau de distribution élec-
trique. Parmi ces sources d’énergie conventionnelles, on peut trouver le biogaz, I’énergie
éolienne, I’énergie hydrauliques, I’énergie photovoltaiques, les piles a combustible a travers
I’hydrogene, la production combinée de chaleur, la cogénération et les moteurs Stirling. Ce
type de production d’électricité est qualifié de génération décentralisée (DG) et les sources
d’énergie sont désignées comme des ressources énergétiques distribuées (DER). Le terme
"Génération décentralisée’ (DG) a été congu pour distinguer ce concept de la génération
centralisée. Un micro-réseau est un réseau de distribution électrique actif congu pour four-
nir 1’énergie électrique a un regroupement d’habitation et/ou d’industrie de petite taille,
comme par exemple un lotissement urbain ou suburbain, une zone universitaire, un quar-
tier commergant, un site industriel, etc... Un micro-réseau doit permettre l'intégration
des DER et des consommateurs locaux. Il peut étre connecté a d’autres réseaux élec-
triques ou fonctionner en mode iloté pour garantir un niveau de fiabilité élevée. Ainsi, le
développement récent des micro-réseaux dans la distribution locale d’électricité nécessite
d’importantes études par rapport aux problématiques suivantes :

o Amélioration de l'efficacité énergétique impliquant des changements technologiques,
o Amélioration des systemes de stockage d’énergie,

o Amélioration de la fiabilité globale et de la disponibilité du réseau,

« Intégration accrue de ressources d’énergie distribuée,

o Amélioration de qualité d’énergie,

o Alimentation des lois de gestion décentralisée de 1’énergie.

Cette thése a été réalisée au "Groupe de Recherche en Electronique et Electrotechnique
de Nancy" (GREEN) de Université de lorraine - Nancy, France. Le principal objectif porte
sur 'amélioration des lois de gestion d’énergie décentralisées dans des micro-réseaux AC
ilotés. L’interconnexion des DER a un micro-réseau électrique AC s’effectue généralement
en utilisant des convertisseurs d’interface distribué (DIC), réalisé autour d’onduleurs de
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F1GURE 1 : Réponse transitoire d'un générateur synchrone.

tension (VSI) a base de composant d’électronique de puissance, associé & un module de
contrdle. La theése commence par un état de I'art des différentes lois de controle décen-
tralisées. Le principe général porte sur les fonctions de statisme de type "Droop Control"
permettant d’équilibrer la distribution de puissance entre les différentes sources reliées au
micro-réseau et les différentes charges. Ceci garanti une flexibilité élevée du systeéme et
un fonctionnement optimal. L’idée principale associée aux lois de contrdle décentralisées
s’inspire du comportement d’un générateur synchrone. Lors d’une modification du point
de fonctionnement de la source ou de la charge conduisant a une modification de la fré-
quence du réseau électrique, 'énergie stockée dans les générateurs synchrones est utilisée
pour maintenir I’équilibre entre la production et la consommation par le biais de la dé-
célération ou l'accélération de la vitesse de rotation des générateurs. La variation de la
fréquence du systeme évolue proportionnellement a l'inertie totale du systeme. La Figure
1 illustre la réponse dynamique d’un générateur synchrone lors d'une augmentation de la
puissance absorbée par la charge. L’augmentation de la charge /AP génere une diminution
de la fréquence électrique A f du réseau.

Le controleur interne de 'onduleur de tension (VSI) est congu pour assurer les meilleures
performances du systeme. L’architecture la plus généralement utilisée reste le controleur
linéaire de type PI. Dans les applications industrielles, le régulateur PI présente 'avantage
d’étre mis en oceuvre aussi bien de manieére analogique que numérique. Cependant, en
présence de fortes non linéarités, les performances en régulation sont réduites. Dans ce
cas, il est préférable de mettre en ceuvre des contrdleurs non linéaires. De nombreux
algorithmes sont présents dans la littérature. Suite a des travaux antérieurs réalisés au le
laboratoire GREEN, des contrdleurs basés sur les propriétés de platitude ont été adaptés
pour le controle d'un onduleur DC/AC avec filtre LC en sortie. Ceci formant la brique de
base du controleur des DIC dans un micro-réseau. Les avantages d’un controle basée sur
les propriétés de platitude sont :

« Lorsque le systeme est parfaitement connu, il est possible de contrdler le systeme en

ii
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FIGURE 2 : Schéma fonctionnel de la commande basée sur la platitude.

boucle ouverte. Le correcteur ne sera la que pour compenser les erreurs de modéli-
sation.

o La génération de trajectoire de référence permet de prendre en compte les contraintes
physiques du systéme. Et ceci aussi bien pour le convertisseur statique que pour la
source. Elle assure également un fonctionnement en toute sécurité notamment lors
des séquences de démarrage et transitoires.

o Les controleurs par platitude utilisent les références au lieu de mesures dans les lois
de commande. Ainsi, 'impact du bruit est limité.

o Pour un systeme plat, la linéarisation entrée-sortie n’entraine pas de zéros dyna-
miques instables.

La figure 2 présente le schéma fonctionnel de la méthode de controle par platitude a une
boucle. On peut noter que seuls les capteurs de tension sont utilisés pour la commande.
Les capteurs de courant de charge peuvent étre utilisées pour augmenter la dynamique de
régulation lors de perturbations de la charge.

Pour présenter les avantages et 'efficacité de ’approche proposée, une modélisation du
systeme et des simulations numériques ont été effectués lors de phases de démarrage et
de régimes transitoires. Des résultats expérimentaux valident I'efficacité de la commande
utilisée avec un taux de distorsion harmonique tres faible de la tension de sortie. De plus,
dans le but d’augmenter la puissance pouvant étre transférée entre la source et le réseau,
une mise en parallele de convertisseur a été réalisée. La commande utilisée pour ce DIC
est également basée sur les propriétés de platitude du systeme et garantie la répartition
des puissances entre les différents onduleurs tout en minimisant le courant de circulation
entre les convertisseurs. En effet, ceux-ci ne participent pas au transfert de puissance.
La commande proposée permet également de réduire les effets transitoires lors de la dé-
connexion d’un onduleur. La partie suivante porte sur I'amélioration des algorithmes de
type "droop'. De nombreux travaux présent dans la littérature montrent que, pour des
réseaux de nature inductif (réseau moyenne et haute tension), la chute de tension & travers
les impédances de ligne influe sur la répartition de la puissance réactive entre différents
convertisseurs. Une amélioration a donc été proposée pour assurer la répartition des puis-
sances réactives, en fonction des puissances nominales de chaque DG. Cette amélioration
est basée sur la chute de tension a travers 'impédance de ligne de chaque DG. Cette chute

1ii
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FIGURE 4 : Résultats expérimentaux : Répartition des puissances active et réactive entre
deux DGs avant et apres I'activation de 'algorithme proposé.

de tension est obtenue via la mise en place d’un estimateur d’état appliquée a I’estimation
de la tension RMS au point de connexion (PCC). La modification de I’algorithme "droop"
(Q —V Est) permet de controler la valeur de la tension au point de connexion a la tension
nominale. Aucune communication n’est ajoutée entre les différents DG. Le schéma du
controleur proposé est représenté sur la figure 3. Ce contrdleur est basé sur la définition
de deux coefficients. Le premier (K,) permet de définir la tension au point de connexion
et le second (n;) permet de prendre en compte la puissance nominale de chaque DG. Des
résultats de simulation et des résultats expérimentaux montrent l'efficacité de 1’algorithme
"droop" proposée. La figure 4 présente des résultats expérimentaux obtenu sur un systeme
avec deux générateurs. On observe que 'utilisation des algorithmes "droop" conventionnel
ne permettent pas d’équilibré les puissances réactives des générateurs. Par contre, lorsque
I'on met en ceuvre l'algorithme ) — V E'st proposé, la puissance réactive est équilibrée
entre les deux DG.

La connexion de charges non-linéaire sur le micro-réseau génere des harmoniques de
tension. La réduction de ces harmoniques a été une des thématiques de cette these. Une

v
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FIGURE 5 : Schéma du controleur harmonique droop.

modélisation a été effectuée pour représenter la génération d’harmonique. Une méthode
permettant de réduire le THD tension et d’équilibrer la puissance harmonique entre chaque
DG en fonction de leur puissance nominale a été mise au point. Le schéma du controleur
proposé pour la prise en compte des harmoniques est représenté sur la figure 5. La prise
en compte des puissances nominales pour chaque DG est considérée via le parametre b;.
L’amplitude des harmoniques de tension au point de connexion est mesurée et transmise a
chaque DG. Le taux de distorsion harmonique au point de connexion est pris en compte via
le parametre Kj,. La définition de la tension de référence est obtenue par la multiplication
de 'amplitude de la tension de chaque harmonique avec un gain positif non linéaire G
obtenu a la sortie de I'intégrateur, comme présenté a gauche de la figure 5. Pour effectuer
le dimensionnement de la valeur des différents coefficients de 1’algorithme proposé, une
étude de stabilité petit-signal a été effectuée. L’évolution des valeurs propres du systeme
linéarisé sont représenté sur la figure 5b lorsque le coefficient b; varie.

Des résultats de simulation et des résultats expérimentaux valident 'efficacité de la
méthode proposée. Les figures 6 et 7 montrent les résultats expérimentaux obtenus pour
un systeme avec deux générateurs, la charge non-linéaire étant réalisée via un redresse-
ment a diodes. La figure 6 illustre 'efficacité des algorithmes proposés pour équilibrer les
puissances réactives harmoniques fournies par les DG. Pour ces essais, seul les harmo-
niques de tension de rang 5 et 7 sont considérés. Sur cette figure est également représenté
I’évolution de la valeur d’un parametre interne défini dans I’algorithme proposé. La figure
7 montre la réduction des harmoniques de tension de rang 5 et 7. En effet, 'amplitude de
I’harmonique 5 passe de 1,85% a 0,6%, et 'amplitude de I'harmonique 7 passe de 1,37%
a 0,34%. La THD global de la tension est ainsi réduit puisqu’il passe de 2.88% a 1.88%.

De par sa construction, l'utilisation des algorithmes "droop" classiques ne permettent
pas de garantir la valeur de la fréquence et 'amplitude de la tension aux points de
connexion a leur valeur nominale. Des boucles de restaurations doivent étre ajoutées
pour rétablir la fréquence et 'amplitude de la tension a leurs valeurs nominales. Dans les
cas habituels, un systéme de communication est mis en place a cet effet. Des algorithmes
supplémentaires sont nécessaires et la dynamique de ces boucles secondaires doit étre prise
en considération pour assurer la stabilité du systeme. Dans cette theése, de nouveaux algo-
rithmes de type "angle droop" sont proposés pour la gestion décentralisée d’énergie dans
les micro-réseaux AC ilotés. La figure 8 propose une représentation du réseau considéré



FIGURE 6 : Résultats expérimentaux : puissances réactives harmoniques de rang 5 et 7

FIGURE 7 : Résultats expérimentaux : Tensions composés aux bornes du PCC avec ana-
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FIGURE 8 : Micro-réseaux avec schéma ensemble Angle s’affaisser controle proposé.

ainsi qu’une représentation schématique de ce nouveau controller. Par rapport au "droop"
conventionnel, le contréleur de type "angle droop" garanti la valeur de la fréquence du
réseau, quel que soit le point de fonctionnement et une chute de tension limité au point
de connexion. La boucle de restauration n’est donc plus nécessaire.

Cet algorithme nécessite 1'utilisation de systéeme permettant de mesurer la tension et
la phase au point de connexion et transmettre ces valeurs a tous les DG. De plus, la
synchronisation de tous les DG est réalisée a 1’aide d’un signal GPS. Pour cela, un systéme
de mesure de déphasage et d’amplitude de tension est nécessaire (1PMU : micro phasor
measurement unit), une nouvelle technologie de mesure prometteuse pour le micro-réseaux
AC, permet d’utiliser un signal de rétroaction par rapport a la phase et 'amplitude de
la tension au point de connexion. Le schéma du contrdleur est présent sur la figure 8. La
prise en compte des puissances nominales pour chaque DG est considérée via le parametre
m; et n;. Les signaux transmis par le ptPMU sont comparés avec les valeurs nominales
et introduit dans le controleur via les coefficients K, et K,.. Un intégrateur est ajouté en
sortie pour garantir une erreur nulle en régime permanent.

Le dimensionnement des parametres du contrdle "angle droop" est réalisé grace a une
étude de stabilité petit signal. L’évolution des valeurs du systeme complet sont représen-
tées sur la figure 9 lorsque les coefficients du controleur varient. Des résultats de simulation
et des résultats expérimentaux valident 'efficacité de la méthode proposée ainsi que le di-
mensionnement des parametres. La figure ci-dessous montre des résultats expérimentaux.
Sur la figure 10a est représenté le partage de puissance active et réactive. Comme repré-
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FIGURE 9 : Lieu des poles pour différentes valeurs des coefficients du contrdoleur "angle
droop" proposé.

senté sur la figure, la méthode proposée permet d’équilibrer le partage des puissances a
travers les différents DG. Les figures 10b et 10c représentent les formes d’onde de tension
et de courant les deux DIC.

Les charges précédemment utilisées étaient constituées exclusivement de charges pas-
sives linéaires et non linéaires. Cependant, de plus en plus de charge contrdlées sont
utilisées. Ces charges absorbent généralement une puissance constante. Associé a leur
filtres d’entrées permettant de réduire les ondulations, les interactions dynamiques avec
les générateurs peuvent engendrer des comportements instables conduisant a des oscil-
lations de grandes amplitudes pouvant conduire a la destruction de plusieurs éléments
du réseau. Pour pouvoir garantir la stabilité du réseau quelles que soit les perturbations
extérieures, une étude de stabilité doit étre réalisée. Dans de nombreux travaux présents
dans la littérature, I’analyse de stabilité est réalisée via une approche petit-signal, obte-
nue par linéarisation du systeme autour d’un point de fonctionnement. Cette approche
considere de tres faible variation autour d’'un point de fonctionnement. Elle ne permet
pas de garantir le comportement lors de grande variations de la charge ou de la source.
Pour une analyse complete, I'utilisation de méthode d’analyse large signal est nécessaire.
Dans cette these, I'impact de l'intégration massive des charges a puissance constante est
considéré via une étude de stabilité. Une étude de sensibilité associée a une analyse petit

viil
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signal a permis de montrer que la dynamique du droop peut étre négligé par rapport a la
dynamique de la boucle de contrdle interne. Dans ce cadre, un modele simplifié a pu étre
défini pour appréhender I'impact de la variation des différentes charges. Ce modele sim-
plifié a été représenté par un multi-modele de type Tagaki-Sugeno. Cette représentation
génere 2k modele linéaires associés via des fonction d’appartenances, avec k le nombre de
non linéarités dans le modele. L’utilisation d’une fonction de Lyapunov et sa condition de
convergence associée permet de définir des inéquations matricielles linéaires. L’existence
de solution garanti la stabilité large signal du systeme. Une estimation du bassin d’attrac-
tion est définie en fonction de I’amplitude des non-linéarités autour d’un point d’équilibre.
Ce bassin d’attraction permet de garantir que pour toutes perturbation a l'intérieur du
bassin, le systéme reviendra sur le point d’équilibre initial. Ces outils ont été appliqués
pour notre micro-réseau comportant deux DG et plusieurs charges de nature différentes.
On a considéré des charges résistives, des charges absorbant un courant constant et des
charges absorbant une puissance constante. Le tracé de I'estimation d’un bassin d’attrac-
tion dans le cas ou uniquement la charge résistive varie est présenté sur la figure 11. Cette
figure montre que lorsque la puissance absorbée par la charge résistive diminue, le bassin
d’attraction estimé est également réduit. Ceci montre que le délestage massif de charges
résistives peut conduire a un comportement instable d’un réseau comportant des charges
a puissance constante. De plus, 'impact de 'utilisation d’inductance virtuelle dans les al-
gorithmes droop a également été analysé. Ces éléments virtuels permettent de répartir les
puissances proportionnellement entre les différentes sources. Sur la figure 12 est tracé le
bassin d’attraction estimé pour différentes valeurs de 'inductance virtuel. Celle-ci montre
I'impact négatif de 'inductance virtuelle sur la stabilité du réseau électrique possédant
des charges a puissance constante.
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Abstract

This thesis deals with islanded AC microgrid that allows any integration of Distributed
Energy Resources (DERs) that may provide their existing supply energy in a controlled
manner to insure overall system functioning. The interconnection of a DER to a micro-
grid is done usually by using a Distributed Interface Converter (DIC), a general power
electronics interface block, which consists of a source input converter module, a Voltage
Source Inverter module (VSI), an output interface module, and the controller module.
The thesis realizes several control laws based on decentralized methods. The major focus
is on the Droop functions that are responsible for providing a power distribution balance
between different Energy Resources connected to a microgrid. The aim is to insure sys-
tem stability and better dynamic performance when sharing the power between different
DGs as function to their nominal power. Developing a closed loop stability analysis is
useful for studying system dynamics in order to obtain a desired transient response that
allows identifying the proper loop control parameters. Power Quality enhancement in
microgrids is also a purpose of this research. The reduction of harmonic distortions of
the output voltage when supplying linear and non-linear loads are taken in consideration
in this thesis. Further aspects will be studied about how to deal with constant power
loads connected to the grid and the large perturbations exerted. This results to further
research studies that deal with large-signal stability of microgrids.

Keywords: AC Microgrid, Distributed Interface Converter (DIC), Decentralized control,
Droop method, Power Quality, Total Harmonic Distortion (THD), System stability.
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GENERAL INTRODUCTION

Around the world, conventional power system is facing the problems of gradual depletion
of fossil fuel resources, poor energy efficiency and environmental pollution. These prob-
lems have led to a new trend of generating power locally at distribution voltage level by
using non-conventional /renewable energy sources like natural gas, biogas, wind power, so-
lar photovoltaic cells, fuel cells, combined heat and power (CHP) systems, microturbines,
and Stirling engines and their integration into the utility distribution network. This type
of power generation is termed as distributed generation (DG) and the energy sources are
termed as distributed energy resources (DERs). The term ‘Distributed Generation’ has
been devised to distinguish this concept of generation from centralized conventional gen-
eration. The distribution network becomes active with the integration of DG and hence
is termed as active distribution network. Microgrids, an active distribution networks,
are designed to supply power for its local area, such as a housing estate or a suburban
locality, or an academic or public areas such as university or school, a commercial area,
an industrial site. A microgrid can offer integration of DERs with local loads, which can
operate in parallel with the grid or in an islanded mode to provide a customized level
of high reliability and resistance to grid disturbances. Thus, the recent advantages of
using microgrids in electricity production have open the door for urgent studies of this
microgrids that are helpful to fulfill the maximization of the following issues:

1. Efficiency and demand trends involving technological changes.
2. Advanced energy storage systems.

3. Improving reliability of the system.

4. Increased integration of Distributed Generation Resources.

5. Power quality and system reliability.

6. Decentralized Power Management.

This PhD has been conducted in the “Groupe de Recherche en Electronique et Electrotech-
nique de Nancy” (GREEN) laboratory, part of Université de lorraine, Nancy, FRANCE.
The main objective of this thesis is to solve problems and find improvements related
to the control and power management of distributed generation (DG) systems based on
microgrid application. The thesis deals with islanded AC microgrid which allows any in-
tegration of Distributed Energy Resources (DERs) that may provide their existing supply



GENERAL INTRODUCTION

energy in a controlled manner to insure overall system functioning. The interconnec-
tion of a DER to a microgrid is done usually by using a Distributed Interface Converter
(DIC), a general power electronics interface block that constitutes of a source input con-
verter module, a Voltage Source Inverter module (VSI), an output interface module, and
the controller module. The thesis start a review of several control laws based on decen-
tralized methods. The major focus is on the Droop functions that are responsible for
providing a power distribution balance between different Energy Resources connected to
a microgrid. Then, the Flatness-based method is realized by modeling and developing the
control law for DC/AC inverter with output LC filter which is applicable for other DICs
in a microgrid. Furthermore, the Flatness-based control (FBC) is implemented on paral-
lel inverters system. The proposed control allows equal current sharing between parallel
inverters with minimized circulating current. The droop control methods implemented
through out this thesis aim to insure system stability and dynamic performance when
sharing the power between different DGs as function to their nominal power. Developing
a closed loop stability analysis can be useful for studying system dynamics in order to
obtain a desired transient response that allows identifying the proper loop control pa-
rameters. Power Quality enhancement in microgrids is also a purpose of this research.
The reduction of harmonic distortions of the output voltage when supplying linear and
non-linear loads are taken into consideration in this thesis. Another target to be achieved,
is the accuracy in power sharing when using several Droop Control laws. Off course, the
power sharing accuracy is affected by mismatch in power lines and configurations. Fur-
ther aspects will be studied about how to deal with the interaction of tightly regulated
power converter loads, especially the constant power load, connected to the grid and the
large perturbations they will exert. This gives rise to further research studies that deal
with small-signal and large-signal stability analysis of microgrids before ending up with a
general conclusion of the overall work and the future perspectives to follow after.



Chapter 1

STATE OF THE ART - POWER
SHARING WITH INTERFACED
CONVERTERS IN A MICROGRID

1.1 Introduction

Nowadays, Electricity Networks are in the era of major transition from stable passive
distributed networks with unidirectional electricity transportation to active distributed
networks with bidirectional electricity transportation. Distributed networks without Dis-
tributed Generators (DGs) are expected to be passive. Whereas, integration of different
DG units to a distributed system leads to bidirectional flow of Power between source
thus forming an active distributed network. Microgrids are small-scale Low Voltage (LV)
active distributed networks that are produced from localized grouping of Distributed En-
ergy Resources (DERs) and loads that normally operate connected and synchronized to
the traditional centralized grid (main utility grid) or can disconnect and function alone as
physical and/or economic conditions dictate. The supply sources may include reciprocat-
ing engine generator sets, microturbines, fuel cells, photovoltaic and other small-scale re-
newable generators, storage devices, and controllable end-use loads. All controlled sources
and sinks are interconnected in a manner that enable devices to perform the microgrid
control functions unnecessary for traditional DER. From operational point of view, many
resources must be equipped with Distributed Generation Interfaced Converters (DICs)
and controls to provide the required flexibility to ensure operation as a single aggregated
system and to maintain the specified power quality and energy output.

To ensure the flexibility of the system, optimal operation, energy management and
seamless transfer from one operational mode to another, microgrids require wide range
of control. This control can be achieved by the Interfaced Converter Local Controllers
(LCs) and a Central Controller (CC). This chapter focuses in the Local Control of those
Interfaced converters. What are their main functions? How they coordinate with each
other’s?
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1.2 Local Control of parallel Interfaced Converters in a
Microgrid

In autonomous microgrid, usually a converter is integrated with a DC power source that
represents a photovoltaic sources, energy storage systems, small wind generator, and
others, a full bridge and LC filter [3], [4]. The full bridge converter, more specifically a
Voltage Source Inverter (VSI), produces an AC output voltage from a DC source. This
conversion is resulted from a fully controllable semiconductor power switches. The output
LC filter is there to filter out undesired switching frequency components from the output
current spectrum [5].

In the design point of view, the Local Control in microgrid aims to autonomously share
the power between different Distributed Generators, they can independently control the
active and the reactive power produced by the Interfaced Converters and to provide a
control of its output voltage to ensure the overall stability and reliability of the micro-
grid. In this sense, the converter local controller will be addressed in details, and the
several research studies applied recently are introduced here. The Local control can be
decomposed into two different parts:

1) A Power Controller, that is responsible for setting a voltage magnitude and fre-
quency (and hence phase angle) reference for the inverter output voltage according
to certain characteristics to set the real and reactive powers.

2) An Inner Controller, which is designed to track the voltage reference and to reject
high frequency disturbances.

Figure 1.1 shows a complete configuration of an Interfaced Converter with control blocks
representing the Power Controller and Inverter Inner Control loop. Parallel Interfaced
Converters have been locally controlled so as to deliver the desired power to the microgrid
system. In this case, only local signals are used as feedback to control converters. In real
microgrid, this topology is more practical since the distance between the converters would
make communication difficult. Nowadays, all advanced Interfaced Converters are based
on what is called “Plug and Play” feature that describes this matter. From Fig. 1.1, the
local signals are identified by the line current i; and capacitor voltage V.

1.2.1 Inner Controller: Flatness based Control

The Inner Controller of the VSI is designed to ensure better performance of the converter.
So far, the most used technique stays the PI controller. In industrial applications, the
PI controller is very well known and it presents advantages of being implemented both
analogically or numerically [6, 7, 8, 9]. However, in the presence of strong nonlinear
effects, their performance is below. Several interested applications have been reported in
the control community, with the nonlinear theories being more attracted.

Following some previous work on the subject in the GREEN laboratory [10, 1, 11],
it has been chosen to use the flatness property of the power converter to design their
control. Indeed, the differential flatness theory has been proved to be very interesting
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Figure 1.1: Interfaced Converter Control Block Diagram.

when applied on power converter control. In [1], the flatness-based control strategy is
proposed for a three-phase inverter with an output LC filter. A comparison with two
other control methods (PI, Feedback Linearization control-FL) shows that the proposed
control allows obtaining a lowest voltage total harmonic distortion (THD), high dynamic
performances, safety start up, and good robustness against parameter variations.

The concept of the flat system was introduced by Fliess et al. [12] using the formalism of
differential algebra. In differential algebra, a system is considered to be differentially flat
if a set of variables (flat output components) can be found such that all state variables
and input components can be determined from these output components without any
integration [12, 13]. More precisely, if the system has a state vector x € " and the input
vector u € R™(n and m are two integers), then the system is considered to be differentially
flat if and only if there exist an output y € R™, of dimension m, that can be found of the
form

y=o(z,u,i, -, ub)
r= o9, ,y") (1.1)
U = w(y7y7 73/(T+1))

with rank(p)=n, rank(¢))=m, and rank(¢)=m. Where, | and r are the finite derivatives
of input variable u and output y respectively.

One major property of differential flatness is that, due to (1.1), the state and the input
variables can be directly expressed, without integrating any differential equation, in terms
of the flat output and a finite number of its derivatives. Then, by imposing an adapted
trajectory on the flat output, it can be guaranteed to control every variables of the system
both in steady-state and during transients. Details on trajectory planning can be found
n [14, 15]. For simplicity, it has been chosen to use a second order filter to generate
the flat output reference trajectories. It allows to easily ensure the continuity conditions
for the flat output and its first derivative. Advantages of the flatness-based control are
underlined in [14]. Among them, some can be underlined:
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o If the system is perfectly known, it offers possibility to control the system in open-
loop. Regulation will only be there to compensate modeling errors.

o The use of feasible trajectory generation ensures every physical constraint respected
at any time. It also ensures safe functioning especially during starting-sequences
and transients.

o Flatness-based controllers use references instead of measurements in the command
laws. Then, impact of the noise is limited.

o For flat systems, input-output linearization does not lead to any unstable dynamic
Zeroes.

Figure 1.2 shows the functional diagram of the one-loop Flatness based control method. It
can be noted that the measure of the inductive filter currents is not useful to implement the
control law. Only the capacitor voltage sensors are used for generating equations, while
the load current sensors could be useful for increasing dynamics of Flatness Controller as
regard to load perturbation. More details about the controller are introduced precisely in
Chapter 2.
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Figure 1.2: Flatness Control Functional Diagram.

1.2.2 Decentralized Power Controller

Usually, the external power control loop is based on Frequency Droop Control [16, 17,
18, 19, 20, 21, 22], also called autonomous or decentralized control. Its purpose is to
share active and reactive power among Distributed Generator (DG) units using their
local measurments to improve the system performance and reliability. The main idea
behind Droop Control for DG Interfaced Converters (DICs) is taken from the behavior
of synchronous generator. After the event leading to frequency deviation, a load power
increase for example, the rotational energy stored in large synchronous machines is utilized
to keep the balance between production and consumption through deceleration of the
rotors. The system frequency will decrease at a rate mainly determined by the total inertia
of the system. Fig. 1.3 shows the dynamic and static droop response of a synchronous
generator describing this event. In this context, Droop control is proposed among DIC
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Figure 1.3: Synchronous Generator transient response.

modules to share the power autonomously to increase system performance. In this way,
the frequency and amplitude of the output voltage must be fine-tuned in the control loop
to obtain a desired power sharing.

1.2.2.1 Power Delivered to a Voltage Source

Figure 1.4 illustrates a voltage source which describes a distributed generator delivering
power to the common bus modeled by a voltage source vy = V£ —dg through an impedance
Z;/60;. Where V; and Vj is the rms-value of the voltage sources. and Z; is the impedance
module. Since the current flowing through the terminal is written as

I 7 M VA

I ) (1.2)
voa V,00

l >  — | l

| 70 | 1
[ 7 |

DG @) v, - @y,
S=P+ jQ
/77 /77

Figure 1.4: Distributed Generator Delivering power to infinite bus through impedance Z;.

The real and reactive power delivered by the source to the common bus terminal via
the impedance can be obtained by
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P _ (‘/;% COS(Si_‘/()> C089i+‘/;Z‘/()Sin6iSin0i

Z; Z; i
. 2 g
Q = (VlZ‘f} cos 0; — 2) sin 0; — VZZ‘:O sin 9; cos 0; (1.3)

where ¢; is the phase difference between the supply and the terminal, often called the
power angle. This demonstration reflects the situation when a distributed generator is
connected in a microgrid via a feeder line to an infinite bus of terminal voltage vy.

1.2.2.2 Conventional Droop Control

As shown in Fig. 1.4, the voltage-controlled inverter is modeled as an ideal voltage source
v; in series with a line impedance Z;/6;. For different types of line impedances, different
droop control strategies can be obtained.

For purely Resistive Line impedance:

When the line impedance is purely resistive, §; = 0°. Then

: 2
P = VZZ‘? cos §; — ‘;Oi
Q = — ViZVO sin 0; (1.4)

i

When ¢; is small,

~
2
|
|
|

QO
l
I
&
—~
—_
(S
~—

and roughly,

P~Vand@Q ~ -9

where ~ means in proportion to. Hence, the conventional droop control strategy takes
the form

Vi = Vo—nb
Wy, + m;Q; (1.6)

Wy

This strategy, consisting of () —w and P — V droop [23, 24, 25], is illustrated in Fig.
1.5(a).
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Figure 1.5: Droop Control Strategies.
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For purely Inductive Line impedance:

When the line impedance is inductive, #; = 90°. Then

ViVo Ve

Q = 7 cos §; — A (1.7)

When ¢ is small,

and roughly,

P~dandQ ~V

As a result, the conventional droop control strategy for inverters with inductive line
impedance takes the form:

w; = wy, —mb; (1.9)

This strategy, consisting of the @@ — V and P — w droop, is illustrated in Fig. 1.5(b).

To implement the Droop method, equation (1.9) is used, to generate a reference voltage
based on the measured active and reactive power that are averaged and evaluated at
fundamental frequency. This operation can be done by means of low-pass filters with a
reduced bandwidth.

In electrical power transmission systems, the line impedance is mainly inductive (6; =~
90°), this is the reason why it is adopted to use P — w and @ — V slopes. Hence, the
interfaced converter can inject desired active and reactive power to the grid, regulating
the output voltage and responding to some linear load changes. Fig. 1.6 describes the
Droop controller for one interfaced Converter where a similar structure is also used for
others in a Microgrid.

1.2.2.3 Droop Control limitations

Droop Control methods are based on local measurements of the network state variables
which make converters truly distributed. Such approach has desirable features such as
high expandability, modularity and flexibility of the system as well as easy implementation
without communication. However, the Droop Control has some limitations including:

10
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1. Frequency and Amplitude deviations: In Islanding mode, the voltage and frequency
of the microgrid are load dependent. High droop gains (i.e.: steeper droop) ensure
better load sharing. However, they result in large frequency and voltage deviations
and can deteriorate the stability of the microgrid. An inherent tradeoff between the
frequency and voltage regulation and power sharing accuracy exists. In practice,
these deviations are acceptable if for instance, they are less 2% in frequency and 5%
in amplitude.

2. Slow dynamic response: the dynamic response depends mainly on the droop param-
eters and the cutoff frequency of the low-pass filter, which should be carefully chosen
in order not to interact with the inner control. On the other hand, the limitation
of the droop parameter values will result in power variation, therefore the system
dynamics response is not optimized and slow transient response may arise.

3. Power Sharing is affected by physical parameters of the network: The line impedances
between the paralleled interfaced converters affect the power sharing performance.
If the line impedance is mixed resistive and inductive, then the active and reactive
power will be strongly coupled. When the line impedance mismatches between in-
verters and the common bus exist, there is possibility of circulating current among
inverters.

4. Poor Harmonic sharing: The original droop control is designed only to share fun-
damental positive sequence component of the load power. The harmonic power
sharing is not taken into account in the case of nonlinear load, which leads to har-
monic circulating currents and poor power quality.

11
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5. Fluctuant and Changeable Output Power of DGs: Another drawback of the original
droop method appears in the poor performance with renewable energy resources
because the output active power of micro-source is usually fluctuant and changeable.

1.3 Droop Control improvements and different structures

The Droop method has increasing widespread attention with the intensive study of micro-
grid decentralized control. The importance of the Droop control in microgrids led many
researchers to work toward enhancing it and introducing different solutions to overcome
all the mentioned limitations. These improved Droop methods fall into three categories:
1) Modified Droop Structure; 2) Virtual structure Droop; 3) Compensated Droop Control.

1.3.1 Modified Droop Structure

1.3.1.1 Complex Line Impedance-Based Droop Method

The impact of considering a complex line impedance can be solved by using the conven-
tional droop method. In, [26], the authors propose a controller that can simplify and
couple the active and reactive power relationships. Thus, the modified droop control
method will be more convenient when the line resistance is similar to the reactance value
(i.e. R; =~ X;) in Medium Voltage (MV) microgrids. In this case, the droop functions can
be expressed as

{w_ Wy —mp.(P — Q) (1.10)

V= V,—ng(P+Q)

The idea behind this control is that for a microgrid with complex line impedance, the
active and reactive power both affect the voltage magnitude and frequency. The proposed
droop control loop design is shown in Fig. 1.7. The controller can simplify the couple
effect between active and reactive powers, offer good dynamic performance. However, it
is more convenient only in particular cases when impedance resistance and inductance
parts are similar.

1.3.1.2 Angle Droop Control

In further investigation of the droop concept, some researchers have proposed power-angle
droop control, in which the voltage angle of each interfaced converter is set relative to a
common timing reference [27, 28, 29]. Unlike the conventional P — f and @ — V' droop
control that indirectly control the angle by varying the frequency of the grid, the P — §
and @Q — V droop control directly drops the voltage magnitude and angle as:

6i - 5i7rated — my; (Pz - Piirated)
‘/i ‘/iirated -y (Qz - Qiirated> (111>

12
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Figure 1.7: Droop Control for complex line impedance.

where 0; rated and V; 1ateq are, respectively, the rated voltage angle and magnitude of DG;.
P; ratea and @Q; rateq are the rated real and reactive power levels for DG;. The coefficients
m; and n; are selected to set the voltage angle and magnitude drop. These coefficients
are chosen for different DGs to share the load in proportion to their rating at a desired
drop ratio, i.e., m; = AJ/P; tatea and n; = AV/Q; rated-

The angle droop is able to provide a load sharing among the DGs without a significant
steady-state drop in system frequency and it has advantage as the maximum frequency
variation restricts the choice of droop gain in case of conventional frequency droop. More-
over, no communication is needed between DGs, but only a time signal is needed to ensure
the local control boards are synchronized to each other. Some authors suggest a controller
area network bus or even a signal from global positioning system (GPS) to synchronize
DGs. Similar to frequency droop, the error in proportional power sharing is due to line
impedance mismatches. High droop gains will play a dominant role in alleviating power
sharing error as presented in [29]. However, high droop gains have a negative impact on
the overall stability of the system.

1.3.2 Virtual Structure Droop

1.3.2.1 Virtual Output Impedance Loop

In order to avoid the active and reactive power coupling (resistive-inductive lines), a
typical and popular approach is based on virtual output impedance method [30, 31, 32,
33, 26]. This control method is implemented by including a fast control loop in the droop
method, as shown in Fig. 1.8. As a result, the modified voltage reference can be expressed
as

Vier = V2 — Zy(5).ig (1.12)
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where Z,(s) is the virtual output impedance, Vi is the reference voltage given by the
droop and V,.; is the modified reference voltage.

C ref
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Figure 1.8: Droop Control overall scheme with virtual output impedance.

In general, the virtual impedance is used by emulating an inductive behavior to fix the
output impedance of the inverter. The main objective is to insure an inductive line to
allow active/reactive power decoupling and to validate the power flow equations used in
droop control (1.9).

This can be achieved by drooping the output voltage proportionally to the derivative
of the output current with respect to time, i.e. Z,(s) = sL,. However, differentiation
can amplify high frequency noise, which may destabilize the DG inner control scheme,
especially during transients. This issue can be overcome by adding a low-pass filter to the
measured output current [31].

VC* :V;ef—SL

Us—{—wCZL (1.13)

If the virtual impedance Z,(s) is properly adjusted, it can prevent occurrence of current
spikes when the DG is initially connected to the microgrid. Recently, the virtual output
impedance method is used for harmonic current sharing [34, 35, 36]. In a microgrid with
intensive use of nonlinear loads, an inaccurate sharing of harmonic power can lead to DG
over capacity. Furthermore, harmonics can cause overheating, increased losses, distorted
current and voltage waveforms, etc. To realize a better reactive power and harmonic power
sharing, He et al. [37] proposed an enhanced control method using virtual impedance for
fundamental and selective harmonic frequencies. The proposed overall scheme of the
droop control with enhanced virtual impedance is shown in Fig. 1.9. While effective in
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preventing the power coupling, this approach may increase the reactive power control and
sharing error due to the increased voltage drops.
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Figure 1.9: Droop Control with enhanced virtual impedance.

1.3.2.2 Virtual Power method

Another way of virtual structure is the virtual power transformation method presented in
[20], [38, 39, 40, 41], which could decouple the power flows by rotating the power vectors
with the impedance angle. In this case, both the line reactance X and resistance R need
to be considered. Using equation (1.3), the real and reactive power can be rewritten as

P | | sin®; cosb; VZTYO sin dg (1.14)
Q| | —cosb; sinb; Y0 cos 6y — ‘%oj :
If we define the virtual power P and Q" as
P’ % sin (50
Q| | Yo cosd, — i (1.15)
Zi 0 Zi
Then
P’ sinf); —cosb; P
[ Q' ] N [ cosf; sinb; ] [ Q ] (1.16)

Hence, for a small 9y,
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Vivo . ViVo

P = 7 sin §p ~ 7 o
. 2 -
Q' VZZ% cos 0y — ‘;0. = Vi Z'VOVO (1.17)

which means that P’ and @’ can be controlled by controlling dp and V; respectively. What
is important is that a transformation involving the impedance angle #; should be applied
to calculate the real power P and reactive power Q).

The virtual active and reactive power is respectively related to the frequency and voltage
amplitude without coupling each other. The Droop control is adopted in the virtual frame
to ensure the virtual power is shared properly. The virtual active and reactive power (P’
and ') are obtained by using an orthogonal transformation matrix 7" to rotate the active
and reactive power vectors by the impedance angle as expressed in (1.16).

However, one problem with the virtual power method exist when the frame transforma-
tion angle is different between DGs and a power sharing error will appear. If the rotation
angle is set to be a unified value, the relationship between the actual power P and () and
virtual power P’and @’ will have nothing to do with the impedance angle of transmission
line and thus will be identical for parallel inverters. Therefore, as long as the virtual power
are shared, both the actual active power and the actual reactive power will be accurately
shared despite the difference of line impedance [41]. The overall block diagram of the
virtual power droop is shown in Fig. 1.10.
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Figure 1.10: Virtual Power Droop Control Block diagram.

1.3.3 Compensated Droop Control

1.3.3.1 Additional Control loop based Droop methods

In order to improve the dynamic performances of inverters in DG system, a “wireless
controller” is proposed in [42], where power derivative-integral terms are added to the
conventional droop to improve transient response. Fig. 1.12 shows the proposed droop
for this case.
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Figure 1.11: Additional control loop Droop Controller.
t P
o = —m/PdT—mpP—md
dt
d
E = E*—nQQ—nddCf (1.18)

In a relatively small ac microgrid, large load changes can be expected. Then an adap-
tive derivative term is used to add damping and to avoid large start-up transients and
circulating currents [43, 44], as

dP
w = w*—i_KP(P_Pref)—i_KPdE
* Q)

V = V*+Kg (Q—Qref)JrKQdE (1.19)

Additionally, there are some other solutions to improve dynamic response of the droop
control: droop based on coupling filter parameters [45], Additional Virtual inertia Droop
[46]. In order to comprise a decoupled and accurate power sharing, other authors introduce
estimator loop in addition to the use of virtual inductor at the Interfacing Converter
output. An estimation of the impedance voltage drop to the reactive power ratio [47]
or the grid parameters [48] (in case of grid connected and islanded microgrid) can be
substituted in the droop control to improve the reactive power sharing.

1.3.3.2 Adaptive Voltage Droop

Recently, in [49], researchers propose an adaptive voltage droop scheme for voltage con-
verters in an islanded microgrid. In this scheme, the voltage droop coefficient is defined
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as a function of respective VSI active and reactive power outputs. Thus, each VSI voltage
reference is adaptively drooped as a non-linear function of its active and reactive power
outputs. In this case, two terms are added to the conventional () — V' droop. One term
is used to compensate the voltage drop across transmission line by the elimination of the
connecting impedance between each VSI and the common voltage point. The other term
is added to improve the reactive power sharing under heavy load conditions and hold
the system stability. To demonstrate this control technique, two DG-system with generic
output impedances is shown in Fig. 1.12. The voltage of a single DG can be derived as

P,Q, V.Za, V,£0

Load

Figure 1.12: Two DG-system.

Vi=E; — DiQi — — — (1.20)

The two later terms represent the voltage drop on the internal line impedance. Thus, to
improve the voltage regulation at the load buses, the conventional voltage droop equation
can be modified the voltage drop on the connecting impedances as

i P x;Q;
B B )

E, =E’ — DgQ; + ( (1.21)

Since the reactive power control cannot operate independently of the real power and
system parameters and to meet control objective, that is reduction of the reactive power
control dependence on real power control and system parameters, a novel reactive power
sharing scheme is proposed as

rib | wiQ
E, = E—D;(P,Q;
Di(P;,Q;) = Dgi+mqgQ; +mp; P} (1.22)

where Dg;, mq; and mp; are the droop coefficients. The three terms can minimize the
negative impacts of the real power and the system parameters on the reactive power
control, as well as improving the system stability and reactive power sharing under heavy
loading conditions. However, this method requires a good knowledge of the power line
parameters [49]. Small errors may result in a positive feedback, and thus may cause
system instability:.
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1.3.3.3 Q-Vdot Droop Control method

This Control law develops a dynamic relation between the reactive power ) and the rate
of change of the DG output voltage (V) [50, 51, 52]. The proposed @ — V' can avoid the
coupling dependence between the reactive power flow and the line impedance by placing
the droop relationship V on rather than V. The rate of change of voltage V will drive the
voltage V' continuously until the desired reactive power () flows through the line, and its
performance will be less dependent on the line impedances. The Q — V droop controller
is expressed as

Vz’ = Vm — Ny (Qm - Qz)
VEo= vm.+/vid7 (1.23)

t

where n; is the droop coefficient, Vm is the nominal value of VZ which is set to 0 V/sec,
and Q,; is the reactive power set point at the nominal V;, which is related to the reactive
power capacity of DG. Also, V,,; is the nominal phase voltage magnitude and V is the
output voltage magnitude command. A restoration mechanism is also proposed to bring
V to zero at steady state and to maintain a constant level voltage. The restoration of V;
is designed as

CZanz Kres QR;U ( [ ‘/;) (124)

The control diagram of Q —V droop and the DG block diagram are shown in Fig. 1.13.
In the Q — V control strategy, the error in reactive power sharing can be reduced but not
eliminated due to its sensitivity to computational errors. Secondly, the restoration loop
that tries to restore the voltage depends on the initial state of the integrator which would
lead to system instability.

1.3.3.4 Common Variable-Based Control Method

It is well addressed that the voltage is not a global variable in a microgrid contrary to the
frequency. Thus the reactive power, which is related to the Voltage, is difficult to share
between parallel inverters and may result in circulating reactive current. Some researchers
have proposed an adjustable reactive power sharing method by adding a common vari-
able in the Q — V' droop, where an integral controller is used to regulate the common
bus voltage (Vpce) around the nominal value [53, 25, 54]. Thus, the controller can be
independent from the voltage drop across mismatched line impedances and robust against
grid perturbations. The voltage drop can be written as:

and the voltage E; can be implemented via integrating AF;, as

_ / AEdt (1.26)
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In order to make sure that the load voltage remains in a certain range, the load voltage
drop E* — Vpcoce needs to be fed back in a certain way. It can be added to AFE; as

E = / (K. (E* — Vpee) — niQy) dt (1.27)

In steady state, the input of the integrator is zero, hence:

Ke (E* — Vpcc) = lez (128)

K. (E* — Vpee) is the same for all DGs, if K, is the same, thus an accurate reactive power
sharing can be achieved, which is no longer depend on the line impedance and immune
from system parameter variations.

In summary, the PCC rms-voltage (Vpce) is measured and compared to the rated value
E*. The difference will be integrated to reach static error equal to zero. However, the
main drawback is that the common bus voltage should be measured all the way between
converters to enhance the reactive power sharing.

1.3.3.5 Hierarchical Droop Control method

Conventional droop control cannot ensure a constant voltage and frequency, neither an
exact power sharing. But an advantage of the control can avoid communication among
the DGs. For developing a flexible microgrid, it is necessary to distribute the control
tasks over levels. The later decouples the power flows and develop a restoration system
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for frequency and voltage, reactive power compensation, mode transfer, power settings
[55, 56, 57, 58]. Functionally, the microgrid operate within three control hierarchical
levels:

e Primary Control: P/@Q Droop Control
The primary control is based on classical droop control to allow the connection
of different sources in parallel and to share the load wirelessly. In addition, it is
responsible for the voltage and current regulation in terms of a particular reference.
A virtual impedance loop is used for decoupling the control parameters and eliminate
the circulation currents between DGs and reactive power oscillations.

o Secondary Control: Frequency/Voltage Restoration and synchronization
In order to restore the microgrid voltage and frequency to nominal voltage, super-
visor system must send the corresponding signals using low-bandwidth communica-
tion. A synchronization loop can be added in this level to transfer from islanding
to grid-connected modes.

o Tertiary Control: P/Q Import and Export
The third control hierarchy allows import/export active and reactive power to the
grid based on economic data decisions, estimates the grid parameters and detects
non-planed islanding operation.

In [55], a PI controller was proposed to implement the secondary and tertiary control after
sensing the voltage, current and frequency at both sides of the static transfer switch (STS)
and sending them by low-bandwidth communication link. This controller is represented
in Fig. 1.14, where the frequency and voltage restoration controllers G, and G g, shown
in Fig. 1.14(a) are PI controllers. The phase between the grid and the microgrid will be
synchronized by means of the synchronization control loop shown in Fig. 1.14(b), which
can be seen as a conventional PLL.

1.4 Conclusion

Droop Control methods are based on local measurements of the network state variables to
provide power sharing among parallel interfaced converters, which make microgrid control
truly distributed, as they do not depend on cables for reliable operation. It has many
desirable features such as expandability, modularity, flexibility and redundancy. However,
the droop control concept has some limitations including frequency and voltage variations,
slow transient response, and possibility of circulating current between inverters due to line
impedance mismatches between inverters and the common bus.

Recently, many researchers have improved the conventional droop control to overcome
those limitations. From the introduced methods, it is difficult for only one control scheme
to overcome all the mentioned drawbacks for all applications. However, further investi-
gation of these control techniques would help improve the design and implementation of
future distributed ac microgrid architecture. Table 1.1 summarizes the potential advan-
tages and disadvantages of the different droop methods presented in this chapter.
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1.4 Conclusion

In addition, the research about the impacts of stability and reliability with a specific
load are still behind. The stability of microgrid has been studied for long years, but it is
not studied perfectly when a microgrid supplies some complex loads, such as a dynamic
load, a constant load, inductor motor etc. So it is necessary to propose special models and
control methods to solve the voltage, frequency and power-angle instabilities for complex
loads. From those issues, this thesis has specified the way of improving ac microgrids and
highlighted on the techniques and future studies that should close the gaps. Our later
proposed droop methods are studied in details in the next chapters. Chapter Two will
deal with modeling and control of Flatness -based Interface Converters for autonomous
as microgrid application. Furthermore, an improved frequency droop control based on
voltage estimator is introduced.
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Droop Control Methods

| Potential Advantages

| Potential Disadvantages |

Conventional Droop Method

P—w/Q—V Or P—V/Q — w Droop Methods

@ Easy Implementation Without
Communication.

@ Expandable, Modular And
Flexible.

@ For Highly Inductive\Resistive
Transmission Lines.

® Affected By Physical
Parameters.

® Poor Voltage-frequency
Regulation.

® Slow Dynamic Response.
® Poor Harmonic Sharing.

Modified Droop Structure

Complex Line Impedance-based Droop

@ Decoupled Active And Reactive
Controls.
7 Improved Voltage Regulation.

® Line Impedances Should Be
Known In Advance.

® Slow Dynamic Response.

® Poor Harmonic Sharing.

Angle Droop Method

@ Constant Frequency Regulation.
7 Good Power Quality.

® Require GPS Signals.

® Poor Performance Of Power
Sharing.

® Slow Dynamic Response.

® Poor Harmonic Sharing.

Virtual Droop Method

Virtual Output Impedance Loop

@ Not Affected By Physical
Parameters.

@ Improved Performance Of Power
Sharing And System Stability.

K Voltage Regulation Is Not
Guaranteed.

® Requires Relatively High
Bandwidth For Controller.

® Require Low Bandwidth
Communication In Some Cases.

® The Physical Parameters Should
Be Known In Specific Application.

Virtual Power Method

@ Decoupled Active And Reactive
Power Controls.

® Hard To Extract The Same
Transformation Angle For All DGs.
® The Physical Parameters Should
Be Known In Advance.

Compensated Droop Control

Additional Control Loop Based Droop Method

@ Decoupled Active And Reactive
Controls.
@ Improved Voltage Regulation.

® Line Impedance Should Be
Known In Advance.

® Slow Dynamic Response.
® Poor Harmonic Sharing.

Q-Vdot Droop Control Method

@ Same As Conventional Droop.

® Depend On Initial Conditions.
® Steady-state Solution May Not
Exist.

R Easy To Destabilize.

Common Variable-based Control Method

@ Accurate Reactive Power
Sharing.

@ Not Affected By The Physical
Parameters.

® Hard To Measure The Common
Voltage Due To Long Distance.

® Frequency Is Load Dependent.
® Poor Harmonic Sharing.

Hierarchical Droop Control Method

@ Same As Conventional Droop.

® Trade-off Between Voltage
Regulation And Power Sharing.
® Slow Dynamic Response.

R Need Low Bandwidth
Communication For
Voltage/Frequency Restoration.

Table 1.1: Potential Advantages and Disadvantages of different types of Droop Controllers
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Chapter 2

FLATNESS BASED CONTROL FOR
INTERFACED CONVERTER WITH
DROOP CONTROL
ENHANCEMENTS

2.1 Introduction

In chapter 1, we discussed the different strategies used for decentralized control based-
Islanded AC Microgrid. All the design strategies are based on Droop Control which
can autonomously manage the active and reactive powers between distributed generators
(DGs), based on their ratings, with no communication between them. Thus, enhancing
reliability and flexibility of the system. The inner controller of the Interfaced Converter
has had a portion in the first chapter, where the Flatness-based Control was introduced
and its advantages over other Controllers were given. This chapter focuses on the devel-
opment of the Flatness-based Control for Interfaced Converter. Modeling, analysis and
implementation of the controller are done for DC/AC inverter with LC filter which is
applicable for other DICs in a microgrid. Furthermore, the Flatness-based control (FBC)
is implemented on parallel inverters system. The proposed control allows equal current
sharing between parallel inverters, reduces the circulating currents and minimizes the im-
pact of a full disconnection of any faulty inverter in the system. The next part of this
chapter, deals with a proposed Droop Control based on a state estimation of the com-
mon bus voltage (Vpoe) which is then used as a feedback signal for the Droop Control
to accurately share the reactive power between parallel interfaced Converters. This is
done without adding communication link and without adding a supplementary loop to
inject a virtual impedance. Thus the proposed method keeps the advantages of the con-
ventional Droop control method to manage the power between distributed generations
in autonomous fashion. Simulation and experiments of the proposed droop method are
presented in this chapter.
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2.2 Flatness-based Control for inverter

Figure 2.1 represents the full power electronics scheme of an Interfaced Converter based
microgrid, where the Distributed Energy Resource (DER) is modeled by a DC source
of fixed voltage with a value chosen so that to ensure the controllability of the voltage
source inverter (VSI). The three phase inverter which assures the conversion DC/AC, is
controlled by a pulse width modulation (PWM) signals. The LC type passive filter is
there to reduce the high frequency harmonic contents.

> |Zn |Z.La,
. LC Filter .

5 5, § | g PR

g *E} *E} L :z

|

| IR
T ‘ v — H>— Load
| b, n) l|l

Figure 2.1: Distributed Generator with DER modeled as a DC source.

Firstly, The work of Azeddine Houari, in his PhD thesis [1] has been reviewed where the
definition of the flatness controller for DC/AC Converter was introduced and a comparison
with other control law recently published was done. The Criteria’s in comparison were
focused on:

o The Total Harmonic Distortion (THD) in the AC-side capacitors.
« Rapidity in the response during load transient state.
o Robustness according parameters variation.

In Houari thesis, a conclusion was drawn out for the advantages of Flatness-based control,
compared with PID and Linearization MIMO [59], in terms of network quality, parametric
robustness and stability. The results are summarized in table 2.1.

2.2.1 System Modeling

The modeling equations of a three phase system, Fig. 2.1, are given as:

d ia V;l ia VCa
Ly in | =V |=re| o | =] Voo (2.1)
7;0 ‘/c ic VCC
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PID Linearization [59] Flatness
Stallrt.—up Exceeding 55% Exceeding 100% No overshoot
ability
THD
under load
(Linear Medium Good Good
and non
linear)
Dynamic : . .
response Medium (Two loops) Rapid Rapid
Parametric Medium Lower than the PID Good
robustness
Unstable beyond a
certain power
Unstable beyond a (knowing that load
certain power currents are not
Stability Unstable beyond a . measured)
\ ; . (knowing that load .
Local certain power Stable system in the
currents are
estimated) whole field of
controllability (if the
load currents are
measured)
7 with current 5 with current
Number of . . . .
7 measuring, 5 with measuring, 3 with
Sensors

estimation

estimation

Table 2.1: Summary of results obtained in Houari thesis [1]
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d VCa ia - iLa
Cr| Ve | = | o =iy (2.2)
b\ oy L
Cec (22 Le

For system control, a practical common method for developing the control laws for
three-phase systems is the transition to the rotating frame of Park. Moving to this
reference frame is done using the change of base matrix P.

1 1

1
P = \/5 Cc\)/siﬁ Ccos (éﬁ— 2%) oS (9\/1 %”) (2.3)

—sin6 —sin( —%”) —sin(@—i-%”)

with 0 = wt + 0y, w is the electrical pulsation of the network and is selected in function
of the constraints imposed by the choice of control strategy. The sum of the inverter
output currents ([ig, i, @'C]t), the sum of the load currents ([izq, L, iLC]t) and that of the
capacitor currents ([icq, ice, ice’) are all zeros (ie. iq + iy + i = 0, i + izy + ipe = 0,
and icg + iop +ice = 0).

Thus, the three-phase system described in (2.1) and (2.2) in (abc) frame, is reduced to
a system described respectively by the following equations in (dq) Park transformation.

d [ Ve 0 w Vea L [ i L [ ipq
£ - ) - 2.4
dt < Veq ) ( —w 0 ) ( Veo ) 0\, Cr \ g 24
d 14 _L;f w 14 1 Vi 1 Vea
— . = _r . — - — 2.5
dt ( Z ) ( —w ) i )" Ly \ Ve Ly \ Voq (25)

with: t[vd7 V;]]t = P. [‘t/;l, %7 ch]tat [VCdv VCq]t =P [‘{Cav VCb7 VCC]ta
[ia,iq)" = P.lia, b, 0c) s [izasirg) = P liLasirb, ire] -

2.2.2 Flatness Control for the Modeled System

To illustrate the flatness property of the modeled system, the differentially flat conditions
described early in Chapter 1 by relation (1.1) must hold. We propose to use the following
candidate flat output associated with the system described by the equations (2.4) and

(2.5):
fya N [ Vea\

where x represents the state vector (v = [Vea, Vg, ta, iq]t), w is the input vector (u =
[Va, V).

The first condition for the differential system is confirmed since the flat output is
expressed as function of the state vector z. Referring to equations (2.4) and (2.5) and the
expression of the candidate flat outputs in (2.6), the state vector z can be expressed by
the following expression:
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Vea 0 1 0 0
VC’q 0 0 1 Yd 0

. =Cy-| . — : +1 . 2.7
1d ! Yd 0 wa < Yq ) 1Ld ( )
iq Uq —wa 0 iLq

The above expression can be written in the form:

Ved OV,u(Yds Yg» Ya)

Ve | _ | v Yas Yoy Ug) (2.8)
iq ©iy(Ya, Yq» Ya) '
Z'q So'iq (ycb yq7 yq)

The first derivative of the flat output enables to bring up the state variables. Indeed,
the system can be considered differentially flat, if the input, v = [V, Vq]t, can be expressed
in terms of flat output components and their successive derivatives.

d (ig) _ Ya | 0 Cw Ya d ([ ipg
dt<iq>_cf'<yq> <_Cf°" 0 )(yq T\ g 29)

We then set:
i i'd _ Pdig (yd; Z:/du 3:/q7 yd) (210)
dt Zq Qodiq (yq7 Ya, yqa yq)

Finally, substituting (2.6), (2.8) and (2.10) in (2.5), the expression of the control input,

u=|[Vy, Vq]t, as function of the flat output and its successive derivatives can be expressed
in the form:

‘/d o Pdiy (ycb ?de yqu yd) _ —Ty WLf Pigy (yd; Yqs yd) Yd
— I, Ja> Yo, Y i) ) 4
Va Paiy (Yg> Yds Yg» o) —wly —ry Pig (Yas Yg» Ug) Yq

(2.11)

‘/d _ ¢<yd7yqud7yqayd)
( ‘/;1 > - ( w(yd7yqay.d7y.qygq) ) (212>

In summary, the differential flatness expressed in (1.1) are verified in (2.6), (2.8) and
(2.12). Thus, the modeled system can be considered as flat, of vector y = [V, Vil
being the flat output associated with the input u = [V, Vqr.

So far, we have demonstrated that the studied system, shown in Fig. 2.1, can be
considered differentially flat. In the next sections, we will present the synthesis of the
controller, as well as the reference trajectory planning algorithm.

2.2.2.1 Implementation of the control algorithm

As detailed in [1, 11, 10], the input-output linearization technique can be used to insure
t
the control of the flat output, y = [y4, yq]t to its trajectory reference, ypes = {ydm > Yare f} .

This technique involves introducing the control vector, v = [7q, fyq]t, defined as follows:

29



Chapter 2 FLATNESS BASED CONTROL FOR INTERFACED CONVERTER WITH
DROOP CONTROL ENHANCEMENTS

{yd = Y4 (2.13)

yq = Tq
The calculation of the control components 74 and 7, is obtained by the control laws

described respectively in (2.14) and (2.15). These laws govern the evaluation of the error
(€= Yre F= y), so that an asymptotic convergence of the error tends to zero.

0= (?Jdref - %1) + k1 (?)dre,f - Z)d) + ko (yd7»e.f - yd) + k3 / (yd,oef - yd) dr (2.14)

0= (gQTef - 7q> +k (yqref - yq) + ko (yqref - yq) + /{33/ (quf — yq) dr (2.15)

The integral terms are introduced to ensure zero static errors in steady state and can
compensate the modeling errors and/or errors related to parametric uncertainties. Each
of these equations is equivalent to a third order equation on the error of the form:

E 4+ k€ + ke +kse=0 (2.16)

The optimal choice of parameters ki, ko, k3, can be obtained by polynomial identifi-
cation (2.16) to a characteristic polynomial given by equation (2.17), whose roots are
predetermined [1].

p(s) = (s + p1).(s* + 26w,.5 + w?) (2.17)

Thus, we obtain by identification:

ki = 28w, +p
ko = 28wnpr + w? (2.18)
ks = plwi

where ¢ is the damping coefficient and w,, is the cut-off frequency of the controller. They
are designed to achieve desired control performance (fast dynamic with noise reduction).
p1 is an additional pole which must regulate the dynamics of the followed set-point. It is
proposed to set the pole equal to the cut-off frequency of the controller. The numerical
values of these parameters are given in section (2.2.2.3).

2.2.2.2 Trajectory Planning

For the generation of the reference trajectory, related to the flat outputs, we use a second
order low-pass filter with damping factor equal 1. From a practical point of view, this
choice is better than the polynomial approach when the number of constraint is low.
Indeed, the computing time is minimized during the planning phases. This solution
allows naturally integrate the constraints of continuity of paths (which must be of class
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C2 in this case, due to double derivative terms), the derivatives are zero at the start and
the finish [1]. The reference trajectories are expressed as follows:

( Ydres—s ) _ (1 . Lo ) , ( Yares = Ydinia > + ( Ydiniv ) (2.19)
Yares—y 71 Yarer — Yaina Yaginie

where: t and t;,;; represent respectively time and the initial time, 7 represents the time
constant of the filter, where its value is chosen so that the dg components of the inverter
voltage [V, Vo] remain always in the interval [—(Vy./2), (Vge/2] when using SPWM, to

ensure the system is almost controllable. yq,,,and y,,,., are respectively the initial values
of the flat output components y4 and y,. In this relation, yy,., and y,, ., are defined as

ref
[ydm > Yare fr = [VCdm 19 VOqres g Ved,.s> Vog,., Tepresent the dg components of the refer-
ence voltage across capacitors. The choice of reference values is generated by the droop
control that guarantee the desired output power delivered by the interfaced converter to
the grid.

Finally, the use of the filtered reference outputs (Fig. 2.2), ya,,,_,and y, . ,_,, and the
established control variable, v = [7q, 'yq]t, allow for the generation of reference commands
associated to the voltage of the inverter.

( ‘/dref ) — ( ¢Vdraf (ydref_fayqref_faydmf_fyquf_ff}/d) ) (2 20)

‘/;ref dJVqTef (yd'ref—f7 yq'ref_f’ ydr&f—f7 yQTef—f ’ 7‘1)

We highlight that the measure of inductive filter currents is not necessary to imple-
ment the control law, (2.20). Only the capacitor voltage sensors are used for generating
equations, while the load current sensors, that are used for power measuring in droop
controller, could be useful for increasing dynamics of Flatness Controller as regard to
load perturbation. The block diagram of the proposed control is presented in Fig. 2.2.

r———--"-"-"—-"—-"—-—"—-—" """ 0/ T/ /T /7 r———-— - - - -7 7 /= 1
\ | T"x"T \
Cd _mes =
‘ . . d_mes g v, g@ V* ‘/r[/: ‘ ‘
Planning trajectory of |V & = * a ‘ L
| ci_ref_f | S S Vv = ‘
V(,'(z o] the d-axis S s o 8 g d Pl ‘ ‘ f
_re ° @ g = *
\ (Eq. 2.21) oEH &3 23|V | s l—‘ |
| L e R R |
Planning trajectory of |V ‘ s 5 =3 4 g ;U * ‘ Vv
‘ VQL Qf_> the q-axis Gord S E = ’Yq i\gﬁ §’ & 1/0 ‘ ‘ Control Cf ¢ ‘
\ (Eq. 2.21) S N Signals I \
= S | Vsl
‘ Cq_mes — = ‘ ‘
‘ - T T V(,‘d V(VL mes % l ‘
| Flatness-based controller g g, Ugrlp, | ‘ ‘

Power stage

Figure 2.2: Functional diagram of the proposed Control.

2.2.2.3 Verification of the proposed Control

To check the flatness-based control for a DIC, i.e. the possibility to show the evolution
of the system state variables from the flat outputs, it is proposed to demonstrate the

31



Chapter 2 FLATNESS BASED CONTROL FOR INTERFACED CONVERTER WITH
DROOP CONTROL ENHANCEMENTS

system behavior at the starting phase and at a load transient state by using MATLAB-
Simulink. A state-space average model for a three-phase SPWM inverter is designed with
the system parameters used for this simulation are given in Table 2.2. A balanced three-
phase star connected R-L load with 252 resistance and 9.3 mH inductance per phase was
used. Figure 2.3 represents the evolution of the flat outputs (Viy, Vioy) after applying
an rms-voltage level ranging from 0 to 110V. As shown in Figure 2.3, the measured flat
outputs perfectly follow their trajectory references. Thus, the proposed control with its
trajectory planing algorithm allows forcing the system to follow a predefined trajectories
during the start phase.

’ Symbol \ Designation \ Value ‘
Tf The internal resistance of the output filter inductor 0.7 2
Ly The inductance of the filter inductor 3.4 mH
Cy The capacitance of the output filter capacitor 40 pF
Vi The nominal RMS single-line voltage 110 V
w Microgrid angular frequency 2160
Vie DC voltage 500 V
Flatness Controller parameters
& The damping factor 0.7
W, The cut-off frequency 5000 rad/sec
1 Additional pole 6000 rad/sec
Trajectory Filter
13 The damping factor 1
We The cut-off frequency 1000 rad/sec

Table 2.2: Flatness Control system parameters.

Figure 2.4 shows the system response during a load change from 800W to 3600W. Figure
2.4(a) shows the power consumed by the load. Figure 2.4(b) shows the dg components
of the inverter output current (i4, i,) perfectly follow the state variables predicted by the
command, i.e. ¢;, and ¢; as expressed in (2.8).

2.3 Flatness-based control for parallel-connected
inverters

The parallel connection of three-phase converters is a well known solution for large-scale
inverter-based microgrid when the capacities of the switching devices are limited or con-
strained by economic considerations [60]. For many applications, the parallel operation
could be crucial in systems with high reliability requirements. Parallel inverters allow re-
ducing the components size, especially the inductive components by segmenting the total
power and distributing it between inverters. The global efficiency becomes better and
the voltage stress on each inverter can be reduced. The parallel inverter system allows
creating redundancy, achieving compact design, high power density compared to single
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Figure 2.4: Current response during a load transient change from 800 to 3600W.
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large power inverter and making the load power expansion between the parallel inverters
more flexible [61, 62, 63, 64, 65, 66, 67]. One method for controlling parallel inverters is to
define one inverter as master which imposes the output voltage while the others as slave
units where only currents or power is regulated. Master-slave control has been used in
[68, 69, 70]. However, the major concern for parallel operation is the circulating currents
in the conduction paths resulting at the common connection of the DC/AC terminals of
each inverter. Definition of the phenomenon is detailed in [71, 72, 73, 65, 74, 75, 76].
Commonly, it is possible to prove that the circulating currents are essentially generated
from the difference of the switching operation associated with the individual units, or
due to non-identical components, or open circuit of any switch or at the moment of fully
disconnection of any unit in the parallel system. Those currents can be separated into two
types; low-frequency component close to the fundamental frequency, and a high-frequency
component close to the switching frequency [75, 76]. While the high-frequency component
can be effectively limited by means of passive components, the low-frequency component
needs a special attention. Traditionally, in order to avoid this problem, transformers are
used to isolate the output current flow [77, 78]. However, the transformers are heavy
and they increase both core and copper losses. Basically, the recommended solutions in
literature are based on modifying the PWM operation [76, 71, 79].

The Flatness-based controller, detailed in this work, manages the currents between the
parallel units either on healthy or faulty operation mode. It is able to minimize the effect
of the circulating current or the influence of any faulty unit at the disconnection or re-
connection moment of any inverter in the parallel system. The proposed control method
does not need physical or complicated model of control and is independent of the load
conditions.

2.3.1 System structure and modeling

Referring to Fig. 2.5, the sum of the load currents and the sum of the N modules output
current are equal to zero

ine tigy +ie = 0 (2.21)

N
Z(’iak + tpr + ick) = 0 (2.22)
k=1

Then, the sum of the filter capacitors input current is zero. Assuming that, the zero-
sequence voltage component Vg is always zero. Actually, for each inverter of the system,
there is a zero current path by the anti-parallel diodes of the full bridge of the other
inverters. To confirm this fact, simply, the zero-sequence current of an inverter can be
left free and the other N — 1 zero-sequence components of the output currents of the
other inverters are kept as independent state variables. Then, the zero-sequence current
component of the first inverter can be given as ig; = — Z{CVZQ tox- Controlling the zero-
sequence currents of N — 1 modules involves the cancellation of the first inverter zero-
sequence current ig;. The first inverter of the system is considered as the reference to the
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Figure 2.5: System with N-parallel inverters.

given parallel inverters system. It is obvious that another inverter can be considered as
the reference or master and the others as slave for the control purpose.

In order to establish the control laws in the continuous domain, the voltage-current
model is transformed from three-phase static frame into synchronous 0dg frame using
Park transformation. Derivatives of the output voltages in 0dg frame, with V.o = 0 at the
common filter capacitors, are obtained as

N
d (Vg _ [0 w) [ Va —i—i kZ::lde o trd (2.23)
dt ‘/cq N —Ww 0 ‘/cq Cf N . Z.Lq ’
> gk
k=1

The derivatives of the dgq components of the first inverter output current as function
of the controlled voltages Vy; and V,;, similarly the derivatives of the kth inverter output

currents in the system with & € {2,--- , N}, can be obtained as
d [ ia ) _Ly}il w < ld1 ) 1 ( Var > 1 ( Ved )
— "= T O - 2.24
dt < (M —w 7111 iq1 Ly \ Va Ly \ Vi ( )
. Ttk ,
d 20k Ly _0 0 Lok 1 Vor 1 Veo
- Lk = 0 erk w . Tdk + — Vi - — Ve (2.25)
Lk 0 —Ww ?f: gk ‘/;]k ‘/cq
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where the variables Vo, Vg and V;, are the controlled voltages of the kth inverter in
the system of N-parallel inverters.

2.3.2 Control strategy for parallel-inverters

A one-loop Flatness-based control (FBC) is presented for controlling the system of N-
parallel inverters. The FBC strategy was introduced in section 2.2 where the chosen
candidate flat output was the voltage across the output filter capacitor. Of course, the flat
output may include any other variables of the system depending on the control purposes.
For this control objectives, we are going to choose two different flat outputs and verify
that the Flatness-based control still efficient in both cases.

2.3.2.1 System modeling with Capacitor voltage as Flat output

The flat output vector y is defined as y = [y., y.]", where the first part y. = [ya, y,]* is
defined by the dq voltage across the ac capacitor output filter

yZ(Zle):(“;Z) (2.26)

The second part of the candidate flat output vector y corresponds to the current error
vector g, which represents the current errors referred to the reference. Each component
of y, allows to minimize the circulating currents and to balance the powers between
the ith reference inverter and all other kth working inverters. The current error vector

Yo = [Yo1, Ys2y -+ Ysi1s Ysinls - - -, Yon])' and its components y.x, Vk € {1,..., N}, k # i
are expressed as

Yz0k 20k Lok
Yok = | Year | = | 2a6 | = | @i —iar | = Qyar() (2.27)
Yzqk Zqk lgi — gk

The flat output y = [y, y.]' can be written in the form

Vea
Veq
1
i El~ ¢y6(x)
di ld1
Ye i — bezl (I) .
Yy = y = qi ql = : VkE{l,,N},k#Z (228)
Ok
di — dk
lgi — gk
where, = [Vea, Vags 1015 Gd1s Gqls - - - » Gdis Tgis - - - L0ks Laks Tgr)’s dim(z) = 3N + 1 is the state

variables vector. Equation (2.23), the derivative of the voltage vector [V.4, V], can be
rewritten as:
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N
] N.idi - Z Zdk
. 1 P .
()-()- (L)) a|[ L | ()|
“ 1 1 ! NZqz — Z qu La
k=1
ki
Thus, the ith inverter output currents [ig, i4]" can be expressed as function of y. and

its derivative 9. and 1.

N
Cryia+ > zak + ira

idi _ i ijé} . 0 wcf/N ‘/;d _ Pid; (y87 ycv yz>
iqi N N _wa/N 0 ‘/cq Pig; (yca yca yz)

nyq + Z Zqk +iLq

k=1
(2.30)
The expression of the output currents for the remaining inverters ioqq(k € {1,..., N}, k #
i) can be derived using (2.37) and (2.30) as

L0k 20k Dior (Yzk)

idk - Pigy <y07 yc; yz) — Zdk - Piak <y07 Z)c, yzk) (231)

ik Digs Yer Vs Yz) — Zqn Pige Yes Vs Yz)
Thus, the system state vector & = [Vea, Veg, 101, Gd1s Gqls - - - s Gdis Ggis - - - 10ks bk Tqr)'> dim(z) =

3N + 1, can be redefined as function of the flat output vector y as:

Vea Yd

Veg Yq

lo1 Pio (yz1>

idl Pig (ya ycy yzl)
Z.ql Spiq1 (yca yca yzl)
Z'di Soidi (yca yca yz)
lgi Pig; (Yes Yer Y2)
T0k Pioy, (Y1)
idk Pigp (ym yc; yzk)
iqk ‘;Oiqk (yca ycv yzk)

The derivatives of the reference inverter output currents (ith inverter) can be obtained
by using (2.30) as:
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N
Crija+ > Zan + %iLd
d(idi) 1 i _( 0 wa/N)(y’d
dt \ i ) N X d —wCi/N 0 Y
I C’fyq%—quk—l—dszq 1
purt t
ki

Pdig; (ycv y.m ym Yz, yz)

- o e Yo § 2.32
( gDCliq«L(ycayc:yc:yzayz) ) ( )

The derivatives of the remaining output currents, iggq Vk € {1,..., N}, k # 4, verify

d Tok Zok
% Ldk = Pdig; (ym yca gca Yz, yz) — Zak
Lak Pdig; (y07 Yes Yes Yz yz) - qu
Pdigy, (yZ)
= Spdidk(yc; Yey Yes Yz, yz> (233)

Spdiqk: <y07 yca ym Yz, yZ)

From (2.30)-(2.33), the output currents and their corresponding derivatives are found
as function of the candidate flat output as being presented in Chapter 1, Eq. (1.1). The
input controlled vector u = [V, Vii, ..., Vor, Vg, Var]* can be obtained as

i
Vdi — sz de’idi _ sz Lfi _(;t)fi (Pidi
Vi Pdigi W T Digi

+ PVeq — ¢Vdi (ym ym ?{ca Yz, yz) (234)
PVeq qui(yca Yes Yeyr Yz yz)

With the same procedure, the input vector for the remaining N — 1 inverters (Vk €
{1,...,N}, k # i) can be obtained as

kg g

Vo Pdio e Pio
Va = Lpe| Pdign | — Lk 0 Lffk w X | Pigs,
Vak Py 0 —w I Pig
Veo ¢V0k (yz7 yz)
+ (’Ovcd = ddek (y07 Ye,s yca Yz, yz) (235)
PVeq quk (yca Yoy Yoy Yz yz)

Thus, the differential flatness property expressed early in Chapter 1, equation (1.1)
are verified by (2.28), (2.30), (2.31), (2.34) and (2.35). We can consider the modeled
system as flat, with vector y = [y., y.]" being the flat output associated with the input
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vector u = [Vor, Var, Vi, - Vi, Vaiy =+, Vors Vi, Vi)', where y. = [Vea, Vey]" is the output
capacitor voltages. In the next subsection, we are going to demonstrate that another flat
output can be considered for modeling the system. The flatness property will be verified
by ensuring equation (?7?) with the control of the flat output to its reference. The reference
trajectory planning algorithm and the control law are given after to complete the synthesis
of the control process.

2.3.2.2 System modeling with Electrostatic Energy as Flat output

The electrostatic energy and the current error vector between the parallel inverters are
chosen as the candidate flat outputs to regulate the output ac-voltage and balance the
currents between the parallel inverters. The flat output vector y is defined as y = [y, y.]",
where the first part y. = [ya, y,)* is defined by the dq electrostatic energies stored in the
ac capacitor output filter

Vg 1 sign(V.q) - V2
. = — 70 | ¢ g c €T 236
w=( 1) =y (S Vi) = oo (2.30)
There is no difference regarding the second part of the candidate flat output y., which
is defined as the current error vector. The expression of y. remains as

Y=ok 20k Lok
Yok = | Year | = | 2a6 | = | @i —iar | = Qyar(T) (2.37)
Yzqk Zqk lgi — gk

The flat output y = [y., y.|* can be written in the form

5Cy - sign(Vea) - Vg

3Cr - sign(Veg) - Vg
i
i E1~ Pye()
di 1d1
Ye ) . 1 ¢y21<x> .
y= ()= igi — g1 _ , VEe{l,... NV, k#i (2.3%)
tgi — ldk
lgi — Lok

Using Y. = [Ya, yq)* given by (2.36), the output voltage vector [V.4, V,]" can be redefined
as a function of the flat output vector y. regarding the sign of the energy vector y. as

( Vcd ) _ ( Sign(yd) \/ de/cf ) _ ( @Vcd(yd) ) (239)
Veq sign(yq)\/2y4/Cy Py (Yg)

From (2.23) and (2.39), the derivative of the voltage vector [V.4, Vi, |" can be expressed
as:
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: iidj :
Vea | 0 w Vg (Ya) 1 =1 [ ipd
( Veq ) - < —w 0 ) ( PV () ) o Sy ( iq ) (240

Globally, from (2.39) and (2.40), the ith inverter output currents [ig, i4]" can be ex-
pressed as function of y,. and its derivative y. and 1.

N
sign(Ya)ya/\/2ya/Cy + D Zak + iLa
k=1

( s ) o i k#i

(7 N . . ol .

! sign(Yq)Vq/ 2yq/Cf + Z Zqk T Lq
k=1
kti

i ( 0 o ) sign(ya)y/2pa/Cs ) _ ( Piai Yes Y Y2) ) (2.41)
G sign(ys)y/ 200/ Cs Piaslbe e 9:) )

N
The expression of the output currents for the remaining inverters igg(k € {1,..., N}, k #
i) can be derived using (2.37) and (2.41) as

L0k 20k Dior (Yzk)
Lak = Pig; (ya Yes yz) — Zdk = Piar <y07 Ye, yzk) (2-42)
ik Digi Yer Yer Yz) — Zqk Pige Yes Ves Yz)

Thus, the system state vector & = [Vea, Vigs 101, a1, Gqts - - - » Gdis Tgis - - - L0ks Laks Tgr)’ » dim(z) =

3N + 1, can be redefined as function of the flat output vector y as

Ve PVea (yd)
ch PVeq (yq)
to1 Pigy (Y21)
l.dl Pig (y07 ya yzl)
iql Pig1 (yca yca yzl)
idi (Ipidi(yca ym yz)
Z.qi Pigs (yca yca yz)
Z'Ok Piok (yzk>
idk DLi s (ya ym yzk)
Lk Do Yes Yoy Yzk)

The derivatives of the reference inverter output currents (ith inverter) can be obtained
by using (2.40) and (2.41) as:
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N
Slgn‘%;)yd _ Slggf‘?)’/d Ya (Z igj — tza T wCrVey
. . N
Szgn‘ﬁiq)yq — Slgn yq Ug Z igj — irqg — WCVea
d ( igi ) 1
—° = — N
dt Zqi N 5 1 . .
;zdk—l— dtZLd 0 . Zldj_lLd+WCf%q
kti _
& <—w0) Yoo
; Zqk + %ZLq Z g5 — 1Lq — WCfVCd
ki
_ deidi<yca ym ?{67 Yz, yz) (243)
Paiys Yer Yes s Yzr Uz)

The derivatives of the remaining output currents, igsqr Vk € {1,..., N}, k # 4, verify

d 'éOk: Z()k
% Ldk = Pdiy (yca yca ym Yz, yz) — Zak
Z.qk Pdiq (ym ym yw Yz, yz) - 2:'qk
Sodi'mc (yZ) '
= Pdiap, (ym Yey Yes Yz, yz) (244)

gpdiqk (yw ym yc? Yz, yz)

From (2.41)-(2.44), the output currents and their corresponding derivatives are found
as function of the candidate flat output as being presented in (1.1). The input controlled
vector u = [V, Vi, -+, Vor, Var, V' can be obtained as

—r
Vai - Ly Pdigi \ Ly Lti f;’f. Dig;

+ ( PVeq > — ( dei(y(h 3:/a Z:J:ca Yzs yZ) ) (2_45)

PVeq l/Jti(yc; Yes Yes Yz, yz)

With the same procedure, the input vector for the remaining N — 1 inverters (Vk €

{1,..., N}, k # 1) can be obtained as

Vor Doy, Zn U 0 Piok
Var = L | aig. | — Lk 0 _L;f: w x| @i
Vak Pdige 0 —w T i
fk
Veo me« (yz: yZ)
+ PVea = ¢de (ycv yca yca Yz, yz) (246)
Sp‘/cq quk (yca yc: yca Yz, yz)
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If one inverter (including the reference one) or more of the parallel modules are dis-
connected under normal or faulty condition, the previous analysis is always valid and the
rank of the state vector z will be reduced by 3f, where f is the number of the faulty
inverters (i.e., z € R"~3/). The ranks of the flat output vector y and the input u will also
be reduced by 3f, but the rank of y, rests the same (i.e., y € R™~3/). When the reference
inverter (the first one by example) is fully disconnected, the current expression given by
(2.43) will be referred to the next inverter (by example, the second one). Consequently,
(2.37) will be referred to the new reference. The flatness conditions can always be veri-
fied for the studied system with the reduced state and input vectors associated with the
candidate flat output y regarding the new vector y.;. The reference y.y, ., of the current
error vector y.; is assumed to be zero in normal case (i.e., 2o,., = Zdk,.; = Zgh,.; = 0)-
This choice minimizes the circulating currents and ensures that the total power is equally
distributed between the parallel inverters. When one inverter (number j for example) of
the parallel system is fully disconnected, the reference y.;  , of the current error vector y.;
becomes equal to the reference inverter currents (i.e., 205,., = 0, 24j,.; = tai; 2gj,e; = lqi)-
Thus, in the case of healthy or faulty conditions of any inverter in the parallel system,
the relations (2.41) and (2.43) can always be used. For both cases, the reference of y. is
calculated as

2
— ydref — 1 ‘/Cd'ref 2 4
yCref ( quef > 2 Cf < V2 ( . 7)

CQqref

where Vi, = Veg,., = Vimsy/3/2 and V., represents the RMS value of the reference
output voltage of theLC filter.

The last step consists of the formulation of the input vector u as function of the can-

didate flat output references yrer = [Ye,.;s Y. f]t and their respective derivatives. The
relations (2.45) and (2.46) can be expressed for each active inverter as
le — wvdz (yc'r‘ef Y Z:/Cref Y gcre‘f ? yz'ref ? Z:eref) (248)
‘/qi ¢ti (ycmf v Yerepr Yereps Yzrerr Yzpep )
%k QZ}VOIQ (yzk?»,»ef ) y.Zkref)
Var = dek (ycref7 yc'ref’ Yereysr Yzkpess yzkref) (2'49)
‘/qk quk (yc'ref7 ycref’ ycref’ karef7 karef)

2.3.2.3 Reference Trajectory

To plan the desired trajectory of the candidate flat output y and consequently their
sub-respective components as given by (2.36) and (2.37), a second order low-pass filter
is used, which allows limiting the power during transient state due to the variations of
the voltage reference value V,,,;. This formulation, allows respecting the conditions of
the candidate flat output derivatives at initial and steady states. At these instants, the
values of these derivatives have to be zero. Therefore, the desired reference trajectory
Yref = Weyesr Yorep] VE € {1,..., N'}, k # i can be expressed as
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t— tim'tc _ linite
ycref—f = (1 - (1 + 7_6) € e ) X (ycref - yCinit) + Yeinit (250)
t - tinitz _t_tinitz
Yekrey—y = (1 - (1 + 7_Z> e ™ ) X (Yakref — Yzkinie) + Yzkinie (2.51)

where ¢ and #;,;;./. represent the time and the initial time for both reference trajectories,
respectively. 7. and 7, are the time constants of the planned reference trajectories for the
electrostatic energy and the current error.

2.3.2.4 Control law and Linearization

To ensure the control of both flat output components y. and y.; to their respective ref-
erence trajectories ¥y, ., and y.p,. . for the healthy and faulty conditions, the classical
input-output linearization is used. Feedback linearization is a common approach used in
the control of nonlinear systems and it is well applied to the nonlinear parallel inverters
system. This technique consists of introducing fictitious control variables 7. = [va, 7,]*
associated to the output energy vector and 7. = [V.1,- -+, Vaio1, Veis1,--->Y2n]" to the
current error vector. For the output energy vector, the fictitious control variable can be
expressed as

{7‘1 = b (2.52)

Ve = Yq

These control laws allow an asymptotic convergence of the measured variables to their
respective reference trajectories and can be deduced as

(Jdyer — va) + k11 (Udpe, — Ya) + F12(Ya,; — va) + ks /(ydref — ya)dr =0 (2.53)

(Warer — Vo) + k11Warey — Ug) + F12(Ug,e; — Yg) + K13 /(yqref —Yg)dT =0 (2.54)

The integral term is introduced to ensure zero static error in steady state and to com-
pensate the effects introduced by the system modeling errors. For each current error
vector y,x, the fictitious control variable v.x = [Vs0k, Vedk, Vzqr]” 1S expressed in the same
way as

e
Yok = Zak =  Vear VK € {1,...,]\7}, k # 1. (2.55)
qu’ = Vzqk

Second-order laws are used to ensure that the current error vector ;. follows its planned
reference y.r, .,
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oty — o) + b (s — o) + b / (ot — yor)dr = 0 (2.56)

To simplify (2.53), (2.54) and (2.56), a variable € is introduced to express the dynamics
of the error

.é.yc + klléyc + k12éyc + k13€yc =0 (257)

('E'yzk + kzléyzk + kQQEyzk =0 (258)

where, €, = Yeror — Ye and €, = Yskyey — Yzk-

The parallel system operating point will be stable if the coefficients ki1, k12, k13, k21, koo
are strictly positive values. The dynamics of the system will be fixed by these gains
associated with the control laws. To determine the values of the gain coefficients, a
classical pole placement method is used thanks to a comparison between the characteristic
polynomials associated to (2.57) and (2.58) with the polynomials given by (2.59):

{pyc(é‘) = (s+p1)(s* + 2w, - s+ wy) (2.59)

py.(s) = (5*+ 2wy, - s +w?)

Therefore, the control gain parameters can be defined as

ki = 2§cwyc + D1
k?lg = 2§Cwyc D1 + wgc (260)
kis = m 'ch

{ k21 - 2§zwyz

— .2
koo = wy,

(2.61)

It is possible to get formulation of u in closed loop by

( Vai > _ < Wi Yeres s Yeres— g2 Yor Yoreg s> V2) ) (2.62)

Vai qui (ycref,fa Yerer— 1 Ver Yzpe_ s 72)

Vor 7vZ)Vozc (karef_f7 72)

Vak = ¢de (ycref—f’ Yerep—gr Ver Yzpep s 72) (2'6?))
‘/;]k‘ quk (yc'refff7 yc'refff7 767 yzref7f7 72)

2.3.3 Simulation Results

To validate the proposed control method in both cases with different selection of flat out-
put, a model of three parallel inverters, based on MATLAB-Simulink, has been performed
(i.e., N = 3). The system parameters and the control gains which are associated to the
voltage, energy and current balancing trajectories are listed in Table 2.3.

First, the system model with output capacitor voltage as flat output is tested. Figure
2.6 shows the behavior of the capacitor voltages flat output y; and y, that corresponds
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2.3 Flatness-based control for parallel-connected inverters

to V¢ and V., under normal condition with a reference step rms-voltage from 90 to 110V
at t = 50ms. The measured components follow perfectly their reference trajectories. As
shown in Fig. , the current error in dq frame between inverter 1 and 2 is zero as exposed
by the reference value, which indicates that the current controller effectively supress the
circulating current between parallel inverters.

‘ System parameters ‘

DC side line inductance L =400uH, rp = 0.2Q
Output ac filter inductances Li=Ly=L3;=1mH, r1 =1y =13 =0.7Q
DC bus capacitance Cge = 1100puF
AC output voltage 110 V-60 Hz
DC input voltage 500 V
Switching frequency fsw = 15kHz
Voltage/Energy control dynamics & = 0.7, w,, = 5000rad/s, p; = 6000rad/s
Current control dynamics & =0.7, w,, = 5000rad/s
Time constant (7.) for voltage/energy trajectory filter 1 ms
Time constant (7,) for current trajectory filter 10 ms

Table 2.3: Parallel inverters system parameters.
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Figure 2.6: dgq output voltages of parallel system under the proposed control method. (a)
Voltage V.4, (b) Voltage V., from the startup to a step in V,,,s voltage at
t = 50ms from 90 to 110V.

Secondly, for the other case study, where the electrostatic energy is considered as the
flat output, The schematic diagram of the proposed control system is given in Fig. 2.8.
Under the normal conditions, the proposed control method regulates the output ac bus
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Figure 2.7: dg current error between inverter 1 and 2 under the proposed control method.

(a) current error zge, (b) current error zg.

Yo, Y O
V&, 2.98). (242 Control laws Zj Vm_m/
(228, 242) (2.45), (2.46) g; _
s |V g
Te bi_ref H
L w 2= g
£ 3
E |V *
3 ci_ref i3
.
%
E
=0 .
Y, i,
(default) ------ I IS
V
______ L___l__[_ de
LR
Case (ves): i = i+1, -
Case (no): i = i (default) IS V
g aN _ref
5
2 =02, =02, =0(k = f) : [y =
2, =1, = i o bN _ref g
o i s :
! ! - *
3 cN _ref Z
ol laws (2.4 (2.33), (2.34) 2z
Control laws (2.48) | (2.35), (2.36) - 3
Y

Figure 2.8: Operational block diagram of the proposed control method for N-parallel in-
verters with the circulating current and balancing method.
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2.3 Flatness-based control for parallel-connected inverters

voltages. The current balancing controller allows sharing the power equally between the
parallel inverters with minimization of circulating currents, so the current error vector
Y. equals zero. Under a fault condition of any inverter, the corresponding current error
vector y., referred to the reference inverter is no more zero. This method can be used for
multiple inverters failure identification. If the value of the individual current error vector
Y.k equals the reference inverter dq currents, this value will be an identification for the full
disconnection of the faulty inverter. Thus, the proposed control given by (2.37) and (2.56)
is verified for both healthy and faulty conditions. Fig. 2.9(a) and (b) show, respectively,
the behavior of the electrostatic energies y4 and y, and the corresponding output voltages
Vea and V,, under normal conditions for a step in the RMS reference voltage from 90 to
110V at t = 50ms. The measured components follow perfectly their reference trajectories.
The components gy, and V,y are equal to zero. In this case, when the three modules are
identical, there is no circulating current.

Fig. 2.10(a) shows the behavior of the line currents i,1, 7,2 and 7,3 and the corresponding
powers Py, P, and Pj of the three inverters at the common ac bus, during a faulty condition
when adding 1.52 per phase for the second inverter. When the the current balancing
controller is switched OFF at t=40 ms, the healthy inverters carry more power than the
faulty one. So, there is a circulating current between the parallel inverters as given by
the difference between line currents i,; and 7,49.

Fig. 2.10(b) shows the power sharing between the three inverters. The three powers are
supposed to be equal as indicated by the normal zone ZN. The load power Py is divided
equally to P, P, and P3, at the common ac bus, between the three inverters for a given
load of 3.2 kW. If a fault involves the fully disconnection of one inverter, by example the
second inverter at t=20 ms, the reference inverter and the third one continue supplying
equally the load power during the abnormal zone ZF2. At t=40 ms, when the second
inverter problem was cleared and restarted, the load power is equally shared as previous
state ZN. The same operation can be applied for the third inverter which is disconnected
in ZF3 when the disconnection and reclosure are effectuated at t=60 ms and t=80 ms
respectively. In the zones ZF2 and ZF3, the first inverter is the reference as viewed by
the current error vector y.,. But if it is disconnected, the currents will be referred to the
second inverter as given by (2.37) and operational diagram given in Fig. 2.8 (i.e. i = 2).

Fig. 2.11(a) shows the current error during the healthy and faulty conditions. The
current error is equal to zero for ZN and when the second inverter is fully disconnected,
the current error vector for both dg components equals the current of the reference in-
verter. Fig. 2.11(b) shows the behavior of the electrostatic energies dg components when
the second inverter or the third one is disconnected, some perturbations about 6% of
the steady state value are observed at both t=20ms and t=60ms in the measured dq
components. This is due to the variation of the electromagnetic energy stored in the
inductances which affects the energy of output LC filter. When the faults are cleared and
the inverter is reconnected to the system, the perturbations are negligible as indicated at
t=40ms and t=80ms for the dq components due to the current balance controller which
limits the rate of variations of the references at the moment of inverter reconnection. The
behavior of the voltage V.4, Vo, components and the three phase voltages V,,, Vi and V.
of the output filter capacitors is shown in Fig. 2.11(c) when one inverter is disconnected.
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Figure 2.9: Waveforms of the output ac bus of parallel system under the proposed con-
trol method. (a) Behavior of electrostatic energies y4 and y,. (b) Voltages
Veo, Vea,and Vo, from the startup to a step in V,,, voltage at ¢ = 50ms from
90 to 110V.
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Figure 2.10: Behavior of the parallel inverters system under the proposed control method
(Viae = 500V, Vipps = 110V, Ppoeq = 3.2kW). (a) Line currents and power
sharing between parallel inverters when the current balancing controller is
switched OFF. (b) Load power sharing between parallel inverters for a load
of 3.2 kW during healthy and faulty conditions for each inverter with the
proposed current balancing method.
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Figure 2.11: Behavior of the parallel inverters system under the proposed control method
(Viae = 500V, Vips = 110V, Pyeq = 3.2kW). (a) Behavior of current error
during healthy and faulty conditions. (b) Behavior of electrostatic energies
Ya, Yq under the proposed current balancing method with minimal perturba-

tion. (c) Behavior of V.4, V, and the output three phase voltages in different
Zones.
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The output energies and voltages follow perfectly their respective references and the three
phase voltages of the output LC filter are pure sine waves.

2.3.4 Experimental Results

To verify the effectiveness of the proposed control method, experiments are performed on
a 5-kW test bench consisted of two parallel inverters under the proposed control method
as shown in Fig. 2.12 with the parameters listed in Table 2.3. The proposed control is
realized with Matlab-Simulink-RTW software and implemented owing to dSPACE-1105
real-time control card. Fig. 2.13(a) shows the output ac voltages of the LC filter for a
balanced resistive load of 3.2 kW. The voltage THD is 1.8% for the FBC. Fig. 2.13(b)
shows the behavior of both the dg energies and the voltages components of the output ac
bus after a step variation in the voltage reference from 55 to 110 V with a resistive load
power set to 3.2 kW in steady state. The measured values follow perfectly their respective
references trajectories. Fig. 2.13(c) shows the experimental results of the output energies
which follow perfectly the planed energy references for step variation from 120 to 80 V
and then again to 120 V. The behavior of the output energy stays well controlled thanks
to the proposed flat control method after a step of the load power from 3.2 kW to 5
kW. The system exhibits efficiency about 87% under the given load conditions. When
there is non-similarity of the components, there will be a circulating currents between
the parallel inverters. Unbalanced system is introduced by adding 1.5¢) per phase for the
second inverter, this resistance artificially represents the nonequivalent condition. The
currents 241, ig2 and 441,442 at the common ac bus is still equally divided between the two
inverters using the current balancing controller, and the circulating current is reduced to
zero as shown in Fig. 2.13(d) and (e). The respective current differences are equal to
zero with the proposed currents balancing method. These results put emphasis on the
minimization of the circulating currents for unbalanced parallel systems. Fig. 2.13(f)
shows the power P, P, which are balanced between the two parallel inverters, but the
second inverter exhibits more losses than the first one under the given nonequivalent
condition. These figures show the efficiency of the current balancing method used to
balance the currents and the power between inverters. Also, the balancing system is still
efficient during transient state.

Fig. 2.14(a) shows the power P, P, and the power sharing ratio o, s between the two
inverters under a resistive balanced load of 3.2 kW when the current balancing system
is switched OFF under the abnormal condition by adding 1.52 per phase for the second
inverter. The healthy inverter provide more power than the faulty one. So, there is a
circulating current about 2A between the parallel inverters as shown in Fig. 2.14(b). The
system exhibits efficiency about 86% and 84% with and without the current balancing
method under the abnormal and same load conditions. Fig. 2.14(c) shows the behavior
of electrostatic energies y, (similarly y,) and the output ac bus voltages V. during the
faulty condition of the second inverter which is fully disconnected from the system for the
given values of V;.=500 V, V,,,s =110 V and the load power of 3.2 kW. A perturbation
around 7% in comparison of the values in steady state is observed for the energy and
output ac bus voltages due to the change of the electromagnetic energy level in filter
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Figure 2.12: The experimental test bench of two parallel inverters.

inductors. The corresponding behavior of the power P;, P, and the current error vector
24, 7, and their respective reference trajectories is shown in Fig. 2.14(d) and Fig. 2.14(e).
The first inverter is switched OFF at the beginning of ZF1 and the full load power is
provided by the second inverter which becomes the reference (i.e., invl=s, inv2=m) and
continues as a reference. However, at the moment of reconnecting the first inverter at
the end of ZF1, the second inverter stays the reference unit which is disconnected at the
beginning of ZF2, and the first inverter becomes the reference as in the initial state.

To verify the performance of the proposed controller under nonlinear load condition,
a three-phase diode bridge rectifier with a resistive load is used. Fig. 2.15 shows the
waveforms of the output ac bus voltages and load currents. The THD is 2.71% for
the output ac bus voltages under the proposed control method. The lower THD value
for the line voltages under the flatness controller is mainly due to use of the reference
reactions instead of disturbance reactions. The performance of the proposed control
method can be tested under abnormal condition like open-switch fault. Fig. 2.16(a)
shows the experimental results for the output ac bus voltages under open-switch fault
of the first inverter represented by S11 (a detection variable flag). In this case, the
control continues to operate in normal mode (no disconnection of the faulty inverter).
The measured current error values are negative for the upper open-switch case as shown
in Fig. 2.16(b). The faulty phase has negative unidirectional current and zero for the
positive half as shown in Fig. 2.16(c). The experimental results show the validity of
the proposed FBC method for regulating the output voltage or minimize the circulating
currents between the parallel inverters and minimizing the transient effects due to changes
of the configurations of the parallel system.
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Figure 2.13: Experimental results: (a) Output voltages for Vrms=110 V under 3.2 kW
balanced resistive load. (b) Behavior of measured dg energies and voltages
of output ac bus for step in reference voltage Vrms from 55V to 110V. (c)
Experimental results during step variations of measured energies after step
variation of Vrms from 120 to 80 V and then again to 120 V and with step
of load power from 3.2 kW to 5 kW. (d) Experimental results of currents
id1, g2 and 141,740 and their respective differences when current balancing
controller in ON state. (e) Line currents ial, ia2, their respective differences
when current balancing controller in ON state. (f) Corresponding behavior
of supplied power at output ac bus; P, P>, losses Pj,ss1 and Pyyggn.
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Figure 2.14: Experimental results: (a) Power P;, P, and their ratio at common ac bus
under resistive balanced load of 3.2 kW when current balancing is in OFF
state. (b) output currents 7,1, .2 and their respective differences when cur-
rent balancing controller is in OFF state. (c) Electrostatic energies yq, y,
during full disconnection of second inverter and corresponding three phase
voltages with perturbation of 7%. (d) Powers P; and P, at output ac bus un-
der resistive balanced load of 3.2 kW for full disconnection of first and second
inverter respectively. (e) Current error vector z4 and 2z, components under
resistive balanced load of 3.2 kW for disconnection condition of inverters.
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2.4 Power sharing enhancement based Droop Control

In recent years, many research attention was paid on improving the ¢) — V' droop control
to enhance the accuracy in reactive power sharing and to get better dynamics and steady
state performance. For example, better transient response with voltage drop minimization
was obtained by introducing a derivative or integral terms into the droop controller [53,
54, 46]. The conventional droop control with virtual output impedance [30, 31, 32, 33, 26,
55, 37, 80] was proposed to obtain a mainly inductive feeder line to increase the power
sharing accuracy. Another way to decouple the active and reactive powers was introduced
in [39], by adding a virtual power frame transformation. Recently, communication link
has been introduced in the Droop control strategy to improve microgrid power sharing
performance [81, 82, 36, 83]. Thus the microgrid characteristics play an important role in
the performance of the droop control, and undesirable parameters affect the accuracy of
power sharing. It is well known that, the voltage drops across the line affect the Q — V'
function performance. In [47], the line voltage magnitude drop was estimated and the
converter reactive power output information during grid connection were used to design
the slope of the droop function during islanded mode.

In a different manner, the voltage at the point of common coupling (PCC) could be es-
timated to improve the reactive power sharing under mismatched line impedances. Thus,
in this part, we are going to propose an online state estimator for the PCC rms-voltage
and additional control signal is injected to the () — V' droop to compensate the drop volt-
age across the line, thus accurate reactive power sharing is achieved. This is done without
adding communication link and without adding a supplementary loop to inject a virtual
impedance.

To illustrate the failure of the conventional () — V' droop in sharing accurately the
reactive power, a cross reference to Chapter 1 Eq. (1.7) is realized and an arrangement
of the equation gives rise to:

Zz’Qz’
Vi—Vy =
A

The passage from (2.64) to @ —V droop equation (V; —V,, = —n;(Q; — Q:n)) is done by
assuming that the voltage (V4) is controlled to the set point (V;,) which is not physically
completed, as it misses the voltage drop across the line impedance. To make sure that the
PCC voltage is controlled to the desired set point, we must add the voltage drop across
the line in the () — V' droop control model as:

(2.64)

Vi = Vo + | Ziisi| — ni(Qi — Qin) (2.65)

Equation (2.65) can effectively control the PCC voltage near the constant voltage as
desired. From this point of view, a PCC rms-voltage estimator is adopted and compared
with the constant desired value, the difference will be added to the ) — V' droop function
using integral control. In this way, we can ensure that the voltage at the PCC point will
rest in a desired range, and the modified ) — V' droop will no longer depends on line
impedance values.
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2.4.1 PCC rms-voltage State-Estimator

In this section, a state-observer of the PCC rms-voltage is proposed. This state-observer, is
dedicated to a specific subclass of non-linear systems which are supposed to be observable.
It is inspired from the sub-class of state-observers designed through the literature as
“Disturbance observers”, for example, those studied in [84, 85].

Disturbance observers are indeed very well adapted to the considered problematic con-
sisting of PCC rms-voltage estimation. In microgrid application, the disturbance vector
disturb = ( Vpcca Vpccg )Thas to be observed in dq rotating frame. The non-linear
system can be described as

S ()< (Sl o) 266)

where:
o X € R™™ is the vector of variables which are going to be estimated.

o x € R" is the vector of the system state-variables. Every state variable are proposed
to be measured.

e p € R™ is the vector of the unknown parameters to estimate. Parameters p are
supposed to vary slowly compared to state-variables (i.e.: @ > p).

o fand g are non-linear functions of x and u (the command signal vector) respectively
of size R™ and R"*™. Note that, g(x, ) is non singular.

2.4.1.1 Definition of the proposed state-observer

A lot of observation techniques exist in literature. Contrary to the Extended Kalman
Filter or Luenberger observers, the proposed observer doesn’t use a local model around
an operating point and is well adopted for nonlinear systems [10]. Its dynamical equations

are given by:

o S positive-definite matrix of size R"*".

&>

_ f@,u) + gl u).p— S(2 — x)
) a ( Kp'(j_j:)+Ki’(j_x)_QT(I,U).(:%—J;) ) (2.67)

3>

where:

o« Kpg(x,u)=—P.
L4 Kz - KpS

e P positive-definite matrix of size JR™*.

57



Chapter 2 FLATNESS BASED CONTROL FOR INTERFACED CONVERTER WITH
DROOP CONTROL ENHANCEMENTS

2.4.1.2 Stability of the estimator

For demonstrating the convergence of the estimation through the state-observer, estima-
tion errors €, and ¢, are defined respectively following Eqs. (2.68) and (2.69).

SES (50 - x) =g(x,u).e, — Sey (2.68)

€p = (ﬁ - p) = Kp.g(z,u).cp, — Kp.5.65 + K;.e0 — gT(xv u).ey (2.69)

Exponential stability of the estimation can be demonstrated with the classical Lya-
punov approach. In fact, Lyapunov stability theorem gives sufficient conditions for sta-
bility, asymptotic stability, and so on. Moreover, we use the Lyapunov stability theorem
for exponential stability to show that an equilibrium point of a nonlinear system is ex-
ponentially stable if and only if the linearization of the system about that point has an
exponentially stable equilibrium at the origin [86]. To state the Lyapunov’s stability
theorem:

Let 2 = 0 be an equilibrium point for an autonomous system (¢ = f(x)) and D C R"
be a domain containing x = 0. Let V : D — R be a continuously differential function
such that

V(0)=0and V(z) > 0in D — {0} (2.70)
V(z) <0in D (2.71)
Then, x = 0 is stable.
Moreover, if
V(z) <0in D — {0} (2.72)

then x = 0 is asymptotically stable.
For this, the Lyapunov candidate function V' is considered following Inequality (2.73).

vz;(%z%)<?>zo (2.73)

p

The derivative of function V' can be expressed as Eq. (2.74):

V=clé, +elé, (2.74)

By substituting Eqs. (2.68), (2.69) in (2.74), V can be expressed as:

V =clg(x,u).e, —el.Se, + e) Kp.gla,u)e,—e) Kp.Se,+¢) Kiey—e).g" (x,u).c,
(2.75)
Then, by introducing expressions of K, = —P.g"!(x,u) and K; = K,.S = —P.g"(z,u).S,
in Eq. (2.75), it results to:
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p

. -S 0 €
V=_e gp).<0 _P>.<€> (2.76)
Finally, from Eqgs. (2.73) and (2.76), the estimation exponential stability can be ensured
as long as S and P are positive-definite matrices.

2.4.1.3 PCC rms-voltage estimation for Microgrid Application

The considered model for deriving the differential system equations is represented by Fig.
2.17(a) while Fig. 2.17(b) depicts the vector diagram in dgi rotating frame.

PCC

Figure 2.17: Single Line circuit with vector diagram

The PCC rms-voltage is first achieved by estimating the parameters Vj4, in each dgi
frame of the corresponding DG-i. The system state equation can be written as Eq. (2.77).
For estimation of parametrs, the state-variable I;, the input vector V; are measured.

i dt
L. Hai Voi —wiLila; — Rilgi — Vogi

vodt

(2.77)

{L,dfdi = Vi +wiLily — Rilgi — Voai

Before presenting parametres estimation, their observability must be verified since it
is proposed to estimate them through state observers. For this purpose, the considered
state vector X is given defined as:

X=| (2.78)

The measured vector Y is defined as:
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Y = ( ﬁd ) (2.79)

q

Under classical notations, state-variables X and measured ones Y are linked through
matrix C' which is given be Eq. (2.80)

0100 (2:80)

The local observability of such system can be proved by considering the observability
vector © given by:

YZC.XWichCZ(l 00 0>

Xy

N

Y Xo
0= ( v > | L Va4 wiliXs — RiX) — X (2:81)
L%. [qu —wiL; Xq — R Xy — X4]
The system model is considered locally observable, if Eq. (2.82) is satisfied. In this
T

case, dim(X) = 4 and Eq. (2.82) is verified if Y = ( Ly 1y ) # 0. Then the model is
observable if the output power is different from 0, which is practical since the estimated
parameters would not be used for null power.

rank(Jacob(©)) = dim(X) (2.82)

For developing the proposed state-observer, the system represented by Eq. (2.77) is
written in the form given in Eq. (2.67). Functions f(z,u) and g(z,u) follow equations
(2.83) and (2.84). It is verified that g(z,u) is invertible.

1 R;

Ay bl — B

I, Vdi idqi ;' di

flz,u) = < Ll Vi — woilys — 1, ) (2.83)

k3

g(x,u) = ( % g ) (2.84)

L;
To complete the proposed state-observer, matrices S and P have to be determined.
They are chosen following Eq. (2.85) as:

5000 0 1000 0
S‘( 0 5000) amp_( 0 1000) (2.85)

2.4.1.4 The Control Scheme

Before introducing the control scheme used for active and reactive power sharing for
parallel inverters in microgrid, we are going to list some benefits for why choosing a state
observer for estimating the PCC rms-voltage over other control loops used to enhance
power sharing for the droop control in autonomous microgrid.

The benefits of the proposed PCC rms-voltage state estimator over the virtual impedance
design or the () — Vdot are summarized as follow:
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o The state estimation occurred at the same bandwidth as the voltage controller.
Thus, the dynamics of the state estimator is three or more times faster than the
() — Vdot voltage restoration loop [87].

e The improvement of the proposed estimator is that it is simple and does not interact
with the dynamic of the droop. In systems with high coupling impedances, the
design of virtual impedance scheme is difficult and should be very large. Thus, the
dynamics of power sharing can be affected.

o The final advantage of the proposed estimator is that the line impedance is the only
constant required, compared to the () — Vdot that requires additional parameters
to set the restoration loop. Furthermore, the design of virtual output impedance
requires, in certain cases, the knowledge of the inverter line impedance as presented
in [80].

The new control scheme is shown in Fig. 2.18(a). While the PCC rms-voltage state
estimator appears in the modified ) — V' droop which is named as ) — VEst droop
control shown in Fig. 2.18(b). In this case, the estimated PCC rms-voltage is compared
with the nominal value to insure less voltage drop at the PCC and eliminating the effect
of the drop voltage across mismatched line impedances.

2.4.1.5 Simulation

The proposed droop controller is tested by MATLAB-Simulink for two DGs connected to
a common linear and nonlinear load across feeder lines as given in Fig. 2.19. A three-
phase network is designed with 110V-60Hz rating voltage. The line impedances are set
as Ry = 0.1Q, L1 = 1mH and Ry, = 0.5802, L, = dmH. The system parameters are
considered as given in Table 2.4.

\ System Parameters for simulation

DG1 P(W)/Q(Var) 3000/1500
DG2 P(W)/Q(Var) 3000/1500
m; (rad/sec/W) 3.34 x 1074
n; (V/Var) 6.7 x 1073
Integrator gain K, 10

System Parameters for experiment

Equal ratings Different ratings
Pi rated(W) 3000 3000/1500
Qi ratea (Var) 1500 1500/750
m; (rad/sec/W) 3.34 x 107 | 3.34 x 107%/6.66 x 1074
n; (V/Var) 6.7 x 1073 6.7 x 1073/1.33 x 1072

Table 2.4: System parameters for test.

In Simulation test, DG1 and DG2 are supplying the R-L load. The two sources will
share the fundamental real power equally by using the droop control with equal droop
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Figure 2.18: Proposed Droop Control scheme with modified ) — V Est Droop.
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Figure 2.19: Simplified circuit of the system.
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2.4 Power sharing enhancement based Droop Control

coefficients as set in Table 2.4. However, the reactive power is not balanced between
the two DICs since the line impedances are different. Fig. 2.20 shows the fundamental
power sharing for this case. The proposed online state estimator for the PCC rms-voltage
is tested after starting the droop for realizing the difference in reactive power sharing as
shown in the figure. Once the estimated PCC rms-voltage is injected in the droop control,
so called ) — V Est droop, the reactive power is shared equally between the two DGs.

g 3000 ~
=
2= 2000 P |
v o

5 2 1000 P .
T A

g 2

=3 0 i
=

-1000 :
0 ‘5 Time (seconds) ‘10 15
| (a) |
1000
R
g & 500 |
222 7 @
g5~ 0 4
5 8 Q
F é 1
-500
0 5 Time (seconds) 10 15

\ (b)

\

\

Droop Control Start ——| |
Estimated PCC rms-voltage ‘

injection in -V droop ‘

Figure 2.20: Simulation results: (a) Fundamental Real power: P, P»; (b) Fundamental
Reactive power: 01, (2 before and after the intervention of the estimated
PCC rms-voltage.

Figure 2.21 shows the Estimator performance by comparing the estimated PCC rms-
voltage with its real value for both DGs. It is shown that the estimator is accurately
tracking the real value of voltage, since its dynamics is high and is equal to the dynamics
of the voltage controller.

Fig. 2.22 shows the ) — VEst reference voltages before and after the estimator inter-
vention. The drop voltage across the feeder is well retrieved to each DG reference by
applying the proposed Droop controller.

2.4.1.6 Experiment

To validate the performance of the proposed ) — VEst Droop controller, a test bench of
two DGs is constructed in the laboratory, which consists of two isolated 500V DC voltage
supplies, two three-phase inverters controlled by dSPACE 1005 real-time control card,
inductors for modeling the line impedance and a three phase R-L load and a full bridge
rectifier. The system parameters are considered as follows:

o The system voltage is 110V (RMS, Line-to-neutral), 60Hz.
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Figure 2.21: Simulation results: (a) DG1 state Estimator PCC rms-voltage compared to
real value; (b) DG2 state Estimator PCC rms-voltage compared to real value.
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2.4 Power sharing enhancement based Droop Control

o Two three-phase PWM inverters, switching frequency 15kHz, the output filter in-
ductor, L= 3.4 mH, the output filter capacitor C'y= 40pF.

e The line impedances are set as Ry +jX; = 0.14+j0.377Q2 and Ro+j X, = 0.5+j1.88¢).

o The Droop Control parameters are considered as given in Table 2.4.

For case 1, we consider equal power ratings of two sources where DG1 is supplying the
R-L load, while DG2 is firstly synchronized to the grid voltage using PLL and then the
Conventional Droop Control is applied. It is seen from Fig. 2.23 that the reactive power
is not shared equally. After applying the PCC rms-voltage state estimator with the
proposed () — VEst droop, the Reactive power is balanced between the two DGs even
with a mismatch on line impedances. The phase voltage and phase current signals for the
two DGs are given in Fig. 2.24(a), (b) after the starting the estimator, which shows an
equal magnitude of current in this case.
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[,
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Figure 2.23: Experimental results for Case 1: Fundamental Real power: P, P; Fun-
damental Reactive power: )1, ()2 before and after the intervention of the

estimated PCC rms-voltage.

For case 2, the ratings of the two sources are different and the load is decomposed
of a non-linear rectifier in addition to an R-L load. An identical demonstration as case
1 is given. Fig. 2.25 shows the power sharing for this case. The phase voltage and
phase current signals for the two DGs are given in Fig. 2.26(a), (b) after the starting
the estimator, which shows the magnitude of i¢,o is half the magnitude of i1¢41. It is to
be noted that ic,; contains more harmonic contents than ¢c,.2 which is due to smaller
impedance separating DG1 from the load. The output of the estimator is tested by
comparing the estimated PCC rms-voltage to its measured value. Fig. 2.27 shows the
estimator result for both DGs.
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Figure 2.24: Experimental results for Case 1: (a) phase voltage and phase current for
DG1; (b) phase voltage and phase current for DG2.
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2.5 Conclusion

In this chapter, we introduce, in details, the inner controller for Distribution Interfaced
Converters (DICs). It is described by the Flatness Control concept. To better appreciate
the benefits of the proposed approach, Modeling and simulation test were done to check the
effectiveness of the controller in starting phase and transients which shows high bandwidth
with perfect tracking characteristics. This ensure the capability of using such control in
Microgrid application which provides significant advantages over other inner controllers
in terms of bandwidth, perfect tracking and number of control loops. Secondly, a parallel
system of N-modular inverters was proposed based on flatness control. This strategy
involves regulating the ac common bus voltages with minimizing the circulating currents
between parallel inverters. The flatness-based control allows reducing the transient effects
during a change in configuration when fault presents in one or more inverters that requires
a disconnection from the system. The third part of this chapter deals with the proposed
droop control for power sharing improvement. Where the proposed State-observer was
presented to be used in microgrid application for enhancing the power sharing between
parallel inverters. It was shown that, the drop voltage across mismatched line impedances
affects the reactive power distribution between different Converters. Retrieving the drop
voltage across inverter line impedance is done by proposing a state estimator for the PCC
rms-voltage to indirectly sense and control its value around the nominal voltage, thus no
communication is added and the droop control performance is no longer depend on the
line impedances separating the sources from the common loads. The proposed @ — V Est
is tested using simulation and experiments which show the effectiveness of the proposed
droop control. Its advantages over other proposals are also presented.
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Chapter 3

HARMONIC POWER SHARING
WITH VOLTAGE DISTORTION
COMPENSATION OF DROOP
CONTROLLED ISLANDED
MICROGRIDS

3.1 Introduction

Modern electrical distribution systems are complicated aggregation of several components
and numerous supply points. Microgrids can be categorized into different groups depend-
ing on the size, loads, voltages and currents. Three microgrids can be identified: AC,
DC and hybrid. In AC microgrids, all distributed energy resources (DER) and loads are
connected to the AC bus via DC/AC inverters. In DC microgrids, the common bus is
DC, where AC/DC rectifiers are used to connect AC generating units. Some literatures
propose hybrid microgrid, that combines both AC and DC microgrids for increasing the
system efficiency and reliability [88, 89, 90]. The interaction of components of a microgrid
with the power utility results in temporal variations in the characteristics of the power
supplied to the customers. These variations usually appear in the form of very short
to longer periods of outages or abnormal voltage and/or frequency characteristics. The
quality of the supplied power is dependent on these variations. Distributed generation
(DG) and integration of distributed energy resources (DERs) in the form of “Microgrids”
can be used to improve power quality and reliability significantly. As we have seen in pre-
vious chapters, the Distributed Generation interfacing converters (DICs) use the droop
method as a decentralized control to regulate the voltage and frequency of the system
in case of islanding operation. The droop method also enables DG units to share the
real and reactive power required by the load without using any communications between
them [30, 87, 46, 54, 55, 91, 92, 93, 94, 95]. The major focus of the droop control is
to share the average real and reactive power. Although the traditional droop method
shows inconvenient in sharing the reactive power, which depends on the impedance of
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DG feeders, it is well addressed in literature and different improvements were made to
enhance the reactive power sharing [30, 87, 46, 54, 55, 91, 92, 93, 94, 95]. On the other
hand, the islanding microgrid faces a serious problem in power quality due to the in-
tensive use of nonlinear loads. In fact, the droop separately cannot be used since it is
only designed to share the fundamental positive sequence component of load power. The
traditional way to limit the harmonic distortions in the system is to install passive filters
or centralized active power filters [96]. Recently, a new methods of active filtering were
proposed for Smart Grid application [97, 98][97, 98]. To further autonomously share the
harmonic currents, another popular approach is the virtual output impedance concept,
where a load current feedforward loop is introduced together with the output harmonic
voltage controller [99, 36, 37, 100, 101, 102, 103]. To attenuate the differences among the
feeder impedances of the DGs, a large virtual inductance is needed. As a consequence,
additional harmonic voltage distortion may exist. A virtual capacitive impedance loop
was used to improve the harmonic current sharing and attenuate the voltage harmonics
at the PCC [104, 105]. The basic principle of the capacitive virtual impedance loop is to
compensate the non-linear inductive voltage drop by introducing a capacitive component
which is equal in magnitude but has an opposite phase shift. The virtual impedance is
tuned as regard to transformer and line impedance values. Thus, this control loop is
based in knowing the line parameters in advance. In addition to several control meth-
ods enhanced with virtual impedance, new design rules are added and the knowledge of
physical line impedances are required [106]. In [107], a harmonic and negative-sequence
current control in islanded medium-voltage microgrid (MV-microgrid) is presented. The
proposed control strategy consists of a multi proportional resonant controller with ad-
justable resonance frequency to regulate the load voltage under nonlinear and unbalanced
load conditions, and a harmonic impedance controller to efficiently share the harmonic
currents between DGs. However, for both controllers, this may result a high order feed-
forward transfer function. In [108], the author proposes a harmonic droop controller to
share harmonic power between converters and to damp the voltage distortion at the PCC,
where the computational burden is the restriction. Furthermore, in weak microgrid, the
THD damping performance is highly affected by line impedances. Another way to achieve
harmonic power sharing was presented in [109], based on harmonic conductance-harmonic
Var droop (G—H droop). However, it has been found that only the harmonic distortion
of DG output voltage can be regulated in this way, whereas the voltage harmonic dis-
tortion at the PCC may be undamped when using LCL filters and high line impedance
value. In [110], the method presents a voltage controlled method for DGs to compensate
the voltage distortions by means of adjusting the DG equivalent harmonic impedance. It
should be mentioned that this method can only adjust DG harmonic line current in an
indirect control manner. The harmonic current sharing is sensitive to the variation of grid
impedance and the disturbance in the main gird. Recently, new proposals are introduced
to share accurately reactive, harmonic and imbalanced power based on consensus algo-
rithm [111, 80]. In [112], an enhanced hierarchical control structure for voltage unbalance
and harmonics compensation is proposed.

The main purpose of this chapter is to compensate the voltage distortion caused by non-
linear loads, in cooperated manner between different voltage-controlled DGs in islanded
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microgrid. Furthermore, the harmonic current of the non-linear loads is distributed be-
tween DGs as regard to their ratings. Omne distinct control loop is being proposed to
achieve the targets. The main functionalities of the proposed loop are listed as:

* Define a droop function that allows to share nonlinear current in proportion to DGs
harmonic power ratings.

*+ Compensate the voltage distortion at PCC due to nonlinear load in cooperation
between DGs.

* The proposed control loop is immune from grid disturbances and mismatched feeder
impedances.

* The proposed control loop is simpler to design. There is no need to know feeder
impedances in advance.

This chapter starts with a brief discussion of power sharing for islanding microgrid in
Section 3.2. The proposed harmonic droop control for harmonic power sharing is ex-
plained in Section 3.3. The strategy is also capable for reducing the voltage distortions
at the PCC. The PCC harmonic voltages are modulated to their dc quantities by means
of PLL and synchronous frame, and sent to each DG local controller for harmonic dis-
tortion reduction. The advantage is that a low bandwidth communication can be used
for transmission. A small-signal analysis of the proposed control model is presented in
section 3.4, where the eigenvalues are realized to indicate the damping of the oscillatory
terms under different operation conditions. This examination allows further identification
between system stability and its configuration, such as droop gains and operation condi-
tions. In Section 3.5, the harmonic droop controller is tested using computer simulation
with different configurations and case studies. Finally, the system is validated by experi-
ments to verify the effectiveness of the proposed strategy and to show that the proposed
method could considerably improve the voltage THD. The results are given in Section 3.6
followed by conclusions made in Section 3.7.

3.2 Islanding Microgrid Power Sharing Principle

Figure 3.1 shows a microgrid formed by n-parallel three-phase interfaced converters linked
to the PCC through DG feeders. The microgrid also consists of linear and nonlinear loads
at PCC. As shown in Fig. 3.1, the harmonic orders of the PCC voltage are extracted by
the measurement block and sent to all DGs via low bandwidth communication bus. Each
DG has a local controller which consist of a droop function and an inner control loop to
regulate the output voltage to its reference. It is to be noted that, the communication
link is only needed to get information about the PCC voltage harmonics and are used
for compensation. Thus, the system operation still works even without communication.
Nevertheless, the harmonic compensation will be terminated.
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Figure 3.1: Three-phase microgrid with parallel DGs, Linear and nonlinear loads.

3.2.1 Droop control for linear load

The droop control has a long history of use for the synchronous generator control in
power system. Recently, it has been used for parallel-inverter control which is developed
based on the analysis of steady state power flow in an inductive feeder. The conventional
frequency and voltage droop controllers in a DG unit are shown in (3.1) and (3.2) as:

W; = Wp — mz(Pz - Piirated) (31)

‘/i == Vn - nz(Qz - Oi_rated) (32)

where w,, and w; are respectively the nominal and reference angular frequency of the
DG unit. V,, and V; are the nominal and reference DG voltage magnitudes. P; and @); are
the average power measured after low-pass filtering. P; atea and @); rated are the rated
power capacity of a DG unit. m; and n;, the droop coefficients of the controller, are
designed in inverse proportion to the rated power of DG unit. We have seen in chapter
2 that ,with the conventional droop, an accurate real power sharing is achieved at steady
state. However, the accuracy of reactive power sharing is affected by mismatched DG
unit feeder impedances. To reduce the impact of the line impedances, several methods
can be applied to compensate the accuracy of fundamental reactive power.

3.2.2 Harmonic Power sharing

In a microgrid with significant nonlinear loads, an inaccurate sharing of harmonic power
can lead to DG over capacity. Furthermore, harmonics can cause overheating, increased
losses, distorted current and voltage waveforms, etc. Hence, a control strategy must
be employed, to share the harmonics and to reduce the THD of the output voltage at
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PCC point. The harmonic power drawn from each DG depends on the line impedance
between the DG and the load. Harmonic power sharing can be achieved by changing the
effective impedance between the DG unit and the load. Furthermore, if the equivalent
harmonic impedance is reduced properly, the PCC voltage quality can be improved [110].
A simplified circuit of two DG units at harmonic frequencies is shown in Fig. 3.2. Note
that, the DG interfaced converter acts as short circuit for harmonic currents, but there
still exist output voltage harmonic contents due to existence of inverter output impedance
as shown in the figure. In literature, two ways were reported for changing the effective
line impedance. First, by changing the inverter output impedance by means of virtual
conductance [109]. In this case, if the difference between the line impedances Z}!,,, and
Zl ., is significant, harmonic sharing may not be accurate. The second way as suggested
in [99, 36, 37, 100, 101, 102, 103, 105, 104], by adding a virtual impedance in series to
the line at harmonic frequencies. When the virtual harmonic impedance is dominant
compared to the line impedance, the equivalent impedance become approximately equal
for the two DGs in Fig. 3.2. Thus, harmonic load sharing will be achieved and distributed
equally between DGs. However, adding series impedance to the line increase load voltage
distortion.

Figure 3.2: Equivalent circuit of two DGs at harmonic frequencies.

3.3 Proposed Harmonic Power Sharing

Instead of introducing complicated virtual impedance loops implemented in the inverter’s
control to improve the voltage harmonic distortion at the PCC and to share equally the
harmonic currents between DGs, the proposed harmonic droop does the two functions in
one loop design. Moreover, the proposed harmonic droop is unaffected by line mismatched
impedances and grid disturbance. Thus, accurate harmonic sharing is achieved with
reduced system complexity.
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3.3.1 Principle of the proposed harmonic droop

The simplified equivalent circuit of two DGs supplying a common load is shown in Fig.
3.3, where the nonlinear load is modeled as a harmonic current source with passive load.
The DGs are represented by a controlled voltage sources with DG feeder impedances (i=1,
2). If the DG harmonic voltage (V) is controlled by using the PCC harmonic voltage
(Vboo) with a positive gain, G?, as

V[})LGi - _G?VIQCC’ (3.3)
Iy Iy
DG, | | DG,

— VA -
—
e | Iz
Z I
C«; Ve, :* . *: v 6
| |
| |
Zlgel_eq ZSGZ_eq

Figure 3.3: Simplified Equivalent circuit of two DGs based microgrid.

The equivalent harmonic impedance for DG; at the PCC point can be derived as

Ig(;i = (V[})LGi - Vzgcc)/ chl-
= —(1+ G?)V;LC’C/ZEGi (3.4)
Zh — _VIQCC —_ Zng
DG ea Iha, (1+GP)

where I}y, is the DG; harmonic current and Z},. is the DG, feeder harmonic impedance.

It is clear from the above interpretation that, by properly controlling the DG; harmonic
voltage with a positive gain , the DG, feeder harmonic impedance will be reduced by a
factor of (1+G%). In order to share proportionally the harmonic power between different
DGs, the selection of this gain is subject to a droop coefficient designed based on specific
rating of harmonic power for each DG. It is obvious to say that multiple DGs with har-
monic voltage controlled based on the reduction of DG harmonic impedance will further
reduce the PCC voltage harmonics. Each DG will be subjected to a controlled positive
gain G which is responsible for generating a reference harmonic voltage. More details of
the design are given in the followed subsection.

74



3.3 Proposed Harmonic Power Sharing

Distributed Generati on interfaced converter
DIC, R L ec
V, ) A0
e[| 1 [ rmm AL
(5501 AM—TT0L
. 1L Linear
DC-Link R 7= bo—
T TT | | load
SPWM ||
Modulator VPCC Nonlinear

! || load
V,

Harmonic dg components

Voltage Harmonic extraction
Controller | Extraction
| V&
Conventional [+ PCC_dq
Drooy ” |
P DG, | VPCC \VAS
— | o PCC dqg
Harmonic | Low Bandwicth
Droop [ Communicati on bus

L Vil

Figure 3.4: Proposed control strategy for DG interfaced converter.

3.3.2 Parameters identification of the proposed harmonic droop

The proposed control strategy is implemented as shown in Fig. 3.4. The harmonic voltages
at the PCC are used to generate the inverter reference harmonic voltage by means of the
harmonic droop. The voltage across filter capacitor is measured and controlled to be equal
the total reference voltage generated by the two droop controllers. Thus, the dynamic
behavior of a DG as regard to harmonic current is bound to the bandwidth of the voltage
controller. The mechanism of the harmonic droop control is shown in Fig. 3.5. The
essence of this controller comes from designing a harmonic droop function (Q" — G")
that is able to define the gain G" as function of the harmonic power rating of each DG.
Similar to the characteristics defined for P — f and () — V droop, that allow to share the
fundamental power between DG units in proportion to the rated capacity, the proposed
harmonic droop is defined in similar way by setting the droop coefficients b; (i=1...n)
for all DG units as:

leillirated = bQQgirated = e = bNinrated (35)

where Q ;.4 (i=1...n), is the rating value of harmonic power capacity of DG;.
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h
VDGi _ref

—>

Figure 3.5: Proposed Harmonic Droop Controller.

However, the effect of the mismatch line impedances will prevent the proportional
flow of harmonic power between DGs. For this case, a common control part for all
DGs is proposed and added to the harmonic droop. It is represented by the selective
harmonic distortion (H Dj,) which is compared with an input value, H D,,4., the maximal
allowable variation of harmonic distortion. To illustrate the equally share of harmonic
power between DGs, by referring to Fig. 3.5 and when steady state is reached, the input
of the integrator is zero. Thus, Eq. (3.6) can be formed:

bi(QF — QF .oi) = Kn(HDy, — HD,o2) (3.6)

i_rated

Since the output of the common control part is the same for all DGs, a proportional
sharing of harmonic power between the units is satisfied by:

bQ" = b,Qh = ... =b,Q" (3.7)
As indicated in Fig. 5, the harmonic power Q" is calculated for each DG as
QF =3V Ihe, (3:8)

where Vggjd is the fundamental rms-voltage across DG, feeder.
The procedure of tuning the harmonic droop coefficients can be given as

i = bO/Q;Lrated (39)

The gain by is set to be high enough, with system stability to be ensured, in order to
adopt accurate harmonic power sharing. The gain K} is chosen to be equal for all DGs

and is defined by

K, = bo/HDyas (3.10)
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Therefore, by setting by and H D,,,., the harmonic droop become simple to tune and
flexible to work with the fundamental droop being reported previously. The proposed
algorithm can dynamically change the positive gain for each harmonic frequency.

The selective H Dy, represents the h-harmonic voltage distortion given as

HDy = Vﬁco/vlfggd (3-11)

where, VIus! represents the fundamental rms-voltage at the PCC, and V.., the h-
harmonic voltage component extracted using real time synchronous individual harmonic
frame method.

To avoid saturation of the DG inner voltage controller when using the proposed har-
monic droop which adds reference harmonic voltage to the input of the voltage controller,
the integrator should be bound to the inverter voltage saturation value when using a
specific modulator. For example, in sinusoidal PWM the saturation limit is given as:

3 Ve
VDG o < \[2 5 (3.12)

And in the case of adding h-harmonic reference voltage to the DG inner controller the
reference rms-voltage can be written as:

VoG, e = \J(VAES 2+ (Vg ) (3.13)

Since the h-harmonic reference voltage is written as:

h _ hysh
Voe, i = —GiVpee

VgGiiref(max) = - G?HDmaz Vgg%d (3 14)

Thus, introducing equations (3.13) and (3.14) in inequality (3.12) we obtain:

VE3(Vae/2)? — (Ve
HDmangggd

0<Gr < (3.15)

Equation (3.15) can be re-written in another form, where only the DG input parameters
can be used:

VE(Vae/2)? — (Ve

0<G; < Fund
HDyod VA

(3.16)

3.4 Control Model and Small-Signal Analysis

From the equivalent circuit in Fig. 3.3, (3.17) can be obtained at hth harmonic frequency
for DG; in synchronous rotating frame (dq) as
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Via. . ) N ( e ) d ( Ihe. ) ( Vh
i — Z . i_d + in i_d + PCCid 317
( V/}Gu pai IJ%GLq dt [gau Vice o (3:17)
where Z}; = < hf}) _%Li ) , i€ {1,2}.

PLL <::>

A 2
—> Wi —>
h h 2 2 h (filter)
aq Xag Xgg |5 + 20w, S+ wi, X
o » » LPF —>>
Xope abc HX(S)

Harmoni c dg components
extraction

Figure 3.6: Synchronous individual harmonic “dgq frame” extraction block.

It is to be noted that the DG voltage inner controller is of higher bandwidth compared
to the bandwidth of droop control, thus the DG interfaced converter with its controller
is modeled as a perfect voltage source as shown in Fig. 3.3. Fig. 3.6 shows the harmonic
extraction method used to obtain the h-harmonic voltage/current components. The ex-
traction of the harmonic current and voltage are based on time domain method which
make use of generalized Park transformation to convert the measured quantity (current
or voltage) from 3-phase stationary frame to the synchronous reference frame rotating at
chosen frequency. The dc component is then filtered by using a simple low-pass filter.
Thus, the harmonic extraction block can be modeled as a second order low-pass filter as

Vﬁcc(féif”) WJQ”
————— = H,(s) = z 3.18
VFI}CC_dq ( ) 52 + 2£Uwf’08 + W?'v ( )
h  (filter) 2
LC’ZJQ = Hy(s) = T (3.19)
VDG’qu 52 + 2§iwﬂs + wfi

The DG; harmonic voltage, is the reference set by the harmonic droop expressed as

h ilter
( VD:GLd ) _ ( VJ;lOC(,delt : > (3.20)
VDGi_q ’ VPCC(_fZ{ rer)

Using Kirchhoft’s current law, we can find from Fig. 3.3 in dg frame that

IgG27dq = ng - IgGlidq (321)
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Assuming that the bandwidth of the extraction block along with the communication
channel is lower enough to not interact with the dynamics of the harmonic current flowing
across line impedances. Thus, (3.20) can be written as

o) ()

S e B 3.22

( VgGifq VIIDlCCiq ( )

For a microgrid with 2 DG sources (i € {1,2}), we substitute (3.22) in (3.17), to get
V[)LGL 1q 28 function of PCC and DGy harmonic voltages as:

( VDZGQﬁd > — Z?)G ( Id: _I%GLd > _ E [( VDZGLd ) o Z?)G ( I%GLd )]
Vias o >\ 1 — Ipe, Ly Voar o "\ Ipa,

Ly [ VE
+(14+ =) | He ) 3.23
( L1) ( Ve 4 (3.23)

Rearranging (3.23) by taking into account (3.22), we can get:

1 Loy
VlgCCidq = 5 [_ZgGg([gq - I’[AL)GLd ) L ZZ]SGllgGl dq (324)

where, G = ( +Gh+ 221+ Gh)>
The coefficient G, the output of the droop can be given by

ach
dt (Qh i rated) Kh(HDmam - HDh) (325)
where, QI = 3VEE The, = 3VIE\ [ (b, )2+ (The, )?) and HD, = Uieg =
‘ - VPCC
O )

fund
VPCC

Equations (3.17)-(3.25) can be combined to formulate the dynamics of the whole system
as

T =A(x).x (3.26)

(filter) (filter) (filter) (filter) h a1t
where, & = [The, ., Tpa, ", dlpe, ", Vioo aa™, dVpooae™, GY, Gl .

Note that, A(x) is not linear and has state variables as elements. Thus, the model is
a nonlinear of order 12. In order to study the stability of the proposed harmonic droop
and to understand the dynamic behavior which is affected by several control variables,
an eigenvalue analysis by plotting the root locus is given. This is done by calculating the
Jacobean matrix at each operating point to determine the stability of the system under
the variations of different control parameters.
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’ System Parameters ‘

Fundamental Line voltage (V)/frequency (Hz) | 110V /60Hz
Feeder impedance Zpg, (R1, L1) (0.12, ImH)
Feeder impedance Zpg,(Ra, Lo) (0.2€2, 5mH)

5th harmonic current source: (15, = I3 +jI;) | 1-j0.5 (A)

DG Harmonic Droop

DGy : QF Lateq (Var) 500
DGy : Qb ... (Var) 250
Max. Harmonic distortion H D,q(%) 1%
Lowpass Filter Harmonic extraction
§/wy (rad/sec) \ 1/100

Table 3.1: System Parameters for Dynamic Analysis.

The system parameters used for examination are given in table 3.1. The eigenvalues of
the system at its nominal operating condition are shown in Fig. 3.7(a). It can be seen
that the eigenvalues, are placed in three different clusters. The eigenvalues of cluster 1
are sensitive to the change of droop coefficients. The dynamics of the 2nd order lowpass
filters used in extracting the harmonic contents (i.e. harmonic voltages and currents) are
determined by the eigenvalues of cluster 2. The eigenvalues of cluster 3 represent the
harmonic current dynamics before filtering / gGl 4 Fig 3.7(b) shows the locus of the
dominant eigenvalues that affect the system stability as the harmonic droop coefficients
change. The sense of variation of those coefficients is from lower to maximum value.
The behavior of eigenvalues A\; and A\g are identical and tends to be unstable during the
variation (at by=160). This interpret the appropriate choose of gain by, being positively
high but not enough, to ensure stability of the system. As the droop coefficients increase
the harmonic gains response become undamped which was noted from the behavior of
eigenvalues A\1; and Ajo. Note that the conjugate pairs A; and Ay are so far on the left-side
of the s-plane and unaffected by the change, they are not shown here.
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Figure 3.7: Eigenvalue analysis: (a) Eigenvalues for nominal condition (by=10): b =
2x1072, by = 4x1072; (b) Eigenvalues locus with harmonic droop coefficients
change b;(0 < by < 170): 2x1072 < by < 3.4x1071,4x1072 < by < 6.8x1071.

3.5 Simulation Results

The proposed harmonic droop controller is tested by MATLAB-Simulink for different
number of DGs as configured in Fig. 3.1. Firstly, the harmonic droop is applied for two
DGs based-microgrid to demonstrate the harmonic sharing performance. Secondly, the
proposed harmonic droop is tested in a system with three DGs to show if the it works with
different condition. The linear load is defined as R-L and the nonlinear one is represented
by current sources injected in the network. Note that, the study is done for sharing
harmonics of 5th and 7th order.
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3.5.1 Microgrid with two DGs

In this condition, DG; and DGy are supplying the R-L load with injection of 5th and 7th
harmonic currents in the network. The system parameters for this simulation are given in
Table 3.2. The two sources will share the fundamental real and reactive power equally by
using the droop control with equal droop coefficients as set in Table 3.2. In the following,
the proposed harmonic droop was tested for the two sources in two different cases.

‘ System Parameters

Fundamental line voltage (V)/frequency (Hz) 110 V/60 Hz
Feeder impedance Zpg, (R1, L1) (0.19, 1mH)
Feeder impedance Zpga,(Ra, L2) (0.29, 5mH)
5th harmonic current source: (13, = I3 +jl2) 1-j0.5 (A)
7th harmonic current source: (Ij, = Ij +jI[) -1(A)
Max. Harmonic distortion H D,,q.(%) 1%
DG Droop Characteristics
Control parameter Case 1: Case 2:
DGy DG, DG4 DG,
m; (rad/W) 5x107° | 5x107° | 5x107° | 5x 107°
n; (V/Var) 6.7x107 | 6.7x10° | 6.7x107° | 6.7x 1073
I e (Var) 500 500 500 250
bi (1/Var) 0.1 0.1 0.1 0.2

Table 3.2: Simulation Parameters for Two DGs configuration.

1. Case 1: The two sources are set to have equal harmonic power ratings. Fig. 3.8
shows the fundamental power sharing for this case. The fundamental active and
reactive powers are equally shared between the two DGs. The reactive power sharing
is compensated due to the fact that the method proposed in [54] is used. In Fig. 3.9
the harmonic power (5th and 7th orders) are shared equally between two DGs after
starting the harmonic droop. The procedure also tests the dynamics of the controller
under step load change which prove the effectiveness of the method proposed.

2. Case 2: The two DGs are set with different harmonic power ratings as indicated in
Table II. The simulation test procedure is similar to the previous case, as shown in
Fig. 3.10, DGy can share half the amount of harmonic power as regard to DG;. Ac-
curate proportional harmonic power sharing interprets the efficiency of the proposed
controller. The positive gains given by the output of the harmonic droop control
for each DG at 5th and 7th harmonics are shown in Fig. 3.11. The harmonic gains
depend on the ratings and line impedance value separating each DG to the load.
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Figure 3.11: Simulation results for case 2. (a) 5th Harmonic Gains for two DGs: G}, G3;
(b) 7th Harmonic Gains for two DGs: GI, GI.

3.5.2 System stability with high droop gains

As indicated before in Section 3.4, as the harmonic coefficients increase the system be-
comes unstable. The eigenvalues can predict system instability for such variation. To
examine the system stability under high harmonic droop gains, the system is operated
with different harmonic power ratings as in case 2, but first with limit droop gains
(bp = 160) and at t=25sec. the droop gains are changed to higher values (by = 170,
ie. by =34 x 107!, by = 6.8 x 107!). Fig. 3.12 shows the system response under har-
monic droop with higher gains where the power and current waveforms oscillate. Fig. 3.13
represents the output gains generated by the harmonic droop for both DGs in this case.
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The undamped response validates the eigenvalue analysis of Fig. 3.7 where it predicts the
instability behavior at the given droop parameters.

Figure 3.12:
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’ System Parameters

Fundamental line voltage (V)/frequency (Hz) 110 V/60 Hz
Feeder impedance Zpg, (Ry, L1) (0.58Q2, 5mH)
Feeder impedance Zpg,(R2, Lo) (0.292, 2mH)
Feeder impedance Zpg,(Rs, L3) (0.192, ImH)
5th harmonic current source: (I3, = I3 +j1.) 4-j2 (A)
7th harmonic current source: (I, = I] +jl}) -5 (A)
Max. Harmonic distortion H D,,u.(%) 1%
DG Droop Characteristics
Control parameter DGy DG, DG
m; (rad/W) 5x 1077 5x107° 5x107°
n; (V/Var) 67x107° | 67x10° | 6.7x 107
I e (Var) 500/400 | 500/400 | 500/800
bi (1/Var) 0.04/0.05 | 0.04/0.05 | 0.04/0.025

Table 3.3: Simulation Parameters for Three DGs configuration.

3.5.3 Microgrid with three DGs

To illustrate the performance of the proposed harmonic droop controller in different con-
figurations, a simulation test was done in a microgrid of three DGs (as configured in Fig.
3.1), with two DGs near the nonlinear load while the third DG is set to be far from it.
It is to be noted that all DGs are set to have equal fundamental power ratings. Further-
more, all DGs are supported by the harmonic droop to share the harmonic current and
compensate the voltage distortion at the PCC. The system parameters for this simulation
are given in Table 3.3. After connecting all DGs to the load, the fundamental output
powers are distributed equally between DGs as given in Fig. 3.14. In Fig. 3.15, the
harmonic power before starting the harmonic droop shows improper flow between DGs.
It is evident that the most accompany source in supplying the harmonic power is the
nearest one connected to the load (i.e. DG with less line impedance). After starting the
droop, the harmonic power it is well compensated between all DG units. Furthermore,
it was tested to stop harmonic sharing with DGy, the source which is far away from the
load, while the two other generators near the nonlinear load must participate in delivering
harmonic power.
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Figure 3.14: Simulation results for microgrid with three DGs: (a) Fundamental Real
power: Py, P, and Ps; (b) Fundamental Reactive power: @1, Q2 and Q3.
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Figure 3.15: Simulation results for microgrid with three DGs with equal harmonic ratings:
(a) 5th Harmonic power for two DGs: Q3, Q3, Q3; (b) 7th Harmonic power
for two DGs: Q7, QI, QI.

Fig 3.16 shows the phase currents generated by each DG in two different stages. Firstly,
Fig. 3.16(a) shows the phase currents after starting the droop in all DGs to see its
effect in ameliorating the distribution of harmonic contents accurately between them.
Furthermore, the phase currents after stopping the harmonic droop in DGy is shown in
Fig. 3.16(b). It is clear that the phase current of DG, in Fig. 3.16(b) is pure sinusoidal
which interpret the case of supplying the load with only fundamental power. In this
case, the currents of DGy and DGj are the same and holding all harmonic contents of
the load. For the PCC voltage distortion compensation with good amount of harmonic
current injected by the load, Fig. 3.17 shows the FFT analysis before and after starting
the harmonic droop. The THD has decreased from 5.86% to 1.23% when a harmonic

87



Chapter 3 HARMONIC POWER SHARING WITH VOLTAGE DISTORTION
COMPENSATION OF DROOP CONTROLLED ISLANDED MICROGRIDS

reference voltages are added to each DG. The same test is done after maintaining same
fundamental ratings for all DGs but with different harmonic power as given in Table
3.3. Fig. 3.18 shows the harmonic power sharing between the three sources. When
the harmonic droop start, eventually, the harmonic power is distributed proportionally
between the DGs according to their ratings. After stopping the harmonic droop on DGy,
the 5th and 7th harmonic power will fall to zero. Meaning that no more harmonic power
is delivered by DGy to the load. Fig. 3.19 interprets the result by showing the phase
current generated by each DG. In Fig. 3.19(a) the phase current is shown when harmonic
droop is running in all DGs. DG; and DGy will share same harmonic current which is
half the amount supplied by DGs. When the harmonic droop is stopped on DGy, the
phase current became sinusoidal and no harmonic power is yet supplied by this source as
shown in Fig. 3.19(Db).
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Figure 3.16: Simulation results for microgrid with three DGs: (a) Phase currents before
Harmonic compensation: ipg,, ipag,, and ipgs; (b) Phase currents after Har-
monic compensation.
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Figure 3.17: Simulation results for microgrid with three DGs: (a) Steady state PCC phase
voltage and Harmonic analysis before starting the Harmonic droop: (b) PCC
phase voltage and Harmonic analysis after starting the Harmonic droop.
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Figure 3.18: Simulation results for microgrid with three DGs with different harmonic
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Figure 3.19: Simulation results for microgrid with three DGs: (a) Phase currents before
Harmonic compensation: ipg,, ipa,, and ipg,; (b) Phase currents after Har-
monic compensation.

3.6 Experimental Results

The Experimental test bench is constructed with two DGs (three-phase inverters 80V-
60Hz) connected to a common linear R-L load and nonlinear full bridge rectifier load as
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shown in Fig. 3.20. Similar to simulation given in section 3.5.1 with same system pa-
rameters given in table 3.2, experimental tests are conducted to validate the performance
of the proposed harmonic droop in harmonic power sharing and compensation of voltage
distortions. The conventional droop performance is tested first, where the fundamental

active and reactive power waveforms for both DGs of equal power ratings are shown in
Fig. 3.21.

Line impedances

dSPACE kit

Figure 3.20: Experimental test bench constructed in the laboratory.
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Figure 3.21: Experimental results for case 1: (a) Fundamental Real power: P, P, and
Fundamental Reactive power: 1, ()2 under different stages.
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The fundamental Reactive power sharing is solved either by adding a redesigned virtual
impedance method or by voltage compensation loop which ensures PCC voltage in nomi-
nal range as presented in [54]. This signal is added to the conventional droop controller to
cancel the effect of line impedance mismatch thus enhancing the power sharing. Fig. 3.22
shows the 5th and 7th Harmonic Var for the two DGs, as well as the gain time response
change to achieve proper sharing, the results are related to equal harmonic power ratings
as given in table 3.2, case 1. Fig. 3.23 illustrates the operation of the harmonic droop
controller under different rated capacity set to each DG as given in case 2. The steady
state values show the harmonic power is shared between the two DGs in proportion to
their rated capacity. The phase voltage and current waveforms for each DG before and
after activating the harmonic droop are shown in Fig. 3.24. In this case, it is noted that
DGs with its harmonic droop was able to add harmonic contents in its output voltage to
absorb more harmonic current as seen in the figure. It is well interpreted by the waveform
of DGy source current supplying the load. The compensating of voltage distortion at the
PCC is verified with the proposed harmonic droop as shown in Fig. 3.25. The THD drops
from 2.88% to 1.88%, since the 5th and 7th voltage components are widely reduced in
this case (H Ds drops from 1.85% to 0.6%, H D7 drops from 1.37% to 0.34%).
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Figure 3.22: Experimental results for case 1: 5th and 7th Harmonic power distribution
with gain time response for both DGs.
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Figure 3.23: Experimental results for case 2:
with gain time response for both DGs.
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Figure 3.24: Experimental results: Phase voltage and current for each DG before and

after Harmonic droop activation.
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Figure 3.25: Experimental results: PCC phase-to-phase voltages with harmonic analysis
before and after compensation.

3.7 Conclusion

This chapter has proposed a new harmonic droop control strategy for islanded AC mi-
crogrid with Distributed Generation Interfaced Converters (DICs). It has been shown
that with proper settings of the proposed harmonic droop parameters and the choose of
harmonic power rating for each DG unit, which depends on the distance separating the
DG to the nonlinear load and its power capacity, each unit can supply harmonic power to
the nonlinear loads as expected and can participate in filtering the voltage distortion at
the PCC. The proposed method works in collaboration with conventional droop to share
accurately the harmonic power Var consumed by the nonlinear loads. The harmonic shar-
ing is not affected anymore by line impedance mismatches. Simulation results for different
case studies show the effectiveness of the proposed harmonic droop. Finally, the proposed
harmonic droop control is verified experimentally.
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Chapter 4

OPTIMAL ANGLE DROOP FOR
POWER SHARING ENHANCEMENT
WITH STABILITY IMPROVEMENT

IN ISLANDED MICROGRIDS

4.1 Introduction

The droop methods have many desirable features including flexibility, redundancy, ex-
pandability. However, the droop concept has limitations such as frequency and voltage
variation, power quality problems, slow response and possibility of circulating current be-
tween inverters due to line impedance mismatches between inverters and the common bus.
In literature, several improvements have been made for the conventional droop method
to accurately share the power during weak islanding microgrid or during mismatch in line
impedances [30, 26, 55, 57, 94, 113, 46, 54]. Recently, many researches extend the droop
concept by adding low bandwidth communication link to enhance reactive power sharing,
restore the frequency and voltage amplitude to their nominal values and to improve the
power quality [94, 113, 46, 54, 114, 36, 115, 81, 116, 80]. In [114], the authors propose a
new virtual flux droop. The objective is to obtain less frequency variation as compared to
the conventional droop without the need of multi-feedback loops. Another way to share
the real and reactive power in autonomous microgrid was introduced in [117, 28, 29],
which is based on varying the angle and magnitude of the output voltage for distributed
generators. The angle droop allows reducing the frequency deviation and improve the
voltage quality. However, the main drawback is that power sharing with angle droop is
poor as compared to frequency droop and it is highly affected by feeder impedance con-
figuration. To alleviate the effect of the line impedance on power sharing, higher droop
gains are required to overcome the higher existing line impedance. However, This causes
instability behavior of the system. Additional loop was added to the droop to stabilize
the overall system [29]. Furthermore, angle droop with its previous configuration have
low dynamics and slow response.

This chapter proposes a new topology of an angle droop to share power among parallel
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inverters in islanded microgrid. The aim is to insure a proper load sharing, robust against
grid parameters and load changes that is stable for large range of operating conditions,
with quietly no change in system frequency and less variation in voltage magnitude. The
new topology adds an integral term to the controller for better transient response and it
avoids the use of additional correcting loops. It is well known that the communication
link has several benefits in improving conventional frequency droop control to share power
accurately[94, 113, 46, 54, 114, 36, 115, 81, 116, 80]. While the angle droop, which already
uses GPS signal in its configuration for time synchronization, can play an important role in
gaining the same benefits. Currently, phasor measurement units (PMUs) are used for high-
voltage power transmission and their deployment for low-voltage distribution systems,
referred to as micro PMUs (ntPMUs), is gaining momentum [118, 119, 120, 121, 122].
Thus the new feedback signals from pPMUs can play important role in improving the
power sharing of the classical angle droop.

For further realization between system stability and its configuration, such as DGs
capacity, droop gains and operating state, a small-signal analysis for a microgrid model
is studied, the eigenvalues are identified to indicate the damping of the oscillatory terms
under different operation conditions. Experimental results are introduced to validate the
robustness of the proposed angle droop control.

4.2 Proposed Angle Droop Control for Power Sharing

Figure 4.1 shows two DGs connected to a common load across line impedances. The
instantaneous real and reactive powers, p; and ¢;, respectively, can be derived as:

o SRV s Ve 3Xi[ViVL - 5.]
pi = 27, | Z COS 0;, 7 27, | 2, SIn 0;r,
3R [ViVi 3X; [Vivi Vi
“ = 57 [ 7 smézL} +37 l 7. st — (4.1)

where ¢ = 1,2 represents the two branches in the simplified circuit, d;;, represents the
angle difference between the terminal voltages V; and V7.

If we make an assumption that the line impedance is pure inductive (R; = 0£2), thus
equation (4.1) can be written as follow:

3ViVe .

bi = 2 X, sin o,
3 VL(V; COS 5iL — VL)
;= — 4.2
¢ 2 X, (4.2)

From (4.2) we can deduce that the active power is directly proportional to ¢; for a small
variation, while the reactive power is directly proportional to V;. In other words, the real
power is controlled by controlling 9;, and the reactive power is controlled by controlling
V.
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Load

Figure 4.1: Simplified circuit of the system

4.2.1 Power Sharing in Classical Angle Droop

Unlike the conventional P — f and () — V' droop control that indirectly control the angle
by varying the frequency of the grid, the P — § and () — V droop control directly drop
the voltage magnitude and the angle as

0 = O — mi(Pi - Pm)
Vi = Vin —ni(Qi — Qin) (4.3)

where d;, and V;,, are the nominal voltage angle and magnitude, P;, and @;, are the rated
real and reactive power levels for a DG.

It is to be noted that the nominal voltage angle is defined according to IEEE Stan-
dard C37.118.1a-2014 [2]. The voltage angle (¢;) represents the instantaneous phase angle
relative to a cosine function at the nominal system frequency synchronized to UTC (Co-
ordinated Universal Time). Respectively, d;, (The nominal voltage angle) corresponds
to a defined offset angle (set by the user) of the three-phase system with respect to the
synchronization signal used by PMU and send from GPS.

The coefficients m; and n; are selected to set the voltage angle and magnitude drop.
These coefficients are chosen for different DGs to share the load in proportion to their
rating at a desired drop ratio, i.e., m; = Ad/P;, and n; = AV/Q;,.

For N-DGs in a microgrid, the power sharing between the DGs can be given as

m1><P1n = mQXPQn:---:mePNn
Ny X Qun = Ng X Qap =+ =nnXQny (4-4)

It is to be noted that, the application of angle droop controller in DG interfaced Con-
verter (DIC) was originally introduced in [29], which is a static control based on equation
(4.3). Referring to Fig. 4.1, and applying all necessary assumptions we can get

51_5L = /\Llpl
62—(5L = >\L2P2 (45)

97



Chapter 4 OPTIMAL ANGLE DROOP FOR POWER SHARING ENHANCEMENT
WITH STABILITY IMPROVEMENT IN ISLANDED MICROGRIDS

where, Ay = wLi/ViVy, and Ao = wly /VAV .
From (4.3) and (4.5), it was shown that the ratio of the output power is given as

P A2 +m
B (46)
Py A +my
Similarly, for the reactive power sharing, the output power ratio is given as
AaVo +n
Q1 Al 2 (4.7)

Q2 AnVit+m
Thus, the error in proportional power sharing is due to line inductance mismatches.
In real system with number of DGs and loads in different location, line impedance will
have an impact on the load sharing [29]. High droop gains will play a dominant role in
alleviating power sharing error as presented. However, high droop gains have a negative
impact on the overall stability of the system. Moreover, the study in [29] is focused on
improving only the active power sharing where the droop gains are set as

my > Appand mo > Aro

4.2.2 Proposed Angle Droop Method

In order to obtain a proper load sharing and to ensure stability of the system at the same
time, an improvement in the angle droop control is needed. In addition to the droop
gain impact, the load change has an important effect on the dynamics and stability of
the system. Figure 2 represents a microgrid with multiple DGs and loads connected to a
common point. The overall block diagram of the proposed angle droop for power sharing
is also shown in the figure. By which, a GPS signal is used for time synchronization
of droop control local processor. Similar to the classical angle droop, the angle of the
reference voltage of an inverter can control the real power produced.

However, the proposed angle droop keeps the angle drop in a defined range, where a
feedback of the difference between the measured PCC voltage angle and the nominal value
is added to the angle droop which specifies the closed-loop dynamics of the controller. To
share the reactive power, the output voltage magnitude of the inverter V; is drooped as
function of the reactive power output (); where the voltage at the PCC is fed back and
compared to the rated value to insure a less voltage drop, less affected by the load and
guarantee the accuracy in reactive power sharing.

In the steady state, the input of the integrators should be zero, hence:

Ka((sin - 5L) = mz(f)z - Pzn)
Ke(Vin = Vi) = ni(Qi — Qin) (4.8)
The proposed angle droop aims to indirectly control the voltage at the PCC to be
equal to the rated values (i.e. V;, and d;,). The added integrators can minimize the static

error between the feedback signal and the corresponding rated values. Thus, K,(d;, —0r)
and K. (V;, — Vy) are the same for all inverters, if we choose K, and K, the same, which
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results in accurate real and reactive power sharing that is no longer depends on the system
impedance and immune to numerical errors and disturbances.
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Figure 4.2: Microgrid with Proposed Angle droop control overall block diagram

The only possible error in power sharing here is due to different PCCs with different
load locations. This results in multiple voltage magnitude and angle feedback signals in
different locations. In real cases, the separation between different position of loads are
done by the connection of tie lines which usually have lower impedance values. From
(4.8), the deviation of reactive power due to error in voltage magnitude AVy; is:

K,
AQ; = ——AVy, (4.9)

n;
For two DICs sharing power common loads with equal power ratings, the relative reac-
tive power sharing error due to different PCC voltages AV, = AV — AV is

o= AQ, B AQ _ KAV
Q1n Qan niQin
The same interpretation is given to the real power sharing error, caused by the error in
voltage angle signals, Ad;, = Adro — Adyq, which can be written in the form:

(4.10)

AP, AP, K, ,Adp
= — = 4.11
°r Pln PZn miPin ( )
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It can be seen that the error in real and reactive power sharing are inversely proportional
to m;/ K, and n;/ K, respectively. Decreasing the gains K, and K, can play a dominant
role in reducing errors in power sharing. If all the DGs are connected to same PCC,
then the errors AV, and Ad;, are zero and accurate proportional power sharing can be
achieved.

The proposed angle droop control often reduces the voltage magnitude and angle drop
at the PCC. From (4.8) the PCC voltage is

"y ni(Qi — Qin)
-V — (0, -0, )=V |1 - 2z xm/ 4.12
VL V; Ke (Ql an) V;n < Ke‘/;n > ( )
Similarly, the PCC voltage angle can be expressed as:
mq mi(P; — Pi)
0, =0in — — (P, — Py) =0in |1 — ——— 4.1
L in Ka ( 7 zn) wmn ( Ka5in > ( 3)

Thus, the desired voltage drop ratio n;(Q;—Qin)/(K.Vin) and angle drop ratio
mi(P—Pi,)/(K.din) are no longer determined by the output impedance separating the
inverter to the common load but by the parameters n;, m;, K., K, and the actual power
P;, Q;. It can be noted that the role of large gains K, and K, is to speed up the response
and reduce the voltage and angle drop. However, a tradeoff should be done between the
voltage magnitude and angle drop and the accuracy of power sharing because the volt-
age magnitude and angle drop are proportional to n;/K. and m;/K,, respectively, but
the real and reactive power sharing errors are inverse proportional to m;/K, and n;/K,
correspondingly. The experimental results presented in section V shows the effectiveness
of the proposed control and validate the theoretical analysis.

4.3 State-Space model for a typical Microgrid

Modeling and stability analysis for islanded microgrid has been carried out in [4, 123, 124,
125, 126] using the conventional droop. For the proposed angle droop controller, which
has several parameters to set, and in order to tune those parameters that are suitable for
correct power sharing without affecting the system stability, a new state space model is
to be realized for studying the operation under the variation of control parameters. In a
microgrid that contains DICs only, a model of the converter inner controller, the droop
controller, the line impedances that connect the converter to the network and the load are
given. The state-space equations of DIC controller, droop, network and load are derived
separately in a modular fashion using the synchronized reference frame. These are then
combined together to get an overall microgrid model.

4.3.1 Angle Droop Control Model

Referring to Fig. 4.2, the reference dg voltages for a DICi can be written as:

Vedi vet = V/3V; cos §; and Vogi ref = V3V sin 6, (4.14)
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4.3 State-Space model for a typical Microgrid

The Power Calculation block is useful for deriving the instantaneous powers as:

pi = Veaitai + Vol
¢ = Vegitai — Vedilg (4.15)

Then passed through low-pass filters (cutoff frequency w.) to obtain the average real and
reactive power P; and ;. 0 and Vi are the angle and the rms value of the voltage at
the PCC side, they are given by a pPMU and send to the droop using a low bandwidth
communication link. The droop controller state equation can be expressed as:

5@' 0 0 —my 0 52 Ka<5in - 5L> + mzpln

d|l Vil |00 —n 0 Vi Ke(Vin = V1) + 1n;Qin

d| Pl 00 = o |7 P, (4.16)
Qi 00 0 —uw Qi 4

where, p; and ¢; represents the electrical state variables given in (4.15).

4.3.2 Flatness Controller Model

With Flatness based control unit, we can acheive a high bandwidth which plays a role in
fast dynamic system and robust against grid distirbances. Fig. 4.3 shows the functional
diagram of the one-loop based control method. It can be noted that the measure of the
inductive filter currents is not useful to implement the control law. Only the capacitor
voltage sensors are used for generating equations, while the load current sensors, that
are used for power measuring in droop controller, could be useful for increasing dynamics
of Flatness Controller as regard to load perturbation. More details about the controller
are introduced in [1, 11]. Taking the assumption that the Flatness controller have much
faster dynamics than the droop controller, so the dg voltages across capacitors (Vo mes)
can be supposed to follow perfectly their respective dq references (Vékdqif)' We take into
account the dynamic bound to the trajectory planning system. Thus, the DICi and its
controller can be modeled as a second order filter.

Vour _ ey (4.17)
Véagi 52 + 28iwei s + W2

The resulting dynamics for DICi controller can be expressed as:

Veai 0 0 1 0 Veai 0 0
d | Vg 0 0 0 1 Vegi 0 0 Vi ai
dt | Vear | | w3 0 —26we 0 N Ve | T oo | [ VEgi ]
Vg 0 —wj 0 —28iWe; Ve 0 w2
(4.18)
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Figure 4.3: Flatness-based Control Functional Diagram.

4.3.3 Grid and Load Model

The Grid can be modeled based on the line impedances linking the DICi to the load
(Vie{l,...,N}):

d
Ligiabci + riiabci - VC’abci - VLabc (419)

In af frame, equation (4.19) can be written as

d
L dtza/ﬁz + rﬂa/)’z VC’a,Bi - VLa,B (420)

The state equation of a generalized R-L load can be expressed as

d
VLaﬁ — LL

o irag + Rrirag (4.21)

where ipq3 = E lapi, 1s teh expression of the load current.

Equations (4 20) and (4.21) can be combined to get a model for the grid and the load
together in af frame represented as

d . )
L] Ziap = Voas — [Bliag (4.22)
where, ias = [la1 i51 - tan ian]" Voas = [Voar Vosr -+ Voan Vepn]'

The line current equations can be obtained in the synchronous frames after Park’s
transformation. The resulting model can be defined as:

d . _ 3 .
%qu == [Lnet] ! -Vqu - [Lnet] ! . [Rnet] ldq (423)

where, idq = PN.Z‘a/g, Vqu = PN.VCQB.
The matrices [Lye] and [Rye) are (2N x 2N) written as:

dPy*
dt

[Lpet] " = Py[L]7'Pyt and [Rye] = Py[R]Py' + Py[L]
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where Py = diag(P(9),...,P(9)), Py' = diag(P(—0),...,P(—0))
. | cosf sinf | cosf —sind
with P(0) = [ —sinf cosf |’ P(=0) = sinf  cosf

For more clarification, the state equations of the line currents for N = 2 are shown as:

Lo+Ly,

—Ly

0

iy T LaLiiLils 0 T L)Lt Lils Vo
d 1 0 _ Lo+Lp 0 Ly V.
d | in _ . (Li+Lo)Lr+L1Lo Ll (Li+L2)Lp+L1Lo Cql
1 __—4trL by
dt Z,dz (Li+L2)Lp+L1Lo (2 (La+L2)Lp+L1Ly L OL “;Cdz
B0 . -Ly — Ihtbp 2
a 0 (Li+L2)Lp+L1Lo 0 (Li+L2)Lp+LiLy | “
LaRp+(LatLp)ry —w __—roLp+LoRy 0 1 ,
(Li+L2)Lr+L1L2 (LitL2)Lr+LiLe td1l
w LoRp+(LatLp)ry 0 __—raLp+LoRy »
_ (Li+L2)L+LiLs (Li+L2)L+LiLs Lq1
_—nlptDiRy 0 LiRp+(LitLlp)ry —w L2
(L1+L2)Lp+L1 Lo (L1+L2)Lp+L1L2 .
0 _—mLp+Ih Ry w LiRp+(Lit+Li)ry g2
(L1+L2)Lp+L1 Lo (L1+L2)Lp+L1Ly 4

Equations (4.14)-(4.23) can be combined to formulate the dynamics of the whole system.

dz/dt = f(2) (4.24)

t
Where, z = [l’DT’OOpil TFlat 1 LGrid_1 *** xDroopiz' TFlat_i :L‘Gridii]

. . t
¢ .t
T Droop_i = [5i Vi B Qz] y LFlat_i = [VCdi chi Veai Vqu} y LGQrid_i = [Zdi Zqi] .

4.4 Dynamic Stability Analysis of Microgrid

As mentioned previously, the angle droop introduced in [29] can share the power when
using high droop gains which affect the system stability. A supplementary loop was added
to insure a stable system. In order to study the stability of the proposed angle droop and
to understand the dynamic behavior which is affected by several control variables, an
eigenvalue analysis by plotting the root locus is needed. This will determine the stability
of the system under the variations of different control parameters. The system parameters
are given in table 4.1.

Fig. 4.4 shows the root locus diagrams after the variation of the most important
parameters in droop control (i.e. coefficients m;, n; given in equation (4.8)). The sense
of variation of those parameters is from lower to maximum value. It can be seen that the
dominant eigenvalues that determine the system dynamics are A3, \y, A5, A\g, A7, Ag. They
are sensitive to the changes in droop parameters.\s, Ag, A7, and Ag are highly affected by
the change in the droop coefficients m; and n;, as shown in Fig. 4.4(a) and (b), as the
coefficients increase (dynamics will increase) the droop line becomes steeper and results to
an underdamped dynamic response of the P — ¢ and ) — V. The behavior of eigenvalues
A3 and )4 are identical and tends to be unstable during the variation. The dynamics of
the low-pass filters used in droop control are determined by the eigenvalues \i7, Aig, A1,
and Mg (w. = 628.32 rad/sec). The other clusters of eigenvalues are also changing their
paths but they are less effective in the stability of the system.
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Figure 4.4: Root locus with the variation of parameters in the Droop control: (K, =
10sec™!, K, = 10sec™!). (a) Variation of ms:5 x 107> < my; < 5 x 1073
(rad/W.sec), 1 x 107 < my < 1 x 1072 (rad/W.sec); (b) Variation of n;:
1.33 x 1072 < ny < 0.53 (V/Var.sec), 2.67 x 1072 < ny < 1.06 (V/Var.sec).
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4.4 Dynamic Stability Analysis of Microgrid

System Parameters

System frequency f 60Hz
Z1 =R +jX1(Q) 0.14j0.377
Zy = Ra +jX2(Q) 0.5+j1.885
Zr, = R +jX5(Q) 25+j3.5
DG Ratings
DGy : P(W)/Q(Var) 2000/750
DGy : P(W)/Q(Var) 1000/375
rms-voltage Vi, /Von (V) 110/110
Angle §1,,/d25 (rad) 0/0
Flatness Control trajectory dynamics
€ Jwe(rad/sec) \ 1/1000
Angle Droop Control Parameters
Voltage angle drop AJ (rad/sec) 0.1 <A<10
Voltage drop AV (V/sec) 10 < AV <400
Low pass filter cutoff frequency w, (rad/sec) 628.3
Integrator gains K,/K. (1/sec) 10/10

Table 4.1: System Parameters for Dynamic Analysis

Please note that \; and Ay are so far on the left-side of the s-plane and unaffected by
the parameters change, they are not shown in Fig. 4.4.

The stability margin of the proposed controller is studied by observing the maximum
eigenvalues real part with respect to the variation of the droop parameters. Furthermore,
the relationship between the bandwidth of the droop controller and the values of the
integral gains (i.e. K, and K,) was deduced based on the plotting of Fig. 4.5. Fig. 4.5(a)
shows the area where the system is stable during the change of the angle and voltage drop
settings. As the droop coefficients are small, the response of the angle droop is slow, thus
the corresponding real eigenvalues will be near zero. The increase in the droop parameters
will increase the dynamics of the angle droop till reaching a limiting value determined by
the integrator gains as indicated in Fig. 4.5(a) which is around 10 rad/sec. In Fig. 4.5(b),
the integrator gain value is changed to 20sec™!, the same procedure is done here where
the minimum real part of the eigenvalues is around -20 which corresponds to a bandwidth
of 20 rad/sec for droop controller. It is to be noted that, for a wide range of droop
parameters (Ad and AV'), the dynamic of the proposed angle droop is highly determined
by the values of the integrator gains (i.e. K. and K,). In this case, the droop settings
permit to optimize the performance of the proposed angle droop during disturbances
and numerical errors, to accurately share the power in case of weak microgrid and to
overcome the high line impedance mismatches. This study also interprets the stability of
the system for a wide range of operating conditions. In the simulation and experimental
tests, presented in the next sections, the optimal droop parameters are chosen in the
middle of the plan (i.e. Ad = 3rad/sec, AV = 50V /sec). In this case the maximum angle
and voltage drop are AJ/K, = 0.3rad and AV/K, = 5V respectively. The communication
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link is not presented in this study since its bandwidth is widely large as regard to the
bandwidth of the droop controller. PMUs support IEEE C37.118.1a protocols for data
communication [2]. Some of the most used methods include: serial-, UDP/IP-, TCP /IP-
based communication scheme. The PMU shall support data reporting at sub-multiples
of the nominal power line (system) frequency as given in table 4.2. Since, in our case
study, the bandwidth of the droop controller is around 10 rad/sec (=~ 1.6Hz) and based
on IEEE C37.118.1a protocols for data communication, the minimum data reporting rate
is 10 frames/sec which is applicable with this study.

’ System frequency \ 50 Hz \ 60 Hz ‘
] Reporting rates (Fs-Frames per second) \ 10 \ 25 \ 50 \ 10 \ 12 \ 15 \ 20 \ 30 \ 60 \

Table 4.2: Required PMU reporting rates [2].

4.5 Simulation Results

The new angle droop controller is tested by MATLAB-Simulink for different configuration
and number of DGs in a microgrid as presented in Fig. 4.2. Firstly, the proposed angle
droop is applied for two DGs connected to a common load characterized by a linear R-L
load and a nonlinear full bridge rectifier load. In the second case, the proposed angle
droop is tested in a system with three DGs to show its effectiveness in different condition.
Furthermore, the communication failure is elaborated in this case to see its effect in power
sharing and the continuity of work with the proposed angle droop.

4.5.1 Microgrid Configuration with Two DGs

In this system, two DGs are supplying a linear R-L load and a non-linear full rectifier
bridge. Different stages are considered to share the fundamental power between both
DGs. The system parameters used for simulation test and droop coefficients are given
in Table 4.3. The two sources will share the real and reactive power in proportion to
their ratings. Fig. 4.6 shows the fundamental power sharing for this case. At t=4sec,
DG, is connected to the microgrid to share power with DG;. Before this period DGy is
synchronized with the grid by applying a reference voltage angle and rms value equal to
that at the PCC side. The wave forms of the shared power show the high performance of
the proposed droop controller as given in Fig 4.6(a), (b). The higher value of DGy line
impedance results in high reference output voltage V5 than V; as in Fig. 4.7(a). The same
result appears in voltage reference angle d, which is higher than §; as indicated in Fig.
4.7(b). The phase voltage and current waveforms for the two sources are shown in Fig.
4.8. The current of DG; contains more harmonics than DGy, which is normal for this
case, since the line impedance separating DGy from the nonlinear load is smaller than
that separating DGs.
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@

A " Instability area

Meximum real part of the sigenveluss
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Figure 4.5: Stability margin study by observing the maximum real part of the eigenvalues
with respect to the variation of the angle and voltage drop set parameters for:
(a) K. =10sec™!, K, = 10sec™!; (b) K, = 20sec™!, K, = 20sec™ .
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System Parameters

Fundamental Line voltage (V) /frequency (Hz) 110V /60Hz
Feeder impedance Zpg1(R1, L1) (0.1Q, 1mH)
Feeder impedance Zpga(Ra2, L2) (0.592, 5mH)
Feeder impedance Zpgs(Rs, L3) (0.2€2, 2mH)
Nominal voltage angle d;, (rad) 0 rad

Nominal rms-voltage V;,, (V) 110V

Angle Droop Characteristics

pGrid with 2 DGs

pGrid with 3 DGs

Control Parameters

DG, DG, DG; | DG, | DG;
Py, (W) 2000 2000 4000 | 4000 2000
Qin (Var) 750 750 1500 1500 750
A6 (rad/sec)/AV (V/sec) 3 /50 3 /50 3 /50
K./K. (1/sec) 10 /10| 10/ 10 10 / 10
m; (rad/W.sec) 0.0015 | 0.0015 | 0.0007 | 0.0007 | 0.0015
n; (V/Var.sec) 0.066 0.066 0.066 | 0.066 | 0.13
Hierarchical Droop Parameters [55]
Aw (rad/sec)/AV (V) 1/5
m; (rad/W.sec) 0.0002 | 0.0002 | 0.0005
n; (V/Var) 0.0033 | 0.0033 | 0.067
Secondary Loop
Proportional frequency gain K, 1
Integral frequency gain I, 10
Proportional voltage gain K,g 1
Integral voltage gain K;g 100

Table 4.3: Droop Parameters for Simulation.
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Figure 4.6: Simulation results for Microgrid with two DGs. (a) Real power: P;, P»; (b)
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Figure 4.7: Simulation results Microgrid with two DGs. (a) Reference rms-Voltage: V7,
Va; (b) Reference Voltage Angle: dy, ds.
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Figure 4.8: Simulation results for Microgrid with two DGs. (a) Phase voltage and current
for DGy; (b) Phase voltage and current for DGo.

4.5.2 Microgrid Configuration with Three DGs

To illustrate the performance of the proposed angle droop controller with different con-
figurations, a simulation test is constructed with a microgrid of three DGs connected
to a common linear and nonlinear load. Furthermore, a comparison with Hierarchical
Droop control proposed in [55] is presented. This will help identifying the main difference
between the two controllers as regard to power flow transients and PCC output voltage
characteristics. Off Corse, the Hierarchical droop controller proposed in [55], is mainly a
classical frequency droop with virtual impedance loop for reactive power correction. And
a secondary control loop is constructed to restore the PCC voltage and frequency to their
nominal values. Thus, a communication signal is needed to send the errors in frequency
and amplitude to all units. The procedure is similar to the previous simulation in case A.
at t=4sec, DG, and DGj are turned on to share power with DGy as they are supported
by droop method. The power sharing between the DGs is related to their parameter set-
tings given in Table 4.3. Fig. 4.9 shows the power generated by the three DGs using the
proposed angle droop. The power is distributed proportionally in different load stages.
The PCC voltage and angle in this case are presented in Fig. 4.10. In the proposed angle
droop, the frequency is fixed to nominal value, so there is no change in system frequency.

For the Hierarchical droop test, it can be seen from Fig. 4.11 that the power flow
transient is affected by the droop dynamics and the virtual impedance loop. In this case,
a virtual impedance design is needed to allow the units to share accurately the reactive
power. The secondary restoration loop is designed based on [55]. Fig. 4.12 shows the
PCC voltage characteristics during different power stages. The secondary control ensures
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Figure 4.9: Simulation results for Microgrid with three DGs. (a) Real power: P, P, and
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that the frequency and voltage deviations are regulated toward zero after every change of
load and generation in microgrid. As a brief conclusion, this simulation part shows the
difference between the proposed angle droop with the already used control in autonomous
microgrid. Hierarchical droop control has multiple loops with complex design parameters
(secondary control, virtual impedance, frequency droop control). Those designed loops
are required to achieve the correct power sharing and voltage quality. In this case poor
dynamic performance is an issue. Whereas in the proposed angle droop, the accurate
power sharing and better voltage quality with fixed frequency are achieved in one loop
control. Thus fast dynamic performance.
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Figure 4.11: Simulation results for Microgrid with three DGs using Hierarchical Droop.
(a) Real power: P, P, and Ps; (b) Reactive power: @1, Q2 and Q3.

4.5.3 Communication Failure

It is interesting to investigate the system performance under communication failure. Thus,
a microgrid system is constructed same as that given in section 4.5.2, but with DG,
and DGj loosing communication after power sharing activity. A load variation is also
considered during each stage to see whether it affects the share of power and the attitude
of each DG without the support of the communication link. When communication is lost,
it is suggested to memorize the final values of the feedback signal inorder to keep working
with the angle droop in this condition. It was noticed that in steady state condition
without load change the system is not affected. Whereas, in load change condition the
DG is able to keep supplying the load with constant power without proportional sharing
with other DGs. Fig. 4.13 shows the simulation test that verify the procedure in different
cases. It is indicated that at t=6sec, DGj3 lost the communication link, still share the
power. After a load change, at t==8sec, it is noticed that the power remains the same
without reacting with the load due to the previously memorized feedback signal. The
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Figure 4.12: Simulation results for Microgrid with three DGs using Hierarchical Droop.
(a) PCC frequency (Hz); (b) PCC rms-Voltage (V).

same procedure is made for DGs. At t=10sec, a communication failure is presented.
After that, at t=12sec, a load step is exerted by connecting a nonlinear load at the PCC.
At t=16sec, the communication link is restored. The feedback values are now exactly the
same for all DGs. In this case, the angle droop is able to reconfigure the reference voltage
that allows to share the load proportionally as promised.

4.6 Experimental Results

To validate the performance of the proposed angle droop controller, a test bench of two
DICs is constructed in the laboratory, Fig. 4.14, which consists of two isolated 500V DC
voltage supplies, two three-phase inverters controlled by dSPACE 1005 kit, inductors for
modeling the line impedance and a three phase R-L load and a full bridge rectifier. The
system parameters are considered as follows:

1. The system voltage is 110V (RMS, Line-to-neutral), 60Hz.

2. Two three-phase PWM inverters, switching frequency 15kHz, the output filter in-
ductor, Ly = 3.4 mH, the output filter capacitor Cy = 40 pF.

3. The proposed angle droop parameters are considered as given in Table 4.4.

4.6.1 Casel: Equal ratings of Power for DICs

In this case, we consider different line impedances set as R; + jX; = 0.1 4+ j0.377Q2 and
Ry +j X5 = 0.54+j1.88C2. DIC1 is supplying the R-L load, while DIC2 is connected to the
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Figure 4.13: Simulation results for communication failure. (a) Real power: Py, P, and
Ps; (b) Reactive power: @1, Q2 and Qs.

Load
Change

‘ Droop Control parameter ‘ Case 1: Equal Power ratings | Case 2: Different Power ratings

Pin(W) 2000 2000,/1000
Qin(Var) 750 750/375
din(rad) / Vin(V) 0/110 0/110
Ao (rad/sec) | AV (V /sec) 3/50 3/50
m;(rad/W) 1.5x 1073 1.5x107%/3 x 1073
n;(V/Var) 6.67 x 1072 6.67 x 1072/1.34 x 107!
K,./K.(1/sec) 10/10 10/10
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4.6 Experimental Results
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Figure 4.14: Experimental test bench constructed in the Laboratory.

grid at standby mode, at instant of turning on the Droop control for DIC2, the two sources
will share the real and reactive power equally. Fig. 4.15 shows the power sharing for this
case, where different stages are considered. At stage S1, DIC2 is connected to the grid in
standby mode. At stage S2 the droop controller is running to share power between both
converters as seen in the figure. At stage S3, a step load change is considered to study the
dynamics and effectiveness of the droop controller. The phase voltage and phase current
signals for the two DICs are given in Fig. 4.15(b), (c¢) which shows an equal magnitude
of current in this case.
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Figure 4.15: Experimental results of case 1: (a) real and reactive power sharing between

two converters; (b) phase voltage and phase current for DIC-1; (c) phase
voltage and phase current for DIC-2.

4.6.2 Case2: Different ratings of Power for DICs

The same line characteristics are considered, but now in this case the ratings of DICI is
two times of DIC2. The droop parameters and the ratings are shown in Table 4.4. The
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experimental test procedure is similar to the previous case. As shown in Fig. 4.16, DIC2
is put in standby mode first in stage S1, then sharing power with DIC1 at stage S2, and
a step load was considered in stage S3. Accurate power sharing interprets the efficiency
of the proposed controller. The steady state phase voltage and current for each converter
are given in Fig 4.16(b), (¢). The magnitude of i¢42 is half the magnitude of i¢q;.
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Figure 4.16: Experimental results of case 2: (a) real and reactive power sharing between
two converters; (b) phase voltage and phase current for DIC-1; (c) phase
voltage and phase current for DIC-2.

4.6.3 Case 3. Power Sharing in case of nonlinear Load

The droop parameters and line impedance characteristics are set as in case 2, but now
with a three phase full bridge rectifier connected to 4412 resistor and 14mH inductor. The
same procedure is done for this case and the experimental results are shown in Fig. 4.17.
The accurate load sharing demonstrates the robustness of the proposed droop controller
even with non-linear load. This also proves that the Flatness controller can efficiently
restrain the harmonic contents of the output voltage under nonlinear load condition. It
is well adopted to ensure the output power of inverters to meet the load demand with
reduced voltage harmonic.

4.7 Conclusion

It is well known that the frequency droop needs additional loops to restore the frequency
and voltage magnitude to their nominal values, and to accurately share the power between
distributed generations. In usual cases, a communication link is recommended for the
purpose. Secondary loop design and virtual impedance are the rarely used methods in
literature. Additional computational parameters are needed and dynamics must be taken
in consideration with respect to droop control for insuring stability of the system. In
this chapter, a new angle droop controller for parallel connected inverters in microgrid
applications is proposed. Compared with modified frequency droop, the proposed angle
droop offers no change in frequency and less voltage drop in one loop design. The pPMU,
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Figure 4.17: Experimental results of case 3: (a) fundamental real and reactive power
sharing between two converters; (b) phase voltage and phase current for
DIC-1; (c) phase voltage and phase current for DIC-2.

a promising new measurement technology for the AC microgrid, can simply be used in the
proposed angle droop to define a feedback signal of the common point phasor. A robust
Angle droop control is achieved during frequent load change microgrid. The proposed
angle droop controller defines the dynamics of the droop and according to the stability
analysis, it insures an accurate power sharing in a given range of parameters as shown in
the results. The new angle droop method is tested and validated by using experiments
which show the effectiveness of such control.
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Chapter 5

MODELING AND STABILITY
ANALYSIS FOR AC MICROGRID
WITH HIGH PENETRATION OF

INTERFACED-CONVERTER LOADS

5.1 Introduction

It is well known that the dynamic interaction between Distributed Generators (DG) and
loads in a microgrid (MG) results to unstable behavior depending on the type of load
being connected. Stability of ac-MG is influenced by high penetration of tightly regulated
power converters used to interface distributed resources and loads. In this case, load
converters behave as constant power loads (CPL) and introduce a negative incremental
resistance feature which reduces the system stability.

In literature, some aspects of stability analysis are presented in [4, 27, 127, 128, 129, 130]
where the major studies are based on small-signal linearization techniques [131]. By which,
the non-linear model is linearized around an operating point and then studied by using
linear analysis tools. Furthermore, the linearizing tools just predict the stability of the
system for small perturbations [129, 130, 131]. The sub-system interaction and instabil-
ity phenomena is a common problem in the Distributed Power System. The interaction
arises because each individual converter has internal control function such as to regu-
late the converter dc/ac voltage, in order to keep a constant power and therefore has
a negative incremental input impedance. The constant power and negative input resis-
tance characteristic potentially have a destabilizing effect on the electrical supply system
[129, 132, 133, 134]. When two stable sub-systems are combined, or integrated together,
there is no guarantee that the combined system will be stable. There may be an interac-
tion between the interconnected sub-systems, which can result in instability of the system.
At the load side, a CPL is represented by an electronic power switches which regulate the
supply voltage and current in order to keep a constant power consumption. Input filters
must accompany power converters due to the switch-mode operation of semiconductor
devices used. They have a drawback as tightly regulated power electronic converters tend
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to show negative impedance characteristics and they lead to instability of the power sys-
tem. In this chapter, modeling and stability analysis for ac microgrid with different load
interactions are studied. The small signal analysis is studied first with different load inter-
actions. After that, sensitivity analysis is also conducted which provides the sensitivity of
different modes of the system state variables and estimates the effect of different parame-
ter variations on each system state variables. However, it is well known that small-signal
stability studies are only valid around the operating point and limited for a local domain
of variation. Thus only small perturbations can be explored with small-signal analysis.
On the other hand, large-signal stability analysis for the ac microgrid is provided.
A nonlinear model for inverter based microgrid is constructed taking into account the
inverter inner controller, virtual impedance loop and different load types. Then, the
domain of attraction of the system is developed based on Marz et al.’s approach [134].
The effect of CPL load as well as other loads on the domain of attraction is studied.
Furthermore, the effect of virtual impedance loop on system stability is explored.

5.2 Small-Signal analysis study

In an islanded microgrid, all DGs are intended to maintain a stable system voltage and
frequency when sharing the real and reactive powers. In this section, stability of multiple
Distributed Generators (DGs) with different loads connected to a microgrid is applied us-
ing the eigenvalue analysis. A state-space model for the distributed interfaced converter
(DIC) in a DG, with all state feedback and droop control, is performed. Each DG is
referred to a common reference frame selected from any DG connected to the microgrid.
Furthermore, the network and different loads are also modeled with respect to this com-
mon frame. The models of DGs, network and loads are combined together to formulate
a complete generalized model for an islanded mcrogrid. A detail eigenvalue analysis is
constructed to identify the effect of the droop parameters on the stability of the system.
Also, for a system structure change especially when load power varies, the trajectory of
dominant eigenvalues is investigated.

5.2.1 System structure and modeling

Figure 5.1 shows a simplified diagram of the microgrid system, where N-Distributed Gen-
erators (DGs) supplying a CPL load, resistive load and a constant current load represented
by a current source. A capacitor bank, represented by Cpcc, is connected at the load
side to present a real type of a microgrid. In fact, reactive power compensation would
be needed in order to avoid low power factor. More importantly, the microgrid system
could not be able to island successfully without another reactive power source supplying
the common loads. Furthermore, The capacitor bank will play a role in simplifying the
order of the system model. As shown for DG;, the measured output current (iu.;) and
voltage (€upei) are used by a Droop Controller for sharing the desired real and reactive
power to different loads. The inner controller is there, in order to insure the tracking of
the reference voltage (ef,.;) generated by the Droop controller. For the power section part,
a three-phase VSI and an output LC filter is commonly used to interface a distributed
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Figure 5.1: Simplified Diagram of the Microgrid system under study.

generator to a network. Assume that the inverter is represented by an ideal voltage source
where the DC source dynamics are neglected as well as the switching frequency of the
PWM is high enough (5-20kHz) to neglect its effect. For modeling the microgrid system,
we divide the whole system into three major sub-modules: DG model, a network model
for representing the line impedances and a model for different connected loads. Each DG
is modeled on its individual reference frame whose rotation frequency is set by its local
power sharing controller.

5.2.1.1 State-Space Model of a Distributed Generator (DG)

In order to formulate equations describing a DG; system, an equivalent block diagram is
represented in Fig. 5.2, where a virtual impedance loop is added to the reference signal
generated by the droop function. This allows to model the whole DG and study the
impact of virtual impedance on system stability. In this section, the state space model
for a DG is formulated after presenting the three subsystems: power calculation, droop
function and the inner controller.
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Figure 5.2: Equivalent Block diagram describing the Droop Control in DG;.

o Power calculation:

As shown in Fig.5.2, the measured output voltage and output currents are used to calculate
the instantaneous active and reactive power by using the following equations:

PZ' = €did+€qiq
Qi = eqla — €dlq (5.1)

The instantaneous powers are passed through a first-order low pass filter, with w; repre-
senting the cut-off frequency of the filter, to get the average values Py; and Qy; as

wr

Py = —— P
s—i—wf
Wy
L= g, 5.2
Qy Py Q (5.2)

e Droop Function

The droop control allows each DG in a microgrid to share their real and reactive power
proportional to their ratings. The real power is shared by drooping the frequency (w) by
a droop gain m, whereas the reactive power sharing is achieved by drooping the output
voltage with a droop gain n. To obtain a reference voltage for DG;, the droop function
is performed to generate the frequency and voltage magnitude as shown in Fig.5.2 and
given as

{w;k = wo—mi(P; — Py) (5.3)

Ef = Ey—ni(Qi — Qin)
The droop coefficients m; and n; can be calculated applying a given range of frequency
and voltage variations, given as

w — Wi E —F.;
; — max mwn 7 i — max mwn 5.4
" Pin " Qin ( )
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e Inner Controller:

The inner controller is modeled as a second-order filter. The reason of taking this assump-
tion, is that usually the inner controller has a fast dynamic as compared to the outer droop
control loop. Thus the output voltages across capacitors (eqq;) can be supposed to follow
perfectly their reference (ej,;). Thus, the inner controller model can be written in the
form:

2
€dqi W,

= 5.5
i 82t 28w s+ w3 (5:5)

where, w, represents the cut-off frequency of the inner controller.

The state equations are represented on the reference frame of one of the individual DG.
This reference frame is considered as the common reference frame. All the other inverters
are translated to this common reference frame using the transformation technique depicted
in Fig. 5.3 and defined in (5.6) [4].

[Xpol = [Ti] - [Xag]
| cos(6;) —sin(d;)

= sin(d;)  cos(d;) (56)
Here, the D@ axis represents the common reference frame rotating at a frequency weom.
This common reference frame is chosen by any DG in the system (for example the first
one), and weoy, represents the angular frequency of the reference DG generated by the
droop controller. Whereas axes (d — ¢); and (d — ¢); are the reference frame of ith and
jth inverters rotating at w; and wj, respectively. Indeed, at steady state condition, the
system frequency is the same (i.e. w; = w; = Weom ) but there exist a phase shift created by
each DG local controller regarding their time reference and the synchronization process.
Where, §; is the phase angle of the reference frame of ith inverter with respect to the

common reference frame. In this case, J; is a state variable expressed as:

do;
i
Thus, the equivalent DG; model in common reference frame, can be described by using
the following equations:

Weom (5.7)

d e — ¢ 0 (Wi - wcom) e
Lepoi = DO — DO
dt o o _(wi - wcom) 0 <

0 (Wi — Weom)
d . . 20 7 com .
TepQi = —2CWc - €pgi — W (€po; — €pQi) — €DQi
atEDQi C c DQi c( DQi DQ@) ( _(Wi . wcom) 0 ) DQi
%Pﬁ = Wf(GDiiDi -+ eQiiQi) — WfPfi
%Qﬁ = wf(eQz"iDi - €DiiQi) - Wfoi
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Figure 5.3: Reference Frame Transformation.

with e},q;, the reference voltage of DG; is expressed as:

*
€p;
*
€0i

where R,; and L,; represent, respectively, the resistive and inductive values of the
virtual output impedance loop.

. \/gEl* _Rvi : iDi + wcovai : ZQz
N [E] . [ 0 * _wcovai : Z'Di - le : ZQ’L (59)

5.2.1.2 Network Model

A simple example of a network of NV feeder lines, connected to N inveters from one side
and to a common coupling point (PCC) from the other side, is shown in Fig. 5.1. With
respect to the common reference frame, the state equations of line current of the ith line
connected to DG; are:

d 1 Q. )
aim = T(GDi — Vpeep) — ;Zm + Weom * 1Qi
%ZQZ = E(eQi - VPCCQ) - ;ZQz — Weom " LDi (510)

5.2.1.3 Load Model

Many types of load can exist in a microgrid. Here, we are going to consider a resistive,
constant current and CPL loads. The capacitor bank allows the formulation of the PCC
voltages as function of other state variables. The state equations of the PCC can be
written as:

d 1 N % _ .
£VPCCD = Crce (Z 1Di — Jzi’CjD — LD — ZfD) + Weom * VPecg
i=1 c
d 1 N Veccg
—V = 0i — — 0 — 1 — Weom * V] 5.11
di PCCQ Croc (121 Q R., 1LQ —UfQ W, PCCD ( )
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where, R, represents the resistance of the resistive load, irp, ¢1¢ are the constant current
load in D@ frame and i¢p, ¢yo are the input current of the CPL load.
The electrical equations loaded by a CPL with its input filter are:

d . .
Lfﬁlf(abc) = —Tf - Tf(abe) + VPCC’(abc) - Vf(abc)
d :
Cro Vit = if(abe) = L(ave) (5.12)

The three-phase CPL system described in (5.12), in (abc) frame, is reduced to a system
described respectively in (dq) frame by applying Park transformation:

a Z:fD _ " Z:fD n 1L [ Vecep \ L [ Vip ) 0 —Weom z:fD
dt \ ifqQ Ly \ igQ Ly \ Vroog Ly \ Vi Weom 0 ifQ
i VfD _ i Z.fD . i Ip _ 0 —Weom . VfD
dt \ Vig ) Cy \ isq Cr \ Ig Weom 0 Vio

(5.13)

Ip '\ _ 1 P. Q. Vip .
where ( Io ) = VIV, ( _Q. P Vio , the current representing the consumed

constant power P,., Q..
For simplicity, we consider a microgrid with two DGs. The overall system model can
be described as:

d
di; = Az) -z (5.14)
where,
:(,’T = [iD1 in 1D2 iQQ Vecep VPCCQ Z-fD 2.fQ VfD VfQ

ep1 €1 €p1 g1 ep2 €gr €p2 €gr Prn Qp Pr Qp 09

Note that, A(z) is not linear and has state variables as elements. Thus, the model is
nonlinear of order 23.

5.2.2 Eigenvalue and Sensitivity analysis

In order to study the stability of a microgrid and to understand the dynamic behavior
which is affected by several control parameters, an eigenvalue analysis by plotting the
root locus is given. This is done by calculating the Jacobean matrix at each operating
point. The system parameters are given in table 5.1. When the system operates under
those given parameters, it is assumed to be operating in the nominal operating condition.

The eigenvalues of the system under its nominal operating condition are shown in table

5.2. It can be seen in Fig. 5.4 that the eigenvalues are placed in different clusters. The
large range of frequency components corresponds to the line currents (Fig. 5.4a) and
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System Parameters ‘

Nominal frequency /voltage f /V 60 Hz, 110 V
Feeder 1 (ry, Ly) 0.1Q, ImH
Feeder 2 (rq, Lo) 0.1Q, 1mH
DG Ratings
DGy P(W)/Q(Var) 3000/1500
DGy P(W)/Q(Var) 3000/1500
Load Parameters
Resistive Load R, 10082
Constant current load: izp, irg 0,-3A
Constant power load (CPL) (rf, Ly, Cf) (0.1, 0.4mH, 40uF)
PCC Capacitor Bank Cpece 100 nF
Virtual impedance
(va, Lvl) (OQ, OHIH)
(Rvg, LUQ) (OQ, OHIH)
Flatness Control trajectory dynamics
¢/w. (rad/sec) \ 1/5000
Frequency Droop Control Parameters
Frequency drop Aw (rad/sec) Aw = 0.1
Voltage drop AV (V) AV =1
Low pass filter cutoff frequency wy (rad/sec) 100

Table 5.1: System Parameters for stability analysis.
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’ Eigenvalues
A2 | =5 x 10" £2.066 x 10°]
A3a | =D x 10" £2.058 x 10°]
Ase | —122.0245.63 x 10%]
Mg | —121.75 4 4.89 x 10%]
Ao -160.77
Aio.11 —70.28 & 375.57j
A2 -3.18
A13 -96.54
A4 -99.99
Ais -99.83
16 —4.95 x 10°
17 —5.04 x 103
Aig 19 —5 x 10% £ 16.65]
)\20721 —5H X 103 + 202J
oo —4.99 x 103
)\23 —95 X 103

Table 5.2: Eigenvalues under nominal operating condition.

voltage controller (Fig. 5.4b). The other clusters correspond to the PCC and CPL load
voltages (i.e. Asg7s), the input filter for power calculation (i.e. Ag1314.15), the CPL input
current (i.e. Ajp11) and the phase angle (i.e. A2).

Eigenvalue reveal different frequency components in the system and their available
damping. Further information about the origin of different frequency components can
be obtained by observing the participation (sensitivity) of different state variables in a
particular mode. In order to have a mathematical criteria of this observation, we can
use a modal approach which will give us the sensitivity of the eigenvalues with respect to
coefficients of the state matrix. The modal approach described in [135] makes it possible
to quantify the sensitivity, and therefore the influence of each element of a state matrix on
its eigenvalues. In [4], it is used to study the sensitivity of eigenvalues with respect to the
parameters of microgrid system, more specifically, the droop coefficients. Here, we will
simply study the influence of not only the droop parameters, but also the load powers on
the system eigenvalues. In his book [135], Kundur et al. give the relation (5.15) where the
sensitivity of eigenvalue \; to the element ay; of the state matrix is equal to the product
of the left eigenvector element W;; and the right eigenvector element ®;; given as:

O\
(%ij

= Uy Dy (5.15)

Since the real part of the eigenvalues indicate the stability of the system, we will only
look at the real part of the sensitivity factor which gives information about the evolution
of the real part of the eigenvalues. The real parts of the sensitivity values computed with
the modal approach are given in Table 2.2. To obtain the sensitivity with respect to the
power of the loads, we will take the coefficients of the state matrix which include them,
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Figure 5.4: Eigenvalues spectrum of the system indicating different clusters.
Sensitivity factor of Sensitivity factor of Sensitivity factor of | Sensitivity factor of Sensitivity factor of
)\1,2.3,4 for (idqlaid(ﬂ) )\5.6,7,8 for (VPC(qu~, Vqu) >\10,11 for (iqu) g for (52) Ag,13,14,5 for (PQ/l- Psz)
9.9, a10.10 (Pe) 0.00015 ~0 ~0 ~0
a5, a6 (Ren) 0.0002 ~( ~0 ~0
Ssaz >~ 0
13,20, Q7,22 (N1, N2) ~0 =0 sii ~0
Sx5 > 0
Sxs = 3.5
Sxe = 3.5
9319, azz21 (M1, M2) ~0 S:):: 55
Sy = —5.b

Table 5.3: Sensitivity of the dominant eigenvalues.

that is to say agg = ai010 = —Pc/(C;V?) which correspond to the real power of the CPL
load and a5 5 = ag¢ = —1/ Ry, related to the resistive load. The droop control parameters
appear in coefficients a;3 20 and a7 22 respectively for voltage droop parameters n; and ns
and coefficients as3 19 and ag3 21 respectively for frequency droop parameters m; and ms.
With these coefficients of the state matrix, we will have the sensitivity of each eigenvalue
with respect to load powers and droop parameters.

From Table 2.2, we see that the load powers have higher sensitivity values in Aj 234
and A5 678 that correspond to DGs output current and voltage across the PCC and CPL
filter capacitor. The droop parameters have high participation or sensitivity factors in
A2, Ao11 and Agi31415. It was shown that the voltage droop parameters (nq,ng) also
affect the eigenvalue \i5 that corresponds to the phase angle difference between the two
DGs in the microgrid system. The reason behind this case came from the coupling effect
between active and reactive powers in a microgrid. Thus, the voltage droop control will
affect the phase angle and the same scenario will appear in frequency droop, where the
parameters (mq,ms) can affect the reactive power sharing.

In order to verify these results, Figs. 5.5, 5.6, 5.7, 5.8, 5.9 represent the evolution of the
system eigenvalues with respect to droop parameters and different loads power variation.
Fig. 5.5 shows the trajectory of the dominant low-frequency eigenvalues as function of the
frequency drop (Aw). It can be seen that as Aw is increased, the eigenvalues Ajs and A3
moves toward each other, to improve transient response for the active power flow of the
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Figure 5.5: Low-frequency eigenvalues as function of frequency drop (increasing varia-
tion): 0.1 < Aw < 5(rad/sec).

DGs, and deflecting their path after collision toward the right side of the real axis. Aj
and \q; are also sensitive to the change of frequency drop as seen in the figure, but they
are less affected than eigenvalues A5 and \;3. Although the system remains stable, but
a large frequency drop could affect the system stability. In Fig. 5.6, the low-frequency
dominant eigenvalues that are sensitive to the voltage drop (reactive power droop) are
A9, A1o,11-The eigenvalue A2 remains stable and not affected to the change of voltage drop
parameters.Whereas, Aj9 11 move to the right side of the real axis and tend to be positive.
Thus, the modeled system shift to unstable case after setting a large value of voltage drop

(AV).

To explain the effect of load variation on system stability, a study for the most dom-
inant eigenvalues trajectory change as function of different load condition is established.
Starting from the CPL type, Fig. 5.7 shows the eigenvalues trajectory under the effect
of CPL real power change. As the power P, increased, the dominant eigenvalues that
are sensitive to the change are A\s¢ and A7s. The rest low-frequency eigenvalues remain
stable. The next step is to change the resistive load (R.) and see its effect on each eigen-
value. Fig. 5.8 represents this case study. It can be seen that, as the resistance became
large, the most effected eigenvalues are A; 3 and Ay 4 that correspond to the line currents.
For low-frequency eigenvalues, the most moving ones are \;¢ s that correspond to the
PCC and CPL voltages. The same study is done by changing the constant current source
values, system condition will change and the eigenvalues trajectory is given in Fig. 5.9.
It is noticed that, all the eigenvalues remain stable with no remarkable change. From the
last three studies, it can be noticed that the eigenvalues related to the droop control (i.e.
Ao, 131415 and Ajg) are not influenced with the change in all types of load. Indeed, the
load change has no effect on droop dynamics as presented earlier from the eigenvalues
and sensitivity analysis.
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5.3 Conclusion for Small-Signal analysis

As a conclusion, the small-signal analysis for ac microgrid is elaborated. Furthermore, the
study considers different types of load where eigenvalue and sensitivity analysis are given
for the microgrid model. Sensitivity study is presented by the method of [135], where
the approach demonstrates clearly the lesser effect of CPL and other loads on the droop
controller by calculating the sensitivity factor of each dominant eigenvalues that represent
load change as well as droop parameters change. It was found that the eigenvalues that
represent the dynamics of the droop control are not affected by the load variation. In the
next section we are going to study the large-signal stability for the ac-microgrid which
will focus on the effect of load interaction with the ac grid. We will assume each DG is
perfectly controlled by the droop control without taking into consideration its dynamics
in the analysis. As it corresponds to low-frequency mode and is not affected by the load
interaction.

5.4 Large-Signal analysis

In this section, we propose to study the large-signal stability of ac-microgrid supplying
different types of load. Indeed, Lyapunov-based techniques are the commonly used tool
for nonlinear stability study. The main advantage of Lyapunov-based approach lies in the
fact that Lyapunov function provides an estimation of the region of attraction of a stable
operating point, allowing to predict the size of disturbance that can be tolerated. The
domain of validity and effectiveness of large-signal nonlinear stability analysis is much
larger than that of small-signal linear analysis [136, 137]. Indeed, a large-signal stable
system is small-signal stable but the reverse is not necessarily true.

Power electronic converters are an enabling technology for integrating renewable en-
ergy sources such as wind turbines and solar photovoltaics (PV) systems. Furthermore,
microgrids provide opportunities for small-scale renewable implementation. Hence, mi-
crogrids are technically feasible due to these power electronic converters. However, these
converters are effectively nonlinear since the differential-algebraic dynamic equations de-
scribing those converters are nonlinear [138]. In literature, large-signal stability of power
electronic converters have been studied in [139, 140]. Then, Lyapunov-based stability
analysis tools are applicable to study, analyze and optimize the nonlinear stability prob-
lems within microgrids. In this section, we propose to analyze the stability of microgrids
by using Takagi-Sugeno multi-modeling [141] for generating a Lyapunov function which
not only proves the asymptotic stability of the system at a given operating point, but
also determines an estimation of the domain of attraction around this point [142, 143].
This approach needs a linear matrix inequalities (LMI) solver to maximize the size of the
estimated domain [144].

5.4.1 Microgrid Full-Order Model

The system model formulated in section 5.2 is used here. The microgrid system is repre-
sented by Fig. 5.10. As concluded in the small-signal analysis, in ac-microgrid, the poles
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Figure 5.10: Simplified Diagram of the Microgrid system under study.

associated to the DG droop control dynamics are weakly affected by the load interaction
and power change. Thus, the only change in the system model is that the state equations
related to power sharing and droop control are neglected from the analysis. The state
variables take the form:

e =[ip1 ig1 ip2 igx Vecep Veccq ifp irg Vip Vio

€p1 €Q1 €p1 €Q1 €p2 €Q2 €Dp2 eQQ]

For Large-Signal analysis, the system should be written around its operating point.
Thus, taking the change of origin as # = X, + &, the 18 order model can be expressed
as:
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%;Dl = 7 ip1+ MQ1 ! z.6p1+ UPCCD

%%Ql = —wip; — lQ1 L16Q1 + *UPCCQ

%%DZ = 1, 2ZDQ + lez €D2 + *UPCCD

%;Cp = —Wips — lecp L2 €qQ2 + UPCCQ

Lopcep = cplcc ip1+ C roc! —ipy — R%hUPCCD +wipccg — CPCC~fD

Lopccg = Cpcc Q1+ Cpcc igs — wipcop — %h@PCCQ — Cplcc 7Q

%ng = 7UPC’CD - 7ZfD + wzfQ - *UfD

@i = Llf Upccq —wifp = 1hirQ = 7,01q

G0rp = c%ng + [(Vipodpo = Vigolqo) f1 + Ipofif] Usp
+w+ (Vipolgo + Violpo) fi + Ipo fifa] Usq (5.16)

S5q = c%ﬁf@ + [—w+ (Vipolgo + Vigolpo) f1 + Igofif2] Ufp
+ [=(Vpolpo = Vigolqo) f1 + 1qof1f3] Usq

Lep1 = ép1

el = éq1

9ép = —Ryw?ipi + wLaw?igr — w4épr — 2Gweép

%éQl = —OJLvlwgﬁDl - vawzngl - 0%215@1 - 2ClwcléQ1

G €D2 = épo

a1 €Q2 - éQQ

%ém = —Ryow?ips + whypwligs — whéps — 2aweméps

%écp = _WLUQU-}?Q%DZ - Rv2w22€Q2 - WgzéQz - 2C2wc2éQ2

where, fi, foand f3 are the repeating nonlinear functions defined as:

_ 1
fl o Cf[(pro+ﬁfp)2+(VfQo+ﬁfQ)2]
f2 =p (5.17)
f3 =170sq

5.4.2 Large-Signal stability analysis tool

As proposed in [134], Takagi-Sugeno (TS) multi-modeling is used to determine the esti-
mated domain of attraction. TS multi-model are a useful tool for studying the stability
of nonlinear system. In this method, a set of r linear local models are deduced from
the nonlinear system and are interconnected by nonlinear scalar activation functions u;
verifying the property of convex sums. To obtain a T'S model for the nonlinear system, a
general form can be written as

?J(t) D1 Micﬂ(t)

{:j;(t) = Yy mlAa(t) + Byu(t)] (5.18)
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The principle of modeling the system in TS form is to consider a nonlinear model as
a weighted sum of r linear models. In this way, it is possible to transpose a nonlinear
problem into a sum of linear problems. The weighting of the sub-modules is done via the
activation functions p; which are function of the state of the system. These activation
functions must respect the convex sum property (5.19).

Sropi(z(t) =1
{Mz’(w(t» >0, V¢ (5.19)

This method uses “i f —then” rules that represent the input-output linear local relations
of the nonlinear system. Thus, the ith fuzzy rule defines a local linear behavior by a linear
model of the type @(t) = A;.z(t)+ B;.u(t). It is possible to obtain a T'S model representing
exactly the nonlinear system using a limited number of local models. Each nonlinearity
(fj(x), j=1,2,---, r) may admit two values: its minimum value f;;, and its maximum
value fjmaz. This gives rise for two matrices A;. Thus, for r nonlinearities in the system,
2" matrices should be formed. In order to use Lyapunov method for the T'S model, Marx
et al. state that the system is asymptotically stable if the following (r + 1) Linear Matrix
Inequalities (LMI) hold [134]:

5.20
AT M+ M-A;, <0, ¥ie{l 2 27} (5.20)

{M = MT >0

The existence of M depends on two conditions: the first one is that any matrix A; is

Hurwitz and the second condition considers the convex sum property described earlier.

Thus, it is necessary (but not sufficient) that the local models are stable. Now, the asymp-

totic stability is proved if the LMI (5.20) is feasible. Once the matrix M is determined,
the following Lyapunov function is completely known:

V()=a" M- -2 (5.21)

The LMI algorithm is studied by fixing each r nonlinearity to a constant limit value
(min. and max. value). These limits are obtained once the LMI is not yet feasible.
In this case, the estimated domain of attraction is bordered by jmin and Zjmee, j =
1, 2, - -+ r. In fact, we need only the knowledge of the local state matrices A; that can be
directly obtained from the nonlinear model by fixing each of r nonlinearities to a constant
limit value (min or max value). These limit values determine a domain in which the
stability analysis is valid. In other words, the estimation of the domain of attraction of
the operating point is deduced from the domain delimited by the aforementioned limit
values. Therefore, for estimating the domain of attraction, the following algorithm can
be proposed:

1. Set all nonlinearities to their operating point values: fjmin = fjmae = f35(0), J =
L2, r (), =2l =0).

man max

2. If the LMI problem (5.20) is not feasible, then go to 4.
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3. Else, decrease fj,i, and increase fjnq, by modifying xfmn and 2! =12 1.

Then go to 2.

J .
min

4. The estimated domain of attraction is bordered by 7, and x/ = j=1,2--- r.

It is obvious that such estimation is conservative because of the nature of this approach
based on the second method of Lyapunov. However, the main drawback of this method
lies in the fact that the complexity of the problem grows rapidly with the number of
nonlinearities. Indeed, 2" matrices should be processed if there are r nonlinearities.

5.4.3 Application of the Large-Signal stability analysis and
Simulation Results
For the system described in (5.16), the nonlinearities are given as fi1, f> and f3. Thus, we

have = 3. And suppose that 0;p belongs to the interval | v¢pmin, VfDmaz | and g
belongs to the interval | v¢Qmin, VfQmaz |, With those intervals to be determined. Let:

_ 1 _ 1
Jiomin Ct[(Vipo+87Dmae)2+(ViQo+EsQmaz)?| Jimaz Cr|(Vspo+sDmin)>+(Vio+0Qmin)?|
f2min = UfDmin ) f2maz = UfDmax
mein = 6mein 3 f3ma:c = f}mea:c

(5.22)
As r = 3, there exist 8 local models and 8 fuzzy rules. The TS fuzzy models are
developed based on the following rules:

e Rule 1: if fi = fimin, fo = fomin and f3 = f3in, then the model is written as:
T = Al - XT.

e Rule 2: if fi = fimin, fo = fomin and f3 = f3maz, then the model is written as:
T = AQ - T

e Rule 3: if fi = fimin, fo = fomaer and f3 = f3in, then the model is written as:
T = A3 - X

e Rule 4: if fi = fimin, fo = fomae and f3 = f3,42, then the model is written as:
T = A4 - X

e Rule 5: if fi = fimaz, fo = fomin and f3 = f3in, then the model is written as:
T = A5 - X

e Rule 6: if fi = fimazs fo = fomin and f3 = f3,,42, then the model is written as:
T = Aﬁ - X.

e Rule 7: if fi = fimazs fo = fomae and f3 = f3.n, then the model is written as:
T = A7 - X.

e Rule 8 if f1 = fimaz, fo = fomaer and f3 = f3mae, then the model is written as:
T = Ag - X.
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Figure 5.11: Estimated Domain of attraction for the system under the effect of CPL active
power (Rch = 1009, ILd = O, -[Lq = —SA)

Now, we apply the proposed algorithm in Section 5.4.2 to the 8 local models with the

following LMI:

A3
A3

A
A7

M=
AT .

AT -
AT

AT -

MT

M+ M-
M+ M-
M+ M-
M+ M-
M+ M-
M+ M-
M+ M-
M+ M-

As

<0

(5.23)

A MATLAB simulation is implemented to solve LMI for the nonlinear model repre-
sented in (5.23) using the explained algorithm. The system parameters used in simulation
are given in Table 5.1. Following the algorithm, the min. and max. values of ¥;p and ¥¢
were obtained, and the estimated domain of attraction is plotted in the x5 — x¢ plane (i.e.
vpcop —vpcog plane). The effect of CPL load in the domain of attraction is first studied.
Fig. 5.11 shows the estimated domain of attraction for three values of CPL active power.
In this case, the resistive load is fixed to 100€2 and the constant current load is given as
Itp =0, Irg = —3A. It can be noticed that, as the power of the CPL increases the
domain of attraction become narrower. This interprets the destabilizing effect of the CPL

on ac-MQG when connected to some intensive active loads.
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The effect of the Resistive load when connected to a microgrid is explored in Fig. 5.12.
It is evident that the more resistive load in a microgrid, the less damping factor obtained
and the more stable is the system. When we increase the consumed resistive power, the
estimated domain of attraction become wider for a specific CPL load. Indeed, a parallel
resistive load plays an important role in damping the oscillation resulted from a CPL load
on ac-MG. For constant current load, the increase in direct current I, will increase the
size of the domain of attraction as seen in Fig. 5.13. This behavior is similar to adding
more resistive load to the microgrid.

As a speculation, one can say that a virtual resistive impedance is a solution. But,
its effect on high-frequency range is bound to inverter voltage controller. Furthermore,
adding a virtual impedance to the output of the DG in series with the feeder impedance
will have a destabilizing effect on the MG-system. To illustrate this, we did a test with
inverters having a bandwidth equal 5000 rad/sec which is less than the oscillating fre-
quency generated by the input filter of the CPL which is around 8 x 103 rad/sec. Fig.
5.14 shows a case study, where the domain of attraction region is plotted for three values
of R, which is the virtual resistance introduced in the two inverters inner controller. It can
be seen that the domain of attraction decreases as the virtual resistance increases. Thus,
the virtual resistive component has a negative effect on the stability of the microgrid with
intensive use of CPL load. Similarly, the effect of virtual inductive impedance is realized.
It should be noted that, the virtual inductance is usually used in microgrid application to
enhance the reactive power sharing. For that reason, its effect on the stability of microgrid
should be elaborated. In Fig. 5.15 the domain of attraction region is plotted for different
values of virtual inductive impedance. As the value of L, increases, the estimated domain
of attraction decreases. Exceeding a value of L, = 1.6mH will allow the system to lose
stability.

To verify the validity of the large-signal stability analysis, a small test was performed
using the model presented in (5.16). The MATLAB model for the microgrid system
is simulated based on parameters listed in Table 5.1. The CPL load varies its power
consumption from 200W to 1000W. Referring to the estimated domain of attraction in Fig.
5.11, that corresponds to this case, the system remains stable. To prove this, Fig. 5.16
shows the PCC voltage waveform under a step change of CPL load power consumption.
The results in Fig. 5.16 is compatible with the estimated domain of attraction. If the
active power of the CPL is changed to 1150W the system will lose stability and the PCC
voltage waveform will diverge. Fig. 5.17 shows the simulation result for Popy = 1150W
which explains our estimated domain of attraction has been verified. For the effect of
virtual impedance loop, the modeled system is tested without adding virtual resistance
and with an additional value R, = 5. According to the estimated domain of attraction,
the system will lose stability when this value is added to the inverters inner controller.
To verify this fact, Fig. 5.18 shows the evolution of the PCC dq voltages under the two
situations. We have seen that the voltage waveforms diverge and tend to oscillate when
introducing the virtual resistance to the inverters. The virtual inductive impedance is
also introduced in the inverter inner controller to verify its impact on system stability.
Fig. 5.19 indicates the behavior of PCC voltage when increasing the virtual inductance
beyond its limit as predicted by the domain of attraction given in Fig. 5.15. It can be seen
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Figure 5.12: Estimated Domain of attraction for the system under the effect of Resistive
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Figure 5.13: Estimated Domain of attraction for the system under the effect of constant

current load (P.(CPL) = 600W, R., = 10012).
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Figure 5.14: Effect of virtual resistance R, on the estimated domain of asymptotic stabil-
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ity when the bandwidth of inverters controller (w. = 5000 rad/sec) is lower
than the cutoff frequency of the CPL input filter (w; = 8000 rad/sec). Load
condition: P.(CPL) = 600W, I; =0, I, = —3A, R., = 1001.
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Figure 5.15: Effect of virtual resistance L, on the estimated domain of asymptotic stabil-
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Figure 5.16: PCC dq voltage waveform evolution inside the predicted domain of attraction
for CPL load change: Popr, = 200 — 10001V .

that also the PCC voltage diverges when L, = 2.2mH and the system become unstable.
The large-signal analysis allows us to formulate the overall conclusion given in the next
section.

5.5 Conclusion for Large-Signal analysis

The large signal stability for ac microgrid was explored. The study focused on the effect
of load interaction with the ac-MG. The effect of CPL load on the estimated domain of at-
traction was realized. It was shown also that excessive resistive load can play an important
role in insuring asymptotic stability of the system. However, one of the characteristics of
an islanded microgrid is the load shedding where different loads, predominantly the re-
sistive loads, are disconnected from the grid to ensure balanced generation-consumption.
Thus, this scenario should be taken into consideration when subjected to ac microgrid with
CPL load being connected. Load shedding must not affect system stability. The effect of
constant current load in system stability is also explored. It was shown that excess direct
current will damp oscillations in microgrid and preserves stable system. Furthermore, the
effect of virtual impedance loop in system stability is pointed out. It should be noted
that, the virtual impedance loop is commonly used to compensate reactive power sharing
for droop control based-microgrids. The aforementioned results, show that the virtual
impedance loop has a negative impact on system stability and additional impedance loop
tends to destabilize the system especially when supplying a CPL load. These results are
verified by simulating the effect of adding additional resistive and inductive terms at the
output of inverters on the evolution of the PCC voltage. Thus, the strategy of adding
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Chapter 5 MODELING AND STABILITY ANALYSIS FOR AC MICROGRID WITH
HIGH PENETRATION OF INTERFACED-CONVERTER LOADS
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Figure 5.17: PCC dq voltage waveforms evolution outside the predicted domain of attrac-
tion for CPL load change: Popr = 1000 — 1150W.
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attraction for virtual resistance: R, = 0 — 5).

142



5.5 Conclusion for Large-Signal analysis
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Figure 5.19: PCC dq voltage waveforms evolution inside/outside the predicted domain of
attraction for virtual resistance: L, = 1.2 — 2.2mH.

virtual impedance loop should be studied carefully before introducing it to the system.
One opinion that should be verified in the future, is the use of parallel virtual resistive
impedance. In this case, the virtual impedance loop could damp oscillations result from
different load interactions. The load interaction using the CPL active power is simulated
in order to verify the results of the estimated domain of attraction. The PCC voltage
waveform is compatible with the large-signal stability analysis.
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General Conclusion and Perspectives

This thesis focuses on the decentralized control strategies for AC islanded Microgrids,
especially on the Droop Control in order to enhance system reliability, power sharing and
system stability. The main objectives is to solve problems and find improvements related
to the control and power management for distributed generation (DG) systems. The
thesis starts with reviewing various droop methods proposed recently to improve different
drawbacks related to the aforementioned aspects. The first chapter summarizes the most
important control approaches and are compared in terms of their respective advantages
and disadvantages.

Secondly in chapter 2, the Flatness-based control for converters is developed. Model-
ing, analysis and implementation of the controller are done for DC/AC inverter with LC
filter which is applicable to what so called Distributed Generation Interfaced Converter
(DIC). Furthermore, the Flatness-based controller is applied to the case of modular in-
verter design (i.e. parallel connected inverters). A flood analysis was presented to model
the system and the test results are derived to verify the effectiveness of the flatness-based
controller on maintaining a regulated ac-voltages at the output of the module with min-
imized circulating currents between parallel inverters. The next part of chapter 2 deals
with the proposed state-observer used in microgrid application which is considered to be
a prospect tool for enhancing the power sharing between droop-based converters. The
state estimation of the point of power coupling (PCC) rms-voltage can be utilized to re-
trieve the drop voltages across the mismatched feeder lines that are mainly affecting the
reactive power sharing. In this way, the proposed ) — VEst is more efficient for accurate
load sharing. The performance of such droop control is validated experimentally where
its advantages over other proposals are presented.

Next, the power quality issues in distributed generation are studied when linear and
nonlinear loads are connected to the microgrid. It was shown that the proposed harmonic
droop controller has superior behavior in sharing the harmonic power between distributed
generators and compensating the harmonic distortion at the PCC. At the same time, the
fundamental active and reactive powers are shared proportional to the ratings of each
DG. Thus, the two droop controllers work separately to enhance system reliability. A
microgrid decomposed of two or three inverters was implemented using simulation to verify
the operation and validity of the proposed control technique. Furthermore, Experimental
results are given to support the effectiveness of this method.

In chapter 4, an optimal angle droop control was proposed to share active and reac-
tive powers between DGs without affecting system frequency which remains constant in
this case. Modeling and small-signal stability analysis are performed for a generalized
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General Conclusion and Perspectives

microgrid system based on the proposed angle droop, in order to specify the range of de-
sign parameters that ensure proper load sharing with system stability being maintained.
Perfect results were obtained with this method, where a one-loop design of the proposed
angle droop control is found to have better results as compared with Hierarchical droop
control with multiple loops for the same objectives.

Finally, chapter 5 discussed the stability analysis of AC islanded microgrid with high
penetration of Interfaced converter loads. The effect of intensive use of converter loads
(such as a constant power load, CPL) on system stability are analyzed using small-signal
stability tool. And according to sensitivity analysis, it was found that whatever the load
interacted with the grid, the eigenvalues that corresponds to droop control are with lower
sensitivity factor. Which means that the droop control is not affected by the change
of load and an assumption can be considered by neglecting the droop control model
from large-signal stability analysis in order to decrease the number of nonlinearities and
simplify system equations. The large-signal analysis shows that excessive resistive load
can guarantee a stable system in case of a CPL load also connected. Furthermore, it
was shown that the virtual impedance loop can not be considered as an effective tool
to stabilize the system due to the limitation of inverter inner control bandwidth design.
Simulation results are provided to demonstrate the aforementioned interpretation.

The aforementioned conclusions in this thesis lead to several proposals for future re-
search work to be developed at present, at both a scientific and technical level development
of projects as:

e DC coupling microgrids: This line of research will expose new challenge of model-
ing and practical work when the interaction between AC and DC microgrids (Hy-
brid microgrids) is studied. This will open new fields for renewable energy power-
management control strategies. New scenarios for Distributed Generation systems,
reliability and flexibility operation as well as power quality enhancement.

e Based on the proposed Harmonic droop control developed in chapter 3, The effect
of imbalance loads should be adopted with a strategy to study their issues and
attenuate their transient’s variations in islanded microgrid.

o The proposed angle droop control scheme can be modified by emulating the state-
observe to estimate the PCC voltage amplitude and angle in order to perform an
improved control strategy when communication is lost or can’t be used in some
applications.

o The stability analysis for ac microgrid in chapter 5 gives some important aspects
for future work to design a stabilization method for the system. The stabilization
method should be based on the Lyapunov theory. It would be interesting and useful
to realize the network configurations for testing the stabilization method which could
be well suited for industrial applications.

e Due to inherently distributed and heterogeneous nature of microgrid, it becomes
an ideal platform for applications of consensus algorithms. Several attempts have
been made to utilize consensus-based control algorithms for smart grid applications,
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including 1) voltage support on distribution feeders; 2) smart economic dispatch; 3)
smart load shedding; 4) inverter-based power sharing, etc.
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