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Ce mémoire de thése rédigé en langue anglaise est precéd@&siume en langue francaise
conformément aux conditions de I'’école doctorale Scieet@schnologies de I'Information et
Mathématiques (STIM) de 'UNAM.

Dimensionnement optimisé et stratégies de commande d’énérgtrice synchrone a double

stator pour application hydrolienne

Sommaire

Introduction

1. Etat de I'art de I'énergie hydrolienne

2. Dimensionnement préliminaire et principe de commande&l’génératrice synchrone a
double stator

3. Optimisation conjointe de 'ensemble machine synchaiméble stator — convertisseur

4. Commande de la génératrice (simple ou a double stator) e san ou en mode défaut

5. Perspectives



Introduction

Les travaux présentés dans cette thése portent sur I'éeudiejyensionnement, I'optimisation
et la commande d’un systeme machine synchrone a aimantaipents a double stator conver-
tisseurs pour application hydrolienne. Cette thése s'@édans le cadre d’'un projet de recherche
a échelle régionale nommé «Hydrol 44». Ce projet pluridiswiire qui regroupe plusieurs ac-
teurs académiques (LHEEA, LBMS, IRENAV, LASQUO et IREENA) edurstriels du grand
Ouest (Alstom Hydro, Jeumont et EcaEN) est soutenu et finaendé région Pays de la Loire et
le C.O.P (Contrat d'Objectifs Partagés : Carene et CCl) et viseea thes verrous scientifiques
et technologiques relatifs & la technologie hydrolienne.ptojet «Hydrol 44» s’intéresse en
particulier a la problématique de maintenance des fermdsolignnes et a la conception de
génératrices robustes adaptés a ce contexte et leur imbégsar le réseau. Les travaux de
these que nous présentons font partie du deuxieme work pa¢kéP?2).

L'énergie des courants de marée, ou énergie hydrolienheprsidérée comme une source
d’énergie renouvelable trés prometteuse car elle présEnteombreux avantages tels que la
prédictibilité, la haute densité de puissance et un impiscteV négligeable. La machine syn-
chrone a double stator a aimants permanents posés en IBCRPMG) est étudiée car elle
présente plusieurs avantages sur la machine simple stattitiannelle; elle peut fournir une
plus grande densité volumique de couple (augmentationsigface d’entrefer) et présente une
meilleure tolérance aux défauts (indépendance magnédiegideux stators).

La DSCRPMG est composée de deux bobinages triphasés. Cegslpmigent étre con-
nectés en paralléle ou en série. La DSCRPMG est équivalentexantichines indépendantes
magnétiquement. Dans le but d’obtenir une un bon comportesrecas de défauts, nous ne
considérons dans le présent document que le systeme awEubestators connectés en paral-
lele. Chaque stator est connecté a un redresseur a MLI. Lar@seeurs sont connectés a un
onduleur par un bus continu commun comme présenté sur |14 Fig.
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Figure 1 — Structure d’une chaine hydrolienne a base de gtinérsynchrone a double stator

Nous étudions un systéme d’entrainement direct avec ubinéua pas fixe. En effet,
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d’'une part une turbine a pas fixe est plus robuste qu’unerterdipas variable et fournit moins
d’oscillations de puissance et d’autre part le systemetdigrement direct élimine la boite de
vitesses qui peut entrainer des colts de maintenance €levés

Le manuscrit est scindé en quatre chapitresl §'@résente un état de I'art des technologies
des hydroliennes et les structures électrotechniquesiasso LeQémechapitre présente la
comparaison de différentes stratégies de commande en raddeaionnement MPPT ou en en
mode défluxé pour une génératrice synchrone a double sta@tatipensionnée. La meilleure
stratégie en termes de rendement est retenue pour la ssifidaux. LeSémechapitre montre
les résultats de I'optimisation multi-objectif de I'iniessement et de I'énergie extraite. Pour
ce faire, I'algorithme proposé optimise I'ensemble cotigseur-machine. Une machine est
choisie sur le front de Paréto pour le chapitre suivant. Etdichapitre 4 traite de la commande
et 'analyse des performances de la chaine de conversioroda normal ou en cas de défaut.
Trois stratégies de commande sont présentées et évall@edag criteres tels que la continuité
de service, la minimisation des ondulations de couple oiniglgité d'implémentation.

1. Etat de 'art de I'énergie hydrolienne

Au premier chapitre, nous abordons brievement les priscips approches technologiques
et les principaux types de machines électriques utilisés da systeme hydrolien.

Les caractéristiques de la ressource sont calculées agianfibormations océanographiques.
Deux modélisations des courants marins sont présenté&sgildes méthodes dites Harmonics
Analysis Method (HAM), et SHOM laquelle utilise une équati®emi-expérimentale simple.
Ensuite, on montre le lien entre la puissance extraite etdeactéristiques de la turbine, la
vitesse de rotation de la turbine et la vitesse du fluide. Utesa récapitule les différents
prototypes en cours d’essais en précisant le type de temfirplxe vertical ou horizontal ou
bien systeme oscillant.

Enfin, les différents choix d’ensemble convertisseur maekont présentés. La DSCRPMG,
a attaque directe et connectée au réseau via un convertigspuissance back to back, est pro-
posée comme une alternative aux solutions de la littérammecomme indiqué plus haut, elle
peut fournir une plus grande densité volumique de coupleétemte a priori une meilleure
tolérance aux défauts que les machines a simple stator.

2. Dimensionnement préliminaire et principe de commande dine génératrice synchrone
a double stator

Le deuxieme chapitre a un objectif double. Il s’agit dans venper temps d’expliciter
le modéle analytiqgue de la machine synchrone a double giatey dans un second temps de
comparer différentes stratégies de commande usuellesopbgar une nouvelle réalisant le
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meilleur compromis en termes de rendement en mode de fonetiment MPPT ou en mode de
fonctionnement en défluxé.

La machine est composée de deux stators, I'un externe &td’aderne, et d’un rotor avec
des aimants posés sur ses surfaces externes et internestrubtare mécanique en forme de
coupe (rotor cup) assure la cohésion mécanique de I'enseindlgéométrie de la machine est
définie par les parameétres géomeétriques présentés sur.ld8.ANpus présentons une modéli-
sation analytique qui permet de déterminer des grandetesnes telles que les inductances
et fem, les colts matiere et de structure, les pertes danadhine (Joule et fer) et les pertes
convertisseur (par conduction et par commutation).
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Figure 3 — Parametres géométriques de la machine synchooiéedstator étudiée

L'ensemble des paramétres géométriques est déterminé&asa@gles de prédimension-
nement communément admises, et ce pour un cahier des cheingieath point de fonction-
nement nominall(M W, 21.5tr /min).

Un modéle de Park pour les machines externe (indice o) enmt@ndice i) est élaboré
en vue de la commande. Ce modeéle utilise les grandeurs cadcpbr modéle analytique
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développé auparavant. Les équations des tensions et dle smu données ci-dessous:
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La caractéristique de fonctionnement (puissance-vitdegetation) d’une hydrolienne est
présentée en Fig. 4. Elle comprend deux zones principaesgion MPPT (Maximum Power
Point Tracking) pour laquelle I'énergie extraite est masi#e jusqu’a la puissance et la vitesse

de rotation nominales, puis la région dite d’écrétage degauice en raison des limites des
organes (générateur et électronique de puissance).
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Figure 4 — Courbes de puissance en mode MAP ou MSLCP

Dans la zone MPPT, pour chaque point de fonctionnement, ueaob:,, a 'image du
couple, est le méme quelque que soit la stratégie de comnaaiugée. En sus, la commande
par un convertisseur MLI autorise le réglageidgeet laisse ainsi un degré de liberté. C'est
ce degré de liberté qui permet d'implémenter des strat@gesommande différentes. Trois
stratégies de commande sont étudiées: commande a factpuisdance unitaire, commande a
flux constant (tension de sortie égale a la fem) et la commarndeple maxi; = 0). Chacune
permet de balancer difféeremment la répartition des peoigle &t pertes fer de la machine. Nous
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montrons aussi la stratégie MSL, i.e. Minimum System Lo§x&#rol, qui calcule le courant
iy de facon a minimiser a la fois les pertes de la machine mass eeles du convertisseur. La
prise en compte des pertes convertisseur est une origidalihotre travail. Nous montrons que
cette stratégie conduit a un meilleur rendement.

Ensuite, la zone de défluxage est examinée. Il s’agit de cempeées contraintes de tenue
en tension et thermiques (machine et convertisseur). Qmgliee deux fagons de procéder:
travailler a la puissance maximale admissible, le systeshalers en limite de tension et ther-
migue ou bien maintenir la puissance constante a la valeuimabe, il y a alors une liberté sur
le couranti;. Dans le premier cas une seule stratégie est disponibléstamtsa maintenir la
tension et le courant & leurs valeurs maximales alors queclansle autorise I'optimisation du
rendement via le réglage dg La figure ci-dessous illustre la plage de variation du couia
Celui-ci appartient au segment AB. Comme pour la région MPPIx deéthodes de la littéra-
ture (point A et B) sont comparées a notre algorithme qui mesdre rendement de I'ensemble
convertisseur machine (point C).

Voltage limit circle for we

1d,j,optimal

We,1 S We,j S We,2

I

) ] Der‘nﬁgn_etizjng current
We,2 is the maximum speed (short circuit current)

Figure 5 — lllustration de la stratégie MSL

La stratégie de commande proposée en mode MPPT (MSL) et emxagdl (MSLCP)
maximise le rendement de I'ensemble convertisseur madaisera utilisée pour la suite des

travaux.
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3. Optimisation conjointe de I'ensemble machine synchrondouble stator—convertisseur

On s’intéresse a I'optimisation de I'ensemble convertisseachine en vue de minimiser
I'investissement et maximiser I'énergie extraite sur uneéd d’exploitation de vingt ans. L'inve
-stissement est calculé a partir des codts suivants: reataatives de la machine, la structure
mécanique, et le convertisseur. L'énergie extraite eduéeaen intégrant les caractéristiques
vitesse du courant marin vs puissance, vitesse du couraitegse de rotation de la génératrice
ainsi que les probabilités d’apparition de vitesse du aaytalles que représentées ci-dessous:

2000 100 =400
—o— Power
—<— Rotational speed
—4— Operating time 7350

-1300

<250

1000

200

<150

Mechanical power (kW)
Operating time in one year (h)

<100

Il
(o)
o
Mechanical rotational speed (tr/min)
i

Rated tidal current speed

0 1 1 1 1 1 1 1 0 O
1 15 2 25 3 35 4 4.5 5

Tidal current speed (m/s)

Figure 6 — Points de fonctionnement de la turbine

Afin de dégager des fronts de Pareto, un algorithme muéieritle type essaimage par-
ticulaire est mis en ceuvre pour d’optimiser 16 parametres.mbdéle de la machine et du
convertisseur sont ceux développés au chapitre 2 tandimgiatégie de commande est celle
proposée au chapitre précedent (MSL).

Le front de Pareto est un guide pour le choix d’'une structcae,l donne les compromis
disponibles entre l'investissement et le revenu. Néansyaea choix n’est pas aisé. Deés lors,
nous définissons deux criteres secondaires qui permehtaatic de dégager une machine par-
ticuliere sur le front de Pareto. La premiere fonctiB, rin.1 €St calculée par la différence
entre le revenu obtenu en 20 ans et les codts en incluantdeelaiturbine estimé AV/€. La
secondef ;. rina2 S€ détermine par le quotient des codts par I'énergie exteaitl an.

Le front de Pareto obtenu est présenté Fig. 7.

Ce front montre les machines A et B prédimensionnée%ég‘uechapitre, lesquelles sont
logiquement dominées par le front de Pareto optimisé. Onaussi apparaitre les machines
déterminées pakF,;; rina1 €t Fob; rinai2- ON pourrait croire que la meilleure machine est la plus
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Figure 7 — Pareto front

compacte, avec un grand nombre de péles et en limite theenfigachine le plus a gauche du
front). Or il n’en est rien. En effet, en passant a la machim@sie parF,;; finq2 ON augmente
tres légerement I'investissement, mais on accroit de fagpificative I'énergie extraite sur une
durée de 20 années et donc les revenus.

On présente aussi les évolutions des parameétres (géounestreq externes) de la machine
sur ce front dans I'optique de dégager des régles de dintareib. Par exemple, le nombre de
paires de pbles est compris entre 12 et 54; la machine expeodeit de I'ordre d&7% de la
puissance totale; la réactance unitaire est stable etrineébede’0%. En outre, les parameétres
des machines externes et internes sont similaires.

Une étude de sensibilité est menée sur quelques paramétegtiques, la qualité du re-
froidissement, la nature et le colt des matériaux utiligégs. montre ainsi par exemple que
'augmentation du diameétre extérieur conduit a un meillmndement annuel en contrepartie
d’'un investissement accru ou que le type de tblerie a undefaifiuence sur le dimension-
nement.

Une validation par la méthode des éléments finis du modéttréteagnétique analytique
développé sur trois machines particuliaires du front estiga effectuée. 1l en découle que le
calcul des inductances est précis a envisgnpres et les déterminations des fem et du couple
font apparaitre des erreurs de moinsid€’; et2.0% respectivement. Notre modele analytique
donne donc une bonne estimation du comportement électraétigge de la machine.

Enfin, nous effectuons une comparaison des résultats dimgatiion entre la machine dou-
ble stator et la machine simple stator. Il apparait que lahim@cdouble stator donne une nette
amélioration du couple volumique (+65%) en contrepartied’légére dégradation du couple
massique (-1%). Ceci permet de réduire les dimensions duaténé a attaque directe et ainsi
de réduire son impact sur les écoulements du fluide. En efietrairement a I'éolien, le di-
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ametre du générateur a attaque directe n’est pas négkpeaidnt les dimensions de la turbine
hydrolienne. Un autre avantage de la structure a doublerstat sa redondance naturelle.

4. Commande de la génératrice (simple ou a double stator) enaode sain ou mode dé-
faut

Le dernier chapitre traite d’abord la commande de la macynehrone simple ou a double
stator en mode normal. Les stratégies de contrdle des denertizseurs c6té machine et cté
réseau sont détaillées et validés pour des conditions diéeent de fluide réalistes. L'accent
est ensuite mis sur la commande de la DSCRPMG en mode défaugricujer le cas de
I'ouverture d’'une phase du stator externe. Trois strategpat élaborées et testées pour assurer
une continuité de service et minimiser les ondulations deleo La plus simple consiste a
déconnecter le stator externe défaillant et fournir le t®umiquement avec le stator interne
sain en tenant compte de ses limites thermique§é1_r%econsiste a élaborer des consignes de
courants adéquates pour le pilotage du stator défaillalm:@mes’appuie sur un estimateur
des ondulations de couple permettant par la suite de les ewgep par action sur le stator
interne (Fig. 8). Ces approches sont comparées en termemgkcge d’'implémentation et
efficacité de compensation des ondulations de couple nraratiiasi les possibilités offertes par
la DSCRPMG. La figure 9 illustre les résultats de simulationbs avec la méthode basée sur
I'estimateur de couple. Aprés compensation, le coupleusssiqconstant. Le taux d’ondulation
de la vitesse est de 'ordre 6el1% alors que I'oscillation de couple n’excede pasiés

|

ido iqo
17,
-

DSCRPMG | e

+ Converter

+ SVPWM| 4

Wm

Figure 8 — Commande de la DSCRPMG en mode défaillant, méthodeeatienateur
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Figure 9 — Performances de la DSCRPMG obtenues en mode déémutestimateur

5. Perspectives
Nous donnons ci-dessous quelques perspectives envisagieab

— Amélioration du modele thermique: si le modele analytidadéa machine a pu étre validé
avec la MEF, le modele thermique implémenté est relativérsenmple et nécessiterait
d’étre affiné et confirmé par des essais expérimentaux. Cediagant plus critique
gue le «rotor cup» pourrait conduire a des systémes de defseiment spécifiques, en
particulier pour une machine de grande dimension.

— Intégration de la valeur nominale de la vitesse du courams ¢e processus d’optimisation;

— Etude du décalage entre les stators externes et interngeetievréduire le cogging et/ou
les ondulations de couple;

— Prise en compte du modéle de la turbine hydrolienne datsléde I'ensemble de la
chaine de conversion allant de la ressource jusqu’a I'tatéan au réseau.

— Poursuivre les travaux relatifs a la tolérance aux défantsitégrant d’autres topologies
de convertisseurs.

— Validation expérimentale des travaux réalisés dans tiedte.
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Introduction

There is worldwide agreement on the need to reduce greeealyassemissions, and differ-
ent policies are evolving both internationally and locatlyachieve this. This kind of world
trend drives people to explore different kinds of renewadiergy such as wind power, solar
power and ocean power. Wind power and solar power have bdastimalized and successfully
integrated to the grid in large scale for many years. Morerance organizations, companies
and laboratories start to focus on exploring ocean powerreMuwan70% of the earth area is
covered by ocean and in which stored a vast of energy. Thaecepresent an energy resource
which is theoretically far larger than the entire human @méd possibly use. The existed vari-
ous forms in ocean power are namely tidal rise & fall eneiiggl{ocean) current energy, wave
energy, salinity gradient and thermal gradient energy. Agrivem, tidal current enerdyhas
obtained a strong increasing interest due to the advantdgaeedictable, high power density
and huge potential characteristics in the last decade.

Tidal current energy has been regarded as the most closelyneccialized resource and
the method to harness tidal current energy has some siti@tawith wind power technology.
An abundant of tidal current turbines have been originaéigigned by different universities
and industries. Some of them have realized to transferraigtto the customer. In Europe,
many countries and company are scheduled to build sevegawat range tidal current energy
farm and to supply electricity for coastal areas or remdends in the near coming future.
However, there are still some difficulties before comméizasion in large scale of the tidal
current energy system. The investment cost of tidal cueaatgy is still very high comparing
with wind energy even with the tax deduction and exemptiogdyernment. This thesis work
mainly focuses on two sides to improve the tidal currentg@nsystem cost performance which
are generator optimization design and fault tolerant @bntFixed pitch direct drive system
with Double Stator Cup Rotor Permanent Magnet Generator (DSGRRAMadopted in this
thesis. Fixed pitch system is robust and provides less pos@Hation. Direct drive system
eliminates the gear-box which may lead high maintenancearmklong downtime. As the tidal
current speed profile is predictable for a selected tidalfsit a long term, DSCRPMG design
will take full consideration of the operation point and iwresponding operation time. Fault
tolerant control is researched to reduce the system downtim

1. Itis also called marine current energy or ocean curregitggn
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The structure of this thesis is:

— The first chapter presents the state of art of tidal curreetgy. Tidal current source

modeling and power extracting are briefly discussed. The date hopeful tidal turbines
are shown in the classification of tidal turbine type. Theaadages and disadvantages of
the possible generator system for tidal current energyiegpn are also summarized.
Some introductions of the researched double stator PM gemare given at the end of
this chapter.

The second chapter discusses the design of a DSCRPMG at élaep@uer condition.
Then, a comprehensive comparison of different currenovexntrol strategies are made
through evaluating the generator converter system effigidmoth in Maximum Power
Point Tracking (MPPT) region and Flux Weakening (FW) regiSnveral control strate-
gies (zero d-axis current control (ZDC), constant mutual {@kF) and minimize ma-
chine loss (MML)) are analysed and compared. An approacimsimg all system loss
(machine and converter) and allowing to maximise efficias@dopted.

The third chapter presents a methodology of DSCRPMG optimizaesign which takes

into account the control strategy and predicted tidal curfiequency into consideration
using Multi-Objective Particle Swarm Optimization (MOPBOol. 16 variable parame-

ters including DSCRPMG geometry parameters and convertermpsiameters are to be
optimized under the mechanical, magnetic, electrical dedmal constraints. The two
optimization objectives are maximizing the annual enengipot and minimizing the in-

vestment for the specific tidal energy site. Comparison betm@MSG and DSCRPMG
optimization design for the same turbine and torque speefileare discussed in this
chapter.

The fourth chapter researches the control system desiffM&G and DSCRPMG for
health and open circuit fault conditions. The health caoadibperation systems are firstly
designed. The performances under constant tidal speediabMatidal speed are pre-
sented and discussed. In the open circuit fault conditibreet control strategies are
proposed for DSCRPMG to remedial the torque and speed ogmillathe results show
that DSCRPMG system has much better fault tolerant perforentiran PMSG system.

— The final chapter is the general conclusion and perspeatitres thesis.



State of art in tidal current energy
extracting technologies

1.1 Introduction

The potential of electric power generation from tidal catseis enormous. Tidal currents
are being recognized as a resource to be exploited for thaisabkle generation of electrical
power. The high ocean water density leads to that tidal otittebine blades size are much
smaller than wind turbine blades for the same power leveldithahally, tidal source is highly
predictable for long time. Those characteristics make tdarent extremely promising and
advantageous for power generation when compared to othewsdle energy resources. The
technology used for harnessing tidal current energy mdiaged on the relevant work which
has been carried out on ship’s propellers, wind turbinesantydro turbines. This chapter
reports tidal power fundamental concepts and two curramBd source modeling methods.
The most promising tidal turbine projects worldwide aresslied depending on the structure
of turbine and some brief notes are given. The possible gérarhoices and system topologies
are presented. Furthermore, the introduction of the reeedrDSCRPMG characteristics are
briefly introduced.

1.2 Tidal current resource modeling and energy extraction

The technologies used to extract most of renewable enemgglasely depending on the
characteristics of the resource. Undoubtedly, some basierstanding of the resource dy-
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namics is therefore one of the first steps to be considereddekploiting it. This section will
discuss the formation reasons and model methods of tidedmifirstly and then the tidal power
harness principles.

1.2.1 Tidal current principle

The global tidal current or marine current energy resouaceghe horizontal movement of
water mostly driven by tides which caused by gravitationtdiiactions between sun, moon, and
earth. In some cases the tidal currents are also causedryahgradient and salinity gradient
effects. The tides can be classified into three types: samnal, diurnal and mixed tide. Semi-
diurnal tide causes water to flow both inwards (flood tide) seawards (ebb tide) twice each
day with a cycle period approximatel® hours and24 minutes. Diurnal tide flows once both
inwards and seawards each day with a cycle period approgiynat hours andi8 minutes.
Mixed tide is a combination result of the semi-diurnal angrdal effects and which is the most
dominant type in the world. Tides are generated by graeiadi forces of the sun and moon
on the ocean waters of the rotating earth. The strength afuhents varies, depending on the
distance of the moon and the sun relative to the earth. Thenito@g of the tide-generating
force is about8% moon and32% sun due to their respective masses and distance from Earth.
The sun’s and moon’s gravitational forces create two “bsilge the earth’s ocean waters: one
directly under or closest to the moon and other on the oppsegit of the earth. These “bulges”
are the two tides a day observed in many places in the worltbrtdmately, this simple concept
is complicated by the fact that the earth’s axis is tilte@3ab degrees to the moon’s orbit; the
two “bulges” in the ocean are not equal unless the moon is theequator. This difference
in tidal height between the two daily tides is called the dalrinequality or declination tides
and they repeat on &t day cycle as the moon rotates around the earth. Where thedsemal
tide is dominant, the largest marine currents occur at newmand full moon (high tides),
which is when the sun and moon’s gravitational pull are adyn The lowest, occurs at the
first and third quarters of the moon (low tides), where the and moon’s gravitational pull
are90 degrees out of phase as shown in Fig. 1.1 [1]. With diurn&stidhe current strength
varies with the declination of the moon (position of the maelative to the equator). The
biggest currents appear at the extreme declination of thennamd lowest currents at zero
declination. Therefore differences in currents occur dughtanges between the distances of the
Moon and Sun from Earth, their relative positions with refere to Earth and varying angles
of declination. These positions occur with a periodicitytwb weeks, one month, one year
or longer, and are entirely predictable [2]. This means thatstrength of the tidal currents
generated by the tide varies, depending on the positioneositie on the earth. Other factors
such as the shape of the coastline and the bathymetry (shape sea bed) also affect the
strength of tidal currents. Along straight coastlines anthe middle of deep oceans, the tidal
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Figure 1.1 — Formation of tides
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range and marine currents are typically low.

To estimate one location whether it is suitable to build altidirbine farm or not, the
resource should be assessed thanks to oceanographic stetabbEhe main key criteria are:
maximum spring current velocity; maximum neap current o#yo seabed depth; maximum
probable wave height in 50 years; seabed slope; significang Wweight; and the distance from
land [3] [4].

1.2.2 Modeling of tidal current speed modeling

Tides and tidal current are periodically in motion as a nesfubun-Moon-Earth gravitational
system interaction. In fact, it is not easy to get the exabtb®r. In any hydrodynamic model
for tidal current flow in a channel, there is a requirementdocurate water height data and
channel parameters. For any subsequent resource evalaaticsite capacity estimation there
must be a large amount of data available (usually at leasta).y€urrently, there are several
ways to model the tidal current velocity. At the same time, ttodeling of the tidal channel is
also very important. Different shape of channel changée tidaent velocity sharply. All of the
model methods depend on the marine meteorology data melasute past years. In this part
we will mainly present two method called Harmonics Analygisthod (HAM) and Practical
Model (SHOM)}(French Navy Hydrographic and Oceanographic Service, BFeanhce) [5].
There are also other kinds of methods to simulate tidal atimeodel such as Tide 2D and
Double Cosine Method [6].

1. This method is mainly used in France to model tidal curvetdcity
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Harmonics Analysis Method (HAM)

The tide change at any location can be divided into many kidahonic constituents (partial
tides), then calculate the tidal amplitudes and phasesatf partial tide according to the tidal
observations. Tide can be considered as a superpositiomy simple waves. This method
is usually called Harmonics Analysis Method (HAM). Eachgéansimple wave corresponds to
an object called imaginary celestial body. So the whole tigiesed by the tidal force can be
written as [6, 7]:

H=C.) A, cos(o.t + V) (1.1)

Where:
H: Height of the tide (m);

o.. Circular frequency (rad/hour);
t:  Time (hour);

V.: Initial phase (rad) when= 0;

C,: Latitude factor;

®.: Common factor;

A.:  Amplitude (m);

In order to build the tidal current model, there are 11 vergamant harmonic tides needed:

— 4 semi-diurnal partial tidesd/2 (Principal Lunar Semi-diurnal Constituenfj2 (Princi-
pal Solar Semi-diurnal Constituenty,2 (Large Lunar Elliptic Semi-diurnal Constituent),
K2 (Luni-solar Semi-Diurnal Constituent);

— 4 diurnal partial tidesKk'1 (Luni-solar Diurnal Constituent})1 (Principal Lunar Diurnal
Constituent) P1 (Principal Solar Diurnal Constituent))1 (Large Lunar Elliptic Diurnal
Constituent);

— 3 shallow water constituents (due to the topography aretedf interference)) 4 (Lu-
nar 1/4 Diurnal Shallow Water Constituent),S4 (Lunisolar 1/4 Diurnal Shallow Water
Constituent) M6 (Lunar 1/4 Diurnal Shallow Water Constituent).

The initial phasé’,, Amplitude A, and factors depend on the choosing site.

Approximately, choosing some of the very important harrmadidies to build the tidal current
model we can acquire relatively high accuracy. In orderngpdify the equation Eqg.1.1 and the
calculation, we just choose some of the tidd¢2, N2, 52, K1, O1, M4 and M6 and their
values are shown in Table. 1.1. Then the whole formulatiord Edfor the tide height can be
rewritten as follow:

H(t) :Ho + A]WQ COS(U]V[Qt + V]ug) + AN2 COS(O'NQ + VN2>
+ Ago cos(ogat + Vo) + Ak cos(ogit + Vi) 1.2)
+ AOI COS(O’Olt + VOI) + AM4 COS(O'M4t + VM4) .

-+ AMG COS((7M62f + VM(;)
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z Harmonic Constituent Definition o.(rad/hour)
M2 Principal Lunar Semi-diurnal 0.5059
N2 Large Lunar Elliptic Semi-diurnal 0.4964
S2 Principal Solar Semi-diurnal 0.5236
K1 Luni-solar Diurnal 0.2625
01 Principal Lunar Diurnal 0.2434
M4 First overtide ofM 2 1.0117
M6 Second overtide af/2 1.5176

Table 1.1 — Principal tidal harmonic constituents

H(t)=mean sea level + contribution from sum of harmonic conetits;
Where: A is the amplitude of each harmonic constituefg;is mean sea level.

As the tidal height is predicted by specific method, such abHidentioned above, it allows
us to deduce the tidal current velocity. It should be notitted the velocity of the tidal current
is the final key criteria to assess tidal current locatiordalicurrents flow in channel. Each
channel is of course unique in terms of its width and deptlatians, roughness etc. The basic
premise of the channel model method is therefore to takelaheanel and idealize it into a
simple mathematical model. Water height level data from teservoirs on either end of the
channel need to be obtained. The tidal height at the firstresés at a height,; and the second
is at a heighti,. A Side-view and a top-view of the channel model are shownign £E2. So

Inlet height
hy Width

length [
Outlet heigh
ha

Figure 1.2 — Tides channel model
the theoretical tide velocity is:
Uth = 29|(h1 — h2)| (13)

Whereg is gravitational acceleration equal @®m/s?, h; andh, can be calculated by Eq.1.2
with a constant time difference between two tide height. Bug to the Law of Conservation
of Mechanical energy and take into account the effect of nata the seabed as well as effect
of channel blockage [6], the final velocity equation can bitem as:

2g|(hy — he)|
= 2 1.4
vt 1+ K+ Kr (1.4

Where K, is an effective loss coefficient of the channgl; is a turbine quantity coefficient
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Figure 1.3 — Tidal velocity example (HAM)

which represented in terms of number of turbines. Sometbimld be emphasized is that
vy; IS the surface tidal current velocity. The calculation noelh of the coefficients;, and K
are showed in the literature [6]. Fig. 1.3 shows the HAM smtioh result for the choosing
tidal harmonics parameter. This method is used to modebhdidrent speed for the following
generator design Chapter. Once the tidal current speedgisofibtained, the tidal current speed
frequency is consequently obtained. The generator opiioiz design will take this tidal speed
frequency into consideration.

Practical Model (SHOM)

The tidal current data used in this method is provided by tHO® [8]. For a specific site,
it needs the current velocities for spring and neap tidessé&lvalues should be given at hourly
intervals starting at 6 hours before high waters and endihguss after. Therefore, knowing
tide coefficients, it is easy to derive a simple and practivadliel for tidal current velocitieB;; .

as follow:
(C —45) (Vg — Viur)

95 — 45
Where( is the tide coefficient which characterize each tidal cygiegnd45 are respectively

‘/tide = Vnt +

(1.5)

the spring and neap tide medium coefficient). The value ef¢mefficientC for different France
tidal locations can be find on the website [8]. This coeffitisndetermined by astronomic
calculation of earth and moon positionis,, andV,,; are respectively the spring and neap tide
current velocities for hourly intervals starting at 6 hohefore high waters and ending 6 hours
after. For example, 3 hours after the high tiélg, = 1.8 knots and/,,; =0.9 knots. Therefore,


Images/HAMmodel.eps

1.2. TIDAL CURRENT RESOURCE MODELING AND ENERGY EXTRACTION 39

Tidal velocity(m/s)

0 100 200 300 400 500 600 700
Time(hour)

Figure 1.4 — Tidal velocity example (SHOM)

for a tide coefficientC=80, V;;4.=1.53 knots. However,this method is the ideal current ugfoc
model. In practice, the speed of the tidal current will flatas with swells which are considered
as the main disturbance of the tidal current velocity. Ndiynhigh tidal speed sites are often
located at shallow water sites with typical sea depth abOub@n. And for this depth the
fluctuation caused by underwater propagation of swells cab& negligible when use SHOM
method to model the tidal current velocity. The author (ZhiBhou) discussed the power
fluctuation caused by the influence of swells and the modehiathod of swells in detail [9].
Fig. 1.4 shows the SHOM simulation result for tidal locatP@enmarc’h, France in Sept.2011.

1.2.3 Kinetic energy extraction

The energy in the tidal current is in the form of kinetic enelige wind power. Kinetic
energy contained in the tidal current is characterized byetjuation:
1 2

Etida = Emvt (l 6)

Where the mass of tidal current = pV, p is the density of the ocean watd0@5kg/m?) and
V = Swt is the tidal current volume pass through the turbine bladdsriet. v, is the tidal
current velocity and is rotational area of turbine blades. For the chosen turbiages radius
Ry, so the turbine blades swept arfa= 7R,>. Consequently the power of the water flow is
given by:

Etiga 1

= ~pSu} (1.7)

Piiga =
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The kinetic energy contained in tidal current can't be tgtaktracted by the turbine blades
because the tidal current on the back side of the blades naustdnhigh enough velocity to
move away and allow more tidal current flow through the plate@blades. The question that
how much of the tidal energy can be transferred to the bladeexhanical energy has been
answered by the Betz’law. Betz’law states that only a maximt&®®5% of the kinetic power
in the fluid can be converted to mechanical power using terbiades. That number is the so
called maximum power coefficient or Betz-Number.

The ratio between the rotor blades extracted poiv@nd the power contained in the tidal
currentP,;4, is given by the power coefficiendt,:

P

C, =
p
Ptidal

(1.8)

C, is a function of tip speed ratid and turbine blades pitch adjustment angl€eThe tip speed

ratio is defined as:
. wam

= (1.9)

U

Wherew,,(rad/s) is the mechanical rotational speed of rotor. Fig. 1.5 is aamgle to show

0.6

0.5f

p=0°

0.4

O~ o3t

0.2}
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Tip speed ratio, A

Figure 1.5 — Relationship betweén, A andg

the characteristics of one turbine [10]. For every pitchlapgthere is a tip speed ratiowhich
corresponds to the maximum power coefficient and hence tlxémaen efficiency. It can be
seen that the power efficiency significantly depends on ttod gingle and the tip speed ratio.
Therefore, the pitch angle of the blade has to be changedan&dily in respect to the actual
tip speed ratio in order to capture maximum tidal power. Thithe theoretical basis for the
tidal power maximum efficiency controlling., curve is strongly dependent on the production
process of the blades and so thg \, 5) equation changed.
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By combining equation Eq.1.7 and equation Eq.1.8, the pdnextracted by turbine blades
can be rewritten as:

1
P = C,Pida = §pC’p7er21)f (12.10)

For wind generators}), has typical values in the range 0:28.5. The upper limit is for highly
efficient machines with low mechanical losses. For maringites,C), is estimated to be in the
range 0.35-0.5. TheC, equation used in this thesis is:

1 .
C, = 0.3171[116(X — 0.035) — 5~ 145(30-035) (1.11)

As turbine pitch is fixed, the pitch angleis set ag). It is not showed in th€’, equation.

1.2.4 Optimal regime characteristics and power curve
Optimal regime characteristics

As we discussed before, power coefficieht \, 5) is a function of tip speed ratio and pitch
angle. The Maximum value @f,(\, 3) can be achieved through adjusting the value of tip speed
ratio A and pitch anglgg. Therefore, for a certain pitch angbe 8 = 0 and fixed in our case, the
rotational speed of the turbine needs to be changed to keggetierator work at the maximum
power point as the tidal current speed varies.

1500

1000

Power (kW)

a
o
(@)

0 10 20 30 . 40 50
Turbine speed (tr/min)

Figure 1.6 — Optimal regime characteristics

Fig. 1.6 shows that for each tidal current speed there is arbegional speed to extract
maximum power in the tidal current energy. All these maximuomts determine a so-called
“Optimal Regimes Characteristics”. It is hoped to absorb maxn power in the flow, so the
turbine rotational speed should be keep around its optimiatpIn a tidal power system we
can use some control methods to find these optimal points, asIMPPT (Maximum Power
Point Tracking). The rotation speed of generator is col@dolo enable the operation of the
turbine at its maximum power coefficient over a wide rangedafitcurrent velocity (blue curve
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in Fig. 1.6). In order to keep maximudl,, the tip speed ratid is controlled as a constant.
Therefore, the rotational speed of turbine linearly insesawith tidal current speed. When the
current speed is too high which is more than the rated ops@tspeed and in order to avoid
the generator operated under over-rated situation, thénmoax power point is no longer need
to be tracked. The power will be limited at the rated poweel€ked line in Fig. 1.6). The rated
tidal current speed i8.7m/s in this thesis. When tidal current speedis /s, if the turbine is
still controlled with the manner MPPT, the abstract powdt ariound1.4M W which is much
bigger than the designedV/1V power rated. There are two rotational speedJor/s can
obtainedl MWW. One is the rotational speed lower than the rated speed anathier is higher
than the rated speed. For direct drive turbine generatoesyshe rotational speed bigger than
the rated speed is the proper one to limit the power. Becausadmg the generator rotational
speed to have the same power, the torque needs to be increlaisbdvill bigger than the rated
torque. It is bad for the generator efficiency and thermaitéiton. Therefore, increasing the
rotational speed and decreasing the torque to achieveasumsiwer limitation will be adopted
in this thesis. This manner is call Flux Weakening and it ipligol for the power limitation
region.

Power curve

The power curve of a tidal current turbine is a graph thataatdis which electrical power
output will be available at different current speeds. Fig. dhows the shape of a theoretical
power curve of a tidal current turbine.

Power curve
—&@— Rotational speed

1000
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4 ~ v,
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1 1.5 2 2.5 3 315 4 45 5
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Figure 1.7 — Theoretical power and speed curve for a fixedh pitdoine with power limitation
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— Cut-in tidal speedv;: Low-speed tidal may not have enough power to overcomedricti
in the turbine drive train and, even if it does and the geweratrotating, the generated
electrical power generated may not be enough to offset tivepeequired by the system.
The cut-in tidal speed; is the minimum value needed to generate net power. Normally,
this value is equal tam/s.

— Rated tidal speedwv,: As velocity increases above the cut-in tidal speed, the poee
livered by the generator tends to increase proportionalth¢ cubed tidal speed. When
marine current speed reach the rated tidal speethe generator is delivering as much
power as rated powefr. Abovew,, there must be some way to shed some of the tidal
power otherwise the generator may be damaged. Three apgacee common on large
machines to limit the power on the turbine: an active pitohtmol system, a passive
stall-control design, and a combination of the two. For fipsdh turbine, increasing
the turbine rotational speed through generator flux weakeoontrol is normally used to
limit the turbine power.

— Cut-out tidal speedwv.: At some point the marine current speed is so strong that there
is real danger for the tidal current turbine. At this tidaéegv,, called the cut-out tidal
speed or the furling one, the machine must be shut down. Abgwaitput power obvi-
ously is zero.

Fig. 1.6 and Fig. 1.7 are obtained by modeling an assumptiahc¢urrent location project
with the parameters showed by Table. 1.2:

V; Uy Ve R, Pr
Im/s | 2Tm/s | bm/s | 8.4m | IMW

Table 1.2 — Supposed tidal current location project pararset

1.3 Difference between wind energy and tidal current energy

Both wind turbine and tidal current have the same essentiaipte that extracting kinetic
energy from a moving fluid. Wind energy system has been dssclsnany decades and it
has achieved relatively mature stage. Tidal current terbi@signs based on those developed
technology by wind energy industry has firstly applied. elyahe basic theory, such as blade
element momentum theory and turbine design basic theanyhbeaqually applicable. Certain
major components or subsystems, such as gear box (if neexedd be directly installed into
tidal current system with little or no modification. Howeyvédal turbine design has many
differences comparing to wind turbine design because ofliffierent working condition and
fluid source despite their apparent similarities. Tabld.shows the main differences between
wind turbine and tidal current turbine.
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Feature Wind Turbine Tidal Current Turbine

Fluid density ~ 1.25kg/m? ~ 1025kg/m?

Rated speed ~ 12m/s 2~bm/s

Cut out speed ~ 25m/s ~bm/s

Variation of velocity| Stochastic variation all the Predictable for given location

with time time over periods of years (except
swell effect)

Visual impact Yes No

Cavitation Yes Yes

Turbulence Yes Yes, stronger than wind tur-
bine because of the high wa-
ter density.

Rotor diameter (typi4 90 ~ 120m 15 ~ 30m

cal)

Corrosion Salt spray by rain and fog | Immersion in salt ocean water
requires careful consideratign
of material

Erosion Unlikely to be a serious prob- Potential for serious problem,

lem may exacerbate corrosion

Maintenance access | Weather dependent Depends on deployment

method but probably mor
difficult than wind turbine

)

Site limit Much more place can be cho-A few locations in the world
sen in the world than tidal where the tidal currents can
current energy site. be economically exploited.

Fouling Unlikely to be a serious prob- Marine growth and bio-
lem fouling can decrease the

efficiency of turbine.

Stress Tower stress limits the powerTower stress can be reduced

rate. Turbine blade stress |9y using buoyant material.
smaller than tidal turbine. Higher water density give
high strain on the turbine.
The anchoring structure g
turbine must resists this forcg

[v2)

—

D

Table 1.3 — Comparison of the differences between wind terbid tidal turbine

Because of those different characteristics, tidal curtanhine has its advantages and disad-
vantages. Tidal turbine size can be designed much smablethE same obtained power with
the same power coefficient, in wind power and tidal power turbine, the blades radius ofdvi
turbine is around 2.6 times of tidal current turbine [11]atmdicates that even the wind speed
is much higher than tidal current speed, for the same powel, lgdal current turbine blades
radius are much smaller than wind turbine because of theshighter density. The predictable
tidal current speed and huge tidal power potential quaatitythe other important advantage
for extracting tidal current energy. Fixed turbine pitcltol is recommended because of the
big thrust and fluctuation caused by higher water density. [A2small perturbation can lead
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high torque oscillation. Because of the problem of corrosioiine salt water, the requirement
of material for tidal turbine is higher than wind turbine.dddition, the auxiliary devices such
as electrical cable, nacelle and turbine foundation hagkedrirequirement comparing to wind
turbine because of the serious operation environment.

1.4 Hopeful turbine prototypes

Tidal current turbine is a device which used for harnesdnegkinetic energy in a tidal flow
and then transforming the energy into the motion of a medahshaft, which can then drive a
generator. Both wind and tidal current are in the form of fldilerefore, it is not too surprising
that many wind turbine design technology which has beenesstally utilized to harness the
wind power can be used to harness tidal energy. Most tidatedgs\wcan be characterized as
belonging to four fundamental types. They are:

— Horizontal Axis Turbine Systems

— Ducted Turbine System

— Vertical Axis Turbines Systems

— Oscillating Hydrofoil Turbines System

In the following introduction, some brief information ofetlpre-commercial turbine proto-
type are given. More details can be found through the cooredipg references. Furthermore,
all the tidal current energy projects and test sites infaéionaaround the world are shown in the
marine renewable energy world map by Open Ocean [13].

1.4.1 Horizontal axis turbine systems

Horizontal axis turbine rotate around a horizontal axisclihs parallel to the current stream.
The majority of the tidal current devices to date are horiabaxis turbine. Multi-bladed de-
vices are favorable as they generate greater startinge@nd reduce balancing problems en-
countered with single-blade devices. However, hydrodyodmsses are greater with the use of
a greater number of blades. Like wind turbine, three bladesrte type are the most common
choice for the industries. Depending on turbine designbtades can either have a fixed pitch
or variable pitch to enable the turbine to operate during flolaoth directions. Table. 1.4 sum-
marizes the main horizontal axis turbine projects existettie¢ world.
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Horizontal Axis Turbines

Company | Devices Features and Notes [llustration
Verdant KHPS Three-bladed fixed pitch, gearbox connecte. [\
Power Ltd turbines are installed in East river New YorH e
(USA) [14] 2007. Currently, it moves to develop the 5
Generation turbine.
Tidal Oceade 1 MW tidal current turbine was successfu 2
stream installed at EMEC in 2013. In 2014, A
turbines- stom has been chosen by GDF to equi
Alstom Oceadé 18 (1.4MW) turbines at raz Blan-;
(France) chard tidal pilot farm. Pitch-able blade
[15] gearbox, induction generator and buoyai®
material are used to reduce the installatic
and maintenance costs.
Andritz E-Tide, A 300kW(HS300) system was tested |i
Hydro HS1000 Kvalsundet and a 1MW(HS1000) pr¢
Ham- commercial tidal turbine with induction ger
merfest erator was tested at EMEC in 2011. 10 M
(Nor- commercial array turbines are intended to
way) [16] installed in Islay site with companmy Mey-##
gen and 95 MW for Duncansby Head site.
Marine Seagen Twin horizontal-axis rotors each one wi
Current two variable-pitch blades and induction ge
Turbine erator, 2*600 kW was installed at May 2008
(UK) [17] in Strangford Lough, Northern Ireland ar
generated 8 GWh electricity since the inst
lation. 2 MW SeaGen S systems will be i
stalled in UK from 2015.
Tidal Triton (3 or | An array of turbines (3 or 6) fixed on the.;f '
Stream 6) same shelf. Scaled T3 was tested in 2011
Energy Scaled T6 was undertaken in the deep wat
(UK) [18] ocean basin near Brest, France, from 200

Currently, platform with 25 or 36 small tur
bines which announced have lower cost

under developing.
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Tocardo Tocardo The first Tocardo turbine was tested in 200"

tidal followed by the installation of a commercis
turbine turbine in 2008 and fully commercial sing
(Nether- 2012. This concept turbine is very suital

lands) [19] for shallow tidal sites and existing structur
as well, like dams, bridges and barrages.

Atlantis AR1000, AR-1000 turbine was successfully deploy
Resources | AR1500 in August 2011 and produced first power
(UK) [20] the Orkney grid. AR1500 is a pitch-abl
gearbox integrated and permanent mag
generator system. It will be test at the e
of 2015.

Sabella D3, D10,| 6 blades design. Installed and tested
(France) D12, D15 | first French tidal stream turbine (10kW) ne
[21] Brest in 2008. It is100% made in France &
turbine. Type D10 1MW turbine has beeni
stalled in the Fromveur Strait on June 2011

Larger turbines D12 and D15 with power ca
pacities ofl ~ 2 MW are under design.
Voith  Hy- | Voith The first test turbine of 110 kW has been|ii*
dro(Germanyiytide operation near the South Korean island| ¢

—

[22] Jindo since 2011. The up-scaled version ¢

——

1 MW turbine is now installed and tested |a
EMEC tidal test site. GDF Suez has recentk
confirmed to use Voith Hydro HyTide for th

Raz Blanchard project.

Table 1.4: Main projects of horizontal axis turbines

1.4.2 Ducted turbine system

Ducted turbine can be essentially classified in horizoma aurbines. It has been firstly
discussed for wind energy extracting with unidirectiongde and yaw system. However, this
structure doesn’t gain recommendation in wind energy sy$iecause the cost of the complete
structure normally outweighs the benefits of flow speed augatien for these type of devices
[23]. However, a wide range of ducted tidal turbine have baeggested. The main advantage
is that it can produce higher tidal velocity [24]. Table. $ows the most hopeful horizontal
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ducted turbine.

Ducted Turbine System

Company | Devices Features and Notes [lustration
Lunar Lunar A 1/20" model was tested in 2004, and| ;
Energy 1MW is testing in Korea. It is planed firg

(UK) [25] commercial Lunar Energy field in 2015.

Open- Open Cen- Rim driven generator is normally used. |Ij i

Hydro tre Turbine | is the most well known ducted turbine. In ‘

Ltd  (Ire- stalled at the EMEC off Orkney in Scotland

land) [26] Connected to UK national grid in May 2008|

Itis chosed by EDF to build the first tidal cur
rent demonstration farm at Paimpol-Bréhdt
in France. 4 turbines (each one 500kW) bt
reported to be connected to the power grid

2018.
Clean Clean Segmented generator is adopted. It's
Current Current directional ducted horizontal axis turbin
(Canada) | Turbine Commercial river turbine has been deplo
[27] in Manitoba, Canada in the spring of 20

and shallower tidal projects is under testi
from 2014. The turbine was tested even| ify
severe winter conditions in November, 2071 458

Table 1.5: Main projects of ducted turbines

1.4.3 \Vertical axis turbines system

Vertical axis turbines that operate in marine currents aset on the same principles as
the land based Darrieus turbine. The Darrieus turbine i®ssdiow machine, whose axis of
rotation meets the flow of the working fluid at right anglesmarine current applications, cross
flow turbines allow the use of a vertically orientated rotdrieh can transmit the torque directly
to the water surface without the need of complex transnmssystems or an underwater nacelle.
The vertical axis design permits the harnessing of tidal flmm any direction, facilitating the
extraction of energy not only in two directions, the incogand outgoing tide, but making use
of the full tidal ellipse of the flow. In this kind of turbinesan the horizontal axis ones the
rotation speed is very low (around 15 rpm). Table. 1.6 shdwesmain vertical turbine project
existed in the world.
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Vertical Axis Turbines System

Company | Devices Features and Notes [llustration

[N

GCK Tech-| Gorlov Self-starting, it always rotates in the same

nology helical rection, even when tidal currents reverse
(USA) [28] | turbine rection.

Blue Blue A unit turbine is expected about 200 kV
Energy Energy Blue Energy plans to build a 120km tidal en|
(Canada) | turbine ergy bridge across the Bohai Strait, Chir
[29] This project would generate over 70,000M ;

of power.

Table 1.6: Main projects of vertical axis turbines

1.4.4 Oscillating hydrofoil turbines system

The oscillating hydrofoil induces hydrodynamic lift ancadrforces due to a pressure differ-
ence on the foil section caused by the relative motion ofitted turrent over the foil section.
These forces induce a resultant tangential force to thegfianm which by driving reciprocat-
ing hydraulic rams pump, high pressure hydraulic fluid to taithydraulic motor and electrical
generator. There are not so many proposed system existeldlictrrent energy and normally
it is used for wave energy. Table. 1.7 shows two projects amgie.

Oscillating Hydrofoil Turbines System

Company | Devices Features and Notes [llustration

BioPower | bioOSTREAM Based on the swimming propulsion of sor
(Aus- swimming species, such shark. Systems

tralia) [30] being developed for 500W, 1 and 2MW ¢ ‘
pacities to match conditions in various log i
tions

Engineering Stingray It weighs 180 tonnes and is capable of gen

Busi- turbine ating 150kw. The system was tested at Y

ness Ltd Sound off Shetland in 2002. In 2005, this

(UK) [24] project was put on hold. '

Table 1.7: Main projects of oscillating hydrofolil turbines
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1.5 Generator choices

A generator is mounted on the turbine shaft to convert mechbpower generated by the
turbine blades into electric power. More than one optiorvalable. However, the generator
information is not readily available from all existing pecjs. Some industry share their gener-
ator information while for some, it is impossible to find. dnfation on type of gear and gear
ratio is almost non-existent. Tidal energy has closelyofeéld the development of wind energy
and both of them has similar technologies. Therefore, maimgl wurbine generator topolo-
gies could be used for tidal current turbines. In this sectaifferent tidal generator system
topologies are summarized based on the publications [7, 13]

1.5.1 Squirrel cage and wound rotor induction generator

Induction generators may generally be set in two categdhese with squirrel cage (SCIG),
and those with wound rotor (WRIG). They are widely used sineg #re relatively inexpensive,
robust and they require low maintenance. Fig. 1.8(a) laiet a fixed speed tidal generator sys-
tems with a multiple-stage gearbox and a SCIG connects torihétgough a soft stater and a
transformer. WRIG has a similar topology. The difference & the rotor resistance is control-
lable as shown in Fig. 1.8(c). Since the SCIG and WRIG alwayssiraactive power from the
grid, a compensator should be used. In order to avoid comap@nand soft stater problem, a
generator system with gearbox and full scale power convkds been proposed as illustrated
in Fig. 1.8(b).

Transformer

M Gearbox @ “’ @

Tidal Current Turbine Compensator

(a) SCIG fixed speed topology

Transformer

M Gearbox @ “’ @

Tidal Current Turbine

(b) SCIG variable speed topology

Transformer

AA o (@
NN

Tidal Current Turbine Compensator

’Controllable Resistor‘

(c) WRIG topology

Figure 1.8 — Induction generator topology
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1.5.2 Doubly fed induction generator

Fig. 1.9 is known as the DFIG concept. The stator is direatlynected to the grid, whereas
the wound rotor is connected through a power electronicexex The variable speed range
is £30% around the synchronous speed [31]. The rating of the poveetrehic converter is
only 25~30% of the generator capacity, which makes this concegditte and popular from
an economic point of view. The DFIG is the most commonly usaselifor wind integration due
to its high efficiency, fast reaction and robustness durndi$. However, DFIG is probably not
the case in tidal turbine applications except in speciaés@®mparing to PMSG direct drive
system [32].

Transformer

M Gearbox
\/\/\
Tidal Current Turbine

Figure 1.9 — DFIG topology

1.5.3 Permanent magnet and electrically excited synchronous generator

PMSG and EESG are normally used in direct drive train optidth full scale power con-
verter connect to the grid as Fig. 1.10 showed. PMSG systenhiga potential for the tidal
current turbines because of its reduced failure, increasedyy yield and reliability. The struc-
ture, merits and shortages of PMSG are discussed in [33]. EH&G is usually built with a
rotor connected to excitation converter and the stator e gmilar to the induction machine.
EESG has no demagnetizing risk compared with permanentehagn

Transformer

AA G —{ese (e

Tidal Current Turbine
(a) PMSG topology

Transformer
NTANTAN * Gearbox
\/\/\ 77777777777

Tidal Current Turbine

[Excitation Converter

(b) EESG topology

Figure 1.10 — Synchronous generator topology
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Both gearbox or direct drive system now are using in the newggnmarket. However, in
direct drive system, the low rotational speed characteiisads to bigger pole pairs generator
design and then leads to bigger system volume and mass. ém twdeduce the size and
mass of system, a gearbox can be introduced as the dotteshioven in Fig. 1.10. Especially
for floating platform turbines, this seems to be the trenthdbat gearbox system needs high
maintenance cost. For the direct-drive and oscillatingrofgdl systems, particularly for the
horizontal ducted turbines, PMSG are preferred. SCIG is nothe trend of abandonment
by the wind energy industry because of its poor fault ridedigh capability and significant
deterioration of power quality of the local network, thenef, it is a second choice for tidal
energy applications.

1.5.4 Special tidal generator researched by laboratory IREENA

IREENA laboratory (ST Nazaire, France) is currently cargyen inter-regional project
called Hydrol 44 involving academic partners (LHEEA, LBMRHNAV, LASQUO and IREENA)
and industrial partners (Alstom Hydro, Jeumont and Eca-&N)se purpose is to organize a
“task force” in the West region dedicated to the study of marcurrent energy conversion
chains. This thesis is proposed as a part of the project Hijdro

The researches carried-out in the laboratory IREENA aresedwon special direct drive
permanent magnet generators design and control, such ddyD®alient Permanent Magnet
Generator (DSPMG) , five phase permanent magnet generatddauble Stator Cup Rotor
Permanent Magnet Generator (DSCRPMG).

The studied DSPMG is a doubly salient machine with 4 permamagnets on the stator.
The stator includes 48 small teeth distributed on 12 statptdeth and the rotor 64 teeth as
Fig. 1.11 shown. Advantages of this structure are simplerahdst construction, high relia-
bility, low cost and high mass torque [34]. Moreover, PMs laeated in the stator, easier to
cool than in the rotor. This machine has very specific charatics and researches in the lab-
oratory IREENA are focused on the design optimization, séarinductance calculation [35],
and control strategies [7].

Five phase permanent magnet generator research are macnlsed on converter design,
control strategy and fault tolerant control for tidal cutrenergy application [36, 37].

DSCRPMG is studied in this thesis and it will presented in tHiefong section.

1.6 Double stator cup rotor permanent magnet generator

DSCRPMG has been firstly designed to serve as the integratéer gfanerator for Hybrid
Electrical Vehicles(HEVs) [38] and wind energy applicatif89], which is claimed to offer
much higher power density than traditional PMSG. Actudli§CRPMG has much more mer-
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Figure 1.11 — Doubly salient permanent magnet generator

its such as smaller cogging torque, smaller rotor inertéhtagher redundancy comparing with
traditional PMSG. Based on those advantages, DSCRPMG can beuwited for tidal cur-

rent energy extracting. Fig. 1.12 shows one possible sygipology of DSCRPMG. The two

stators are connected to two back-to-back converters emdimtly. The total torque of the
generator is the superposition of the torque of inner andratator. DSCRPMG also can be
controlled in series using one back-to-back converter thidhphase windings of the two stators
are connected in series. In this thesis report, the topadlbglthe two stators are connected

in parallel with independent control system are researti®@duse this topology can provide
better fault tolerant control performance.

Inner Stator
Outer Stator

_Inc
«T AC .

AC

DC

Rotor

Figure 1.12 — Two stators are connected independently to IXC-b
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1.6.1 DSCRPMG configurations

Double stator PM generator is classified in two main categosiccording to the flux di-
rection in air-gap as radial-flux and axial-flux generatoraniBverse flux generator exists, but
do not seem to have gained a foothold in tidal power generation wind power generation.
Some literature introduce three kinds of radial-flux dowgior generators as Fig. 1.13 shows
below [39, 40]:
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Figure 1.13 — Radial-flux double stator PM generator configuma

PMs surface mounted on the two sides of rotor with the samariged direction is shown
in Fig. 1.13(a). The magnetic flux will passes directly fradme inner stator, through the inner
air-gap and outer air-gap, to the outer stator. Because #nengo magnetic flux travels through
the rotor core. Hence, the cup rotor core, which is mainlgluesenechanically fix the inner and
outer PMs, can be designed very thin. The total volume of in@atan be reduced and torque
density can be improved consequently. Also, this kind obtogy reduced the moment of
inertia. Another configuration with opposite polarizededition PMs is shown in Fig. 1.13(b),
the flux paths are in parallel between the two stators. Magffieix will travel from single
side of stators, namely through the same side air-gap anattecore, and then return to the
initial stator. And the two flux paths will pass parallel idsiof the rotor core. In order to avoid
magnetic saturation, the thickness of rotor should arautiches bigger than the thickness of
the yoke in stator for a compact generator design. Fig. t)IR{monstrates the type of interior
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permanent magnet generator. Actually, the magnets can bedstad on the surface of rotor or
buried into the rotor. The flux path is also in parallel.

The author Niu Shuangxia [41] quantitatively compares swdady and dynamic perfor-
mances of the double stator surface mounted PM generatdslalstator interior PM generator
and traditional single stator PM generator. The comparresults confirms that double sta-
tor surface mounted PM generator has relatively betteopadnce with higher torque density
and lower cogging torque. In the mechanical point of vietelior PM generator is suitable for
high rotational speed application. However, for tidal eatrturbine application which normally
rotates at low speed, surface mounted PM generator is rebosigh. This report will mainly
focus on the preferred surface mounted PM double statorrgemenith flux path in parallel
as shown in Fig. 1.13(b) because this topology can provideoa gndependence of the two
stators.

1.6.2 DSCRPMG mechanical assembly

— Side view without inner stator shaft

Inner stator shaft

—— Magnet

— Rotor shaft

Foundation

]
A

// Foundation

Figure 1.14 — 3D mechanical assembly illustration of a ssmpBCRPMG

Fig. 1.14 shows a simple example of DSCRPMG mechanical assgmflhe outer stator
surface can be fixed to a foundation. Inner stator can be medigith or without shaft. One
side of the inner stator is fixed to the foundation. Cup shatm ioserts into the gap between
outer stator and inner stator. The bottom of the cup rotoneoted to the shaft axis which can
be connected to the gear box or directly to the turbine. Ballibg is needed to fix the rotor
shaft. Ball bearing can be fixed to the same foundation as sta&r. Then the length of the
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inner stator shaft and cup rotor should be relatively lorigan the effective length of the two
stators. The aim longer length is to left enough space foetienvinding. As the rotor and inner
stator are fixed with one side, the fixed side should have dnstigngth to support the gravity
force of the other side. Therefore, the machine can’t begdesi too long or two small air gap.
The exact limitation depends on the mechanical engineeariigthe characteristics of the used
material. There is also possibility to fix the inner statod aotor for two sides. However, it
needs more ball bearings and more complicate mechanieahassag.

1.7 Summary

This Chapter has reviewed the tidal current energy extrggrmciple and introduced the
up to date promising tidal current turbines. Horizontalsaixirbine is the main type turbine
adopted in current research and tidal current energy faridal €Energy technology is based
on wind energy concepts. However, there are also many eifters and advantages compar-
ing to wind energy. Tidal current is predictable and susthi@. The tidal turbine has high
power density, smaller size, no view impact. Those advantagke it really promising source
to produce renewable energy. Like every has two sides, tidakent energy also face many
difficulties such as high investment, fouling, erosion,rosion, strong turbulence. The possi-
ble generator choice are also discussed. Many prototypgs adiuction generator because it
is simple and robust such as Alstom tidal turbine, Marine €niriTurbine and Andritz Hydro
Hammerfest turbine. Permanent magnet generator can bdiradsim many hopeful projects
such as the turbines of the company Open-Hydro, Tocardelli@db10, Voith Hydro and At-
lantis Resources. It seems like that permanent magnet denesahe trend in tidal current
energy application because it is possible to avoid gear doghwmay cause high maintenance
cost and long downtime. Some introductions of the the rebearDSCRPMG are given at the
last part of this Chapter.



DSCRPMG preliminary design and
control principle

2.1 Introduction

This chapter focuses on the generator design and vect@ntwontrol strategies compar-
ison. An analytical model of a DSCRPMG is firstly presented. gbeerator is designed at
the rated power condition with some experience machingdasiles. Generator external di-
ameters fixed and the other parameters vary with the gemerater stator bore radius in this
preliminary design model. The power losses model, mateost model and thermal model are
also presented.

Vector current control strategies are comprehensivelgistunot only in MPPT region but
also in FW (Flux Weakening) region. For the above chosenrgéme the output system effi-
ciency is evaluated when it is controlled under differerdtge current control strategies. Con-
verter losses are taken into consideration to calculateutput system (converter and machine)
efficiency.

An control approach minimizing all machine and convertessks is developed (MSL in
MPPT region and MSLCP in FW region). This approach is theniagpb the above prelimi-
nary designed maximum efficiency generator and another aviadnlower efficiency at rated
power. The global performances of both machines are comgarexplain the reason why
optimal machine design should take into account the predictirrent frequency.

57
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2.2 Generator preliminary design Model

2.2.1 Mathematical analysis of generator design model

Fig. 2.1 shows a part of the double stator PM generator camfigun in tangent plane. PMs
in inverse polarized direction are mounted on both of inaidé outside surface of the cup-rotor.
The cup-rotor is manufactured with ferromagnetic steelemaltwhich inherits the property of
high mechanical strength and high magnetic permeabilitgnde, both the inner stator and
outer stator share the same rotor for torque production fllikgath will go through in parallel
in the two stators. The total output torque is the summatfdheir torque components.

v
v Outer stator btz
A

hsloto

A /] Ll_q
v hé“f T
h Cup rotor
r R
A *

A A PM

RSO
hsloti T

v
Rsi
L) Inner stator hyokei
Shaft LY

Figure 2.1 — Double stator permanent magnet machine staeuctu

In this section, the machine design analytical model isdgigiin the following partsi).
Generator main dimensions The generator geometry parameters (such as thicknessef yo
slot height and width, magnet thickness, air gap length amtat thickness, phase conductor
turns) are calculated based on the preliminary machinggdesssumptions in this part2).
Inductance calculation Based on the generator main dimensions, the method forlaaig
the magnetizing inductance and leakage inductance arergess3). Copper and iron losses
model. Power losses model is used to calculate the system effjcemtwinding temperature.
4). Thermal model The adopted thermal model is based on the generator possgdand
heat dissipation surfac®). Generator volume and mass calculationGenerator volume and
active material mass calculation provides possibilitydtcalate the generator cost and torque
density. 6). Cost model Generator cost model is based on the active used matersas. ma
converter cost model based on the apparent power rate ipr@sented.

For first approximately design, some assumptions shouldte/femphasized:

— Two stators phase wingdings are star connected and indept#y connected to the DC-
bus, line to line effective voltagé = 690V.

— Total rated poweP’, = 1MW
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Symbol | Description | Value
Thermal

h Heat exchange coefficient 100W/(m*K)
tiso Thickness of isolation 1mm

Ta Ambient temperature 20°C

Tz Admissible temperature in winding (Class F)55°C'
Losses

Pew Resistivity of copper @15°C 2.4 x 107%Qm
Kee Eddy currents loss coefficient(M400-50A) | 0.00019293W/(kg.T?. H 2*)
kn Hysteresis loss coefficient(M400-50A) 0.021631W/(kg.T?.Hz)
Material

diron Density of iron(M400-50A) 7870kg/m?
dpy Density of magnet 7400kg/m?
deopper Density of copper 8960kg/m?
Ciron Specific cost of iron 3€/kg

Cpumr Specific cost of magnet 30€/kg
Ceopper Specific cost of copper 6€/kg
Magnet (NdFeB N35SH)

B, Remanence @0°C' 1.14T

6] Magnet arc electrical open angle 0.85m

or, PM Magnet relative permeability 1.05

H. Intrinsic coercive force 876kA/m
Converter

Vo,1¢BT Threshold voltage of IGBT 2V

Vo diode Threshold voltage of diode 1.7V

Td.IGBT Resistance of IGBT 1500m€2/A
Td diode Resistance of diode 1000mS2/A
fsw Switching frequency 2kHz

B rec Switching, recovery losses factor 3mJ/A
Others

Lo Air permeability 47t x 1077
Ppricesewn | Price of electricity per kWh 0.14€/EWh
Clurbine Turbine cost 1M€

Table 2.1 — Constant parameters used in the model

— Rated rotational speed= 21.5rpm.
— Rated power factarosy = 0.8, typical value for machine preliminary design [42].
— Number of phase in each statpe 3.

— Number of pole pairgp = 40. Inner stator and the outer stator have the same number of
pole pairs.

— Number of slot per pole per phase= 1.25.
— Slot fill factor k; = 0.65 [43].
— External stator radiug = 1.5m.

— Teeth open ratia;, = 0.5 (ratio between width of teeth and slot pitch).
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— The fundamental peak air gap flux densﬁy: 0.8T.

— The outer and inner PMs thickness are identical. The out@iiraner air gap length also
have the same value.

— Iron type M400-50A (saturation flux density, = 1.47) is used. Neodymium-Iron-
Boron Magnets type is N35SHB, = 1.147 @80°C'. Intrinsic coercive forcefd, =
876k A/m.

— Iron lamination factor or stacking factor is fixed &s. = 0.97. Normally it is between
0.95 and1 [44].

— Generator design and control are based on the fundamentalghsity harmonic.

The constant parameters used in the analytical model aga givlable. 2.1.

In the following equations, the subscriptandi refers to outer stator and inner stator re-
spectively. In some equations, in order to simplify the fakation, the subscribgé is used to
represent the outer statar) (Or inner stator4). Both outer stator and inner stator have similar
model equations.

1). Generator main dimensions

Double stator generator can be roughly treated as a conmnatt two PM synchronous
generators. Therefore, the total power of the generdiaran be expressed as:

P,=P,+ P, = S,cosp+ S;cos g (2.1)

whereS, and S; are outer and inner stator apparent power respectivelg. dssumed that the
power factorseos ¢ for inner stator and outer stator are identical. The appgrewer can be
expressed as:

Sk = qEx L, (2.2)

whereE}, is the RMS value of the fundamental component induced EMF inas@ wingding
and I, is the stator nominal RMS phase currepis number of phase. The EME, can be
calculated by the following equation:

1
B, = —w ki 1N 2.3
k \/§w 1,k kaMk ( )

wherey p,i is the peak fundamental flux in air gapy; the number of turns per phase and
the electrical rotational speed withi, = pw,, (Wherew,, is the mechanical rotational speed
andp is the number of pole pair).

Three factors which influence the value of winding fadtgr ;. are distribution factok,;, 1,
pitch factork,,, , and skew factok; i [45]. As the machine is not skewed in our design model,
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the skew factor is not considered.

sin(nm/6)

Kk = - 2.4
ank (Qs/6p) sin(npm/Qy) (2.4)
. , cotl  pitch
= 2 th = 2.
kpn e = sin(nym/2) wi y Dole pitch (2.5)

In the formulation (), is the number of stator slot§), = 2pgm. m is the number of slots per
pole and per phasen represents the harmonics order which is integer number. shbgen
pitch factor~ is fixed to% because this value can minimize tfv + 1) (5,7,11,13 ...)
harmonics [46]. For fundamental EME,= 1. Therefore,

Euwti ke = Kaikkpi e (2.6)

As the inner stator and outer stator have the same numbeteoppi, slot and shorten pitch
factor, it is obtained that the winding factor for inner ander stator are identical.

The stator peak fundamental flux is:

2 ~
Ypuk = %TpkLeffng' (2.7)

where L. is the effective length of the stator lamination assembfed stack and it is ex-
pressed ag.;; = L + 2, [42,47]. L is the length of the stator laminatiot3,, is the stator
air gap maximum value of fundamental flux density in the ap.g# is naturally preferred
to design a generator with air gap lendghas small as possible to minimize the amount of
permanent magnets needed [47]. However, when the air ggphlemtoo small, obviously,
mechanical problem will come out. In the thesis the follogvielation is used:

2R,

I = 2.8

The pole pitchr,;, is defined by:

Tpk‘ = (29)

The magnets arc defined by the anglelts flux density have a constant magnitudeRf
over 3 in the positive half cycle and B, over 3 in the negative half cycle as shown in Fig. 2.2
for a surface mounted magnet rotor. The air-gap maximumédomahtal flux densit;l?g can be
obtained by using Fourier analysis as follows:

R 4
By, = — By, sin(é) (2.10)
s 2

The valueB,; is deduced from the magnet thicknégss, equivalent air gap length.,. and
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Figure 2.2 — Approximately air gap flux density for surfaceumi@d magnet generator

permanent magnet remaneniée[48, 49].

B,
Bek = lyeqk (211)
L+
P
lgefse = lg =+ (2.12)
Hr.PM
lgeqk = lg —|— (’{ck — 1)lgeffk: (213)
ke 1S the Carter’s factor [50, 51]:
/{/ck _ TtOOthk (2.14)
Ttoothk — KEWslotk
wherexy, is:
2 SLO 2l e SLO
K = — arctan(wltk)— 9k 1y 1+wltk} (2.15)
m 2lgeffk Wslotk 2lgeffk
Wy, CaN be calculated as:
D
Watote = (1 = k) Tatot = (1 — ) —— (2.16)

Qs

k. is the teeth open ratio which is the ratio between teeth wagiith slot pitch.D, is the bore
diameter which equal 1R,

Combining the equations Eqg.2.3 and Eq.2.7, the equationZEqgah rewritten as:
Sk = qExlg = 1.11ky1 4 D} Le s pwm B Ay, (2.17)

where A, is the ampere turns per meter or the electric specific linead.l A typical value
for machine with bore diametdd ~ 2 ~ 3m is around30kA/m. It depends on the cooling
system [42]. It can be expressed as:

29Nyl

A
k 7TDk

(2.18)
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For the preliminary desigm, is considered equal td;. Apparent power can also be written

as follows:
Sk = CkzDiLefme (219)

The machine constant, is:
Oy, = 1.11ky1 4 By Ay, (2.20)
The power ratio of the two stator can be express as following:

P, S,cosp C,D?
— = = 2 2.21
P, Sicosp C;D? ( )

The machine constant, for inner stator and outer stator can be approximatelydckas iden-
tical value because the max air gap flux density for inner artdrcstator is almost the same.
Therefore, the power ratio of the two stators is:

P, R2
5= (2.22)

From the equations Eq.2.2 and EQ.2.22, it is assumed that

EO RSO

o _ 2.2
and / .
=== 2.24
Isz’ Rsi ( )
In order to get the target EMF, the number of turns per pigsis calculated by:
E,
N, = 2.25
g 4.44k 1k fOPMR ( )
wheref is the generator frequency. The number of conductors pens|as:
N,
Ny = —% (2.26)
pm
As the slot shape is considered as rectangular, For outer,stee height of slot is:
hsloto =R — hyoke - Rso (227)

whereh,,., is the thickness of outer stator yoke aRids the out generator radius. Itis assumed
that theh,,.; = hgoto. Therefore, the cross section of copper condu6tgr can be calculated
as:

slo hso k
Scuk = sl tl}v Lotk %] (228)
ck
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with & the slot fill factor.w., is the width of the slot.

The outer stator current density in the copper wire is:

Isk

T —
g Scuk

(2.29)

The minimum thickness of yoke, ., is normally decided to avoid excessive flux saturation
[42]. )
wmo %TPOLeffBQ

h okeo )min — ~ - = 2.30
(ryorco) 9LkpB,s  2Lkp.B,s (2.30)

~

B, is the iron flux saturation valuéekp. is the lamination factor or stacking factor. For core
material M400-50A 3, = 1.4T. Hence,

(Pyokeo)min = 0.27Tp, (2.31)
In the generator preliminary design stage, the followirlgtrenship is applied:
Ryokeo = 0.3Tpo (2.32)

The thickness of cup rotar, is designed as two times thicknessigfy., in order to avoid
saturation in the rotor.
hr = 2hyolfeo (233)

Inner stator radiug,; can be obtained:
Ry = Rso — 21y — 2Ry, — Dy (2.34)

Applying the same process to calculate the inner stator msina parameters, the inner stator
pole pitch is:

Tpi = p (2.35)
Inner yoke thickness:
hyokei = 0-3sz’ (236)
Inner stator flux linkage: )
Ypmi = ;TpiLeffBgi (2.37)

2). Inductance calculation

The inductance is one of the most important information geaterator designers should
provide it to power conversion and control designers.

The direct-axis synchronous inductancg, consists of the direct-axis magnetizing induc-
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tancel,,q. and the leakage inductanéegsy:
Lai = Lmar + Lsk, (2.38)

The direct-axis magnetizing inductantg ;. is defined as the phase inductance due to resultant
mmf from excitation in all phases. The difference betwdep;, and the self-inductance is
that the resultantnmf in a three-phase machine is equalltd times the value of single-phase
mmf [45]. The self inductance is expressed as:

Lsk =

4 LegrRa {kkaNkr (2.39)

™ olgeqk + hm p

where u,, is the permeability of vacuum. The calculation detail arecdssed in the books
[42,52]. The direct-axis magnetizing inductantg . is 1.5 times self inductance in three
phase generator, thus:

6  LefRo [kkaNkr (2.40)

Lnar = — o lgeqk ¥ v

The second part of d-axis inductance is the leakage indoetay, which normally is ne-
glected and is often considered as a negative phenomend lgz¢herator designer. However,
leakage flux in some cases has a positive role also. For oestédinthe target is to filter the
motor current of a pulse-width-modulated (PWM) AC inverteve, the stator flux leakage of
the machine can be increased intentionally. In additionpfg number of pole pair machine,
the height of slot normally will much bigger than the widthsbdt, therefore, the leakage induc-
tance can’t be neglected. Finally, leakage inductancerdarence the machine flux weakening
region and even influence the efficiency. Itis important wigiea machine with suitable induc-
tance value. According to the electrical motor design trawlj leakage inductanck,s, mainly
consist of two important parts [50]:

— slot leakage inductande,;,;
— tooth tip leakage inductande,x;

The leakage inductance can be written in terms of specifimpance coefficients with the
dominant leakage flux paths of the stator. Hence,

4
Lgssi = Lotk + Lioothk = Q—qMoLefszf()\sk + i) (2.41)

Ask 1S the slot leakage flux specific permeance coefficient. Ferdthuble-layer winding slot
shape showed in Fig. 2.3, it can be expressed as:

X1 T

Ask = k1 y13— Btk (&) + 2 (2.42)

The factorsk; andk, can also be calculated with the aid of the amount of shorhpitee given
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by
e=1—7v (2.43)

~ is the ratio between coil pitch and pole pitch. Juha Pyrhdd@hgives out the equation to
calculate the factork, andk, for three phase winding and two phase winding.

9 3
-1- = —1-= 2.44
k1 166 and ko 4e ( )

Tslot

St

Yi2

Y11

Figure 2.3 — Double-layer winding slot tooth dimensions

The tooth tip leakage inductance is determined by the madaiof leakage flux flowing in
the air gap outside the slot opening. The tooth tip leakadedtance permeance factyris

lgefk+hm
z1

5(
Atk - k25 + 4 <lgefk+h7”)

1

(2.45)

wherek; =1 — %e is calculated from equation Eq.2.44.

The studied machine has surface mounted PM, henceg-tras and g-axis inductance
are the same (thd-axis and g-axis magnetic air gap length are the same). The inductance
calculation of inner stator machine is similar to the outata one.

3). Copper and iron losses model

1. Copper (winding in stator) losses
By neglecting both skin effects and eddy currents in the cotmicopper) and with num-
ber of turnsV;, in one slot, copper cross-sectiéh,;, the armature winding resistance
for one phase can be expressed in the form:

2pmN e K Lpey,

Rcuk -
Scuk:

(2.46)

Peu 1S the electrical resistivity of copper. It will vary with ¢éhtemperature and it increase
obviously as the temperature increases. In machine desiggineers usually take the
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valuep,,, equal to
(235 + 1))

(235 +Ta)
T, andT; are ambient temperature and the average temperature imgirespectively.
From standard IEC 60034-1, for thermal class F [53]7-7, = 1.75x1078Q/m, where
Ty = 20°C andT; = 115°C.

(2.47)

Peu, T=T1 = Pcu,T=T4 X

End winding coefficienf{;, can be calculated as:

hS O
Kpp = [L + 67 (Rsk + %) /QS] /L (2.48)
Therefore, the total copper losses in the stato:

Pculossk = 3[3chuk (249)

2. Iron (core) losses
For the iron losses, the principle of separation of lossepmied, including both hys-
teresis losses and eddy current losses. Hysteresis los$esdore material is the energy
expended to magnetize and demagnetize the core. The edeéyntsuare currents that are
induced in the electric conducting core material when ikgosed to a varying magnetic
field. These currents causes resistive losses in the corzialathich can be minimized
either by increasing the resistance in the iron materialaral laminating the core ma-
terial [54].
The total core losses should be calculated separately petti®f yoke and teeth because
their flux density are different. Iron losses for a core withs®\/ under a sinusoidal flux
density is calculated using the following classical forenf1, 54, 55]:

Piron - (k:ecf2 + khf)M-Bfn (250)

where f is the operation frequency,, is the maximum flux density pass through the
core. k.. andk;, are the specific loss coefficients for eddy currents and tsEte re-
spectively. Their value can be approximately estimatenhftioe data sheet of core mate-
rial [56]. The date sheet normally gives out the unit powesé&s for a certain core type
under a certain frequency and flux density. Then, curvedittethod can be used to get
those loss coefficient. Fig. 2.4 shows the loss curve fittoxggenerally used core type
M400-50A. By using the polynomial equation Eq.2.50, it caridaend that the best fitting
curve which is almost superposition with the manufactuoigies data points. The loss
coefficients for core type M400-50A are foundias = 0.00019293W/(kg.T?.H z*) and

kn = 0.021631W/(kg.T*.H z). Losses in both the yok&é(,,yorer) and teeth Cionteetn)
have been considered. The transverse component of fluxyengie yoke @myokek), as



68

Losses (W/kg)

CHAPTER 2. DSCRPMG PRELIMINARY DESIGN AND CONTROL PRINCIPLE

SURA M400-50A

100 o H50Hz datasheet points Tt -:
o 100Hz datasheet points y

g0l ° 200Hz datasheet points | _________. !
o 400Hz datasheet points :

— P/M = (0.00019293 f2 4+ 0.021631f)B2, :

6Op-------------- Fommmmmm------ R Ll LELEE a

Te) Sy s A ;

20p--=-=====mmmmmpmmm-— Q--:-----r------- =----q
| )

L )

O bt s X ’
0 0.5 1 15

Peak flux density (T)

Figure 2.4 — SURA-M400-50A loss curve fitting

well as radial component in the teeté’,gteethk), have been incorporated and calculated
using Gauss’s Law [57]:

s RskLeffng
Brokekr = ——————— 251
yokek LkFe(Hyokeo)p ( )
. B
Bmteethk - kgk (252)
t

The total iron losses are the sum of the two paRs,, oker @Nd Pironteetni, SO the iron
losses in the outer stator are:

Pirantotalk :Pironyokek + -Pironteethi

’ ) (2.53)
:(kecf2 + khf) (Bfnyok:ekMyOkEk + BrznteethkMteethO)

4). Thermal model

It is important to understand the principle and complegitéthermal modeling of electric

machines. The temperature rise of the machine is due toaddusses components including

copper losses, iron losses and frictional losses. The leabe radiated naturally or with

cooling system. The complexity of thermal modeling is duéh®materials which are used to
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design machine including iron type, copper, isolation paglet shape and cooling system. In

cooling system, fluid flow phenomenarg. laminar, vortex or turbulent, has a great influence
on convection heat transfer. Therefore, it's very diffidnlhave a very precise thermal model

[49,50,58]. In this thesis, a simple thermal model is usesl/&uate the temperature in winding

and iron.

The heating of conductors in one slot is modeled by the glacdf heat conduction [59].
The ratio between unit copper losses, in one outer slot and a unit length, can be expressed

as
Pcuk _ Pcu
Lu Scuk ch

with I, = Ji.Seur. Ak ISmmfin one slot and it equaly,,. /.. The heat transfer in the air gap

(NetIs)* = peudsAmr (2.54)

is neglected and it is assumed that the temperature is umifoiron and winding.

The heating surface for a unit length in one slotis;ix = (2hsior: + Wsiotk) L. The heating
in conductors can expressed as:
1 tis Peuk

Peuk
Ab.. = R = — 2.55
k th Lu )\e Su[r/zitk Lu ( )

where Ry, is thermal resistance of a unit length isolatioh, is the thermal conductivity of
isolation. ¢;, is the thickness of isolation, considered equalitan [47]. Combining Eq.2.54,
EQ.2.55 can be rewritten as:

tis

Al = KA,1J, 2.56
g Rk thlotk + Wslotk ( )

The coefficient’ = . It varies between.25 x 10-% and0.6 x 1075 (SI) which depends on
the material of isolation [60,61]. In this thesis,= 0.6 x 10~% is used. This equation indicates
that the heating of conductor is proportional to the proadict,,.. J;.

For the thermal model of stator iron , the temperature israsswuniform. The losses to be
evacuated are the copper losses and iron losses. Theririoiees are neglected. The heating
of stator iron can be expressed as

1 Pculossk + Brontotalk
AbOironi = — 2.57
R @57

whereh(W/m?K) is the heat exchange coefficient. For air natural convectimhradiation,

h = 10W/m?K; for air forced convectionh is betweerb0 ~ 300WW/m?K [50]. The used
value ofh is given in Table. 2.1.5, is the heat exchanging surface of inner and outer stator,
andsS,, andS,; can be calculated by:

Sio = 2nRL + 27(R* — R%) (2.58)
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Sai = 2T Repape L + 2m(R2, — Rg,mft) (2.59)

whereR. 1 = Rai — Datoti — hyokei- 27(R* — R3,) and2m(R2; — R2,, ;) represent the surface
of two sides of outer and inner stator respectively.
The temperature of the winding.,; is the sum of temperature in conductad,.;, stator
iron A6, and ambient temperatufie,. 7’4 is normally aroundt0°C' (IEC 60034-1). How-
ever, for tidal energy applicatiofi;,y = 20°C' is taken because the generator is operated under
the sea water.
Teuk = DOy + Abiyons + T'a (2.60)

The temperature of stator iron
Lironk = A9@'7‘onl€ +Ta (261)

5). Generator volume and mass calculation

In this part the material volume and mass for the active pdrtise generator is calculated.
The symbold here is the density of the materials, not the resistivity.e Babscribe symbol
indicates the relative materidl represents volume and means Mass. When calculating the
total volume of generator, the end winding length is not atered.

Vear = 2phy LBTpo + 2phy, LB T, (2.62)

Mpy = dpymVeum (2.63)

Veopper = 2qpmNeokroLScuo + 2qpmNeikpi LScy; (2.64)
Meopper = deopper Veopper (2.65)

Vieetho = 2pqmwsiotohsioto Lk e (2.66)

Micetho = diron Vieetho (2.67)

Vieethi = 2Dgmwsiotilsioti Lk e (2.68)

Mieethi = dironVieetni (2.69)

Vyokeo =TT [32 - (R - hyokeo)ﬂ Lkp. (2-70)

Myokeo = dironVyokeo (2.71)

Viyokei =T [(Rsi - hslon')2 — (Rsi — histoti — hyokei)ﬂ Lkpe (2.72)
Myokei = dironVyokei (2.73)

Viotor = T [(Rso = i — 1g)* — (Ri + hun +14)?] Lkpe (2.74)

Mrotor = diron‘/;“otor (275)
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Miron = rotor 1 Myokei + Myokeo + Mteeththeetho (276)
%enerator = WRQL (277)
Mgenerator = MP]\/[ + Mcopper + Miron (278)

6). Cost model

The material cost of generator is estimated from the weigihdstive parts including copper,
iron and magnets.

Cgenerator = CPMMP]V[ + CcopperMcopper + CironMiron (279)

whereCpys, Ceopper aNdCi,,,, are the specific cost of the material permanent magnetsecopp
and iron respectively. Those value are given in Table. 2.1.

For the cost of converter, most works suggest that it is basethe apparent rated power.
The majority converter cost model is obtained by using ctittiag method to the manufacture
data. For the converter used fof1/ range machine, the cost model

Cloomo = 6.35%7

conv

(2.80)

is well suited for the cost estimation [62]. The unit®f,,, is V A. This three phase AC-DC-
AC converter cost model include the cost of auxiliary systesnch as modules, drivers, filters,
control circuit and processor.

2.2.2 Preliminary design results

In this section, we will discuss how the generator paramsatbanging with the generator
bore radiusi,,(or called air gap radius) at rated power. This parametegheat importance
for machine design. A smakR,, variation can lead to significant changes of the efficienagt,c
inductance and temperature of the machine. Furthermae/attiation of inductance will lead
to changing of generator control performance and it will bdrassed in the next part. For a
given bore radiusi,, value, the generator parameters can be calculated fromethle. 2.2. It
is noticed that all the other parameters will vary with theebmadiusR,, in our preliminary
design stage. Table. 2.1 gives out the constant parametedsimithe analytical model and the
nominal power is always keep ap/ .

Fig. 2.5 is the generator efficiency and losses plotted asetitin of the bore radiug,,.
Because the machine outer radiisthe ratio between pole pitch and thickness of yoke are
fixed, the smallei,, results bigger height of slot. As a consequence, the cudemsity will
be smaller. The iron losses are much bigger than copperdassbe smallR,, region. In the
higher R,, value region, copper losses become the dominant losses gktierator. That can
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Dimensions Outer stator Inner stator
Pole pitch Tpo = e Tpi = T
Slot pItCh Tsloto = 275230 Tsloti — Zg]zSi
Yoke thickness hyokeo = 0.3Tpo Pyokei = 0.37;
He'th of slot hsloto =R hyokeo - Rso hsloti = hsloto
Width of slot Wsloto = (1 - kt)TSlOtO Wsioti = (1 - kt)Tsloti
2 SO

Air gap length
Magnet thickness
Cup rotor thickness
Inner stator radius
Generator length

lg = 500

Obtainh,, from Eq.2.11 to Eq.2.15
hr = thakeo
Ry = Ry, — 21, — 2h,, — h,
Eq.2.19 and Eq.2.20

Table 2.2 — Analytical expressions for the machines basnedsions

be explained by the increasing of current density as FigsBdsvs. When the iron losses and

:c) 1 T T T T T T T T
~ : A(1.36,30.91)/’
o
CIC) 0.5 ”I‘3(1.3975, Q.907)” i
8
=
w L . . . . . ; ;
1.1 1.15 1.2 1.25 1.3 1.35 1.4 1.45 1.5
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1000 T T T . .
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E Iron loss
e Total losses
o 500 §
0
0
o
- o b— ‘ ‘ : ‘ : ;
11 1.15 1.2 1.25 1.3 1.35 14 1.45 15
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Figure 2.5 — Efficiency and losses variation

copper losses have across point, the generator achievesiomefficiency. This generator is
named as generator “A’. In order to understand better whainpaters changed because of the
changing ofR,,, we chose another generator and call it as generator “B”.A.h@f generator
“B”( 1.395m) is 35mm bigger than that of generator “A'(36m). The efficiency of generator
“A’is 1% bigger than that of generator “B”. However, the generator ‘®3k€(—18.7%) less
expensive than generator “A’, shown in Fig. 2.7.

In figure Fig. 2.8, the length of generator is plotted as ationof bore radiugi,,. It shows
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Figure 2.7 — Cost of generator varying with,

that the generator length will decrease with the increasing,,. This figure also reveals
the basic principle of machine design that the lengthnd the bore radiu®,, has inverse
proportion relationship. From the length comparison of e generator, it is known that
the torque active mass density and torque volume densitgrémator “B” will be bigger than
that of generator “A’. They are illustrated by the Fig. 2.@ldng. 2.10 respectively. From the
Fig. 2.5 and Fig. 2.9, it can be seen tifa} is a parameter which needs to be optimized. Higher
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Figure 2.9 — Torque active mass density

torque active mass density machine will has worse efficienidye optimal bore radiug,,
should be a compromise result between efficiency and torciiveanass density.

In addition, the generator bore radifs, changing will lead to the generator inductance
varying as shown in Fig. 2.11. This figure shows the outeostatiuctance varying trends. For
the inner stator, the inductance varying trends has the san@usion as outer stator. The total
inductance will decrease with the increasing of bore radiys This decreasing is caused by
the decreasing of leakage inductance. As we discussedehéfiersmalleiz,, leads to bigger
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Figure 2.11 — Inductance varies with the outer bore radiys

height of sloth,. The smallerR,, can also lead to a bigger ratio between the height of slot
and width of slot. Fig. 2.12 shows the inductance as a funaifche ratio between the height
of slot and width of slot. When the ratio is bigger th@rneakage inductance becomes bigger
than the magnetizing inductance of the generator. Whendtisis very small, around or less

1, the leakage inductance can be neglect. The leakage imecthould be taken into account
to analyze the generator performance. It is suggestedtisatatio should be less tha for

the mechanical constrains [43]. The generator “A’” has hidngéght to width slot ratio, hence,


Images/Torque_volume_density.eps
Images/Inductance_Rs.eps

76 CHAPTER 2. DSCRPMG PRELIMINARY DESIGN AND CONTROL PRINCIPLE

[ee]

Total inductance

Magnetizing inductance

Leakage inductance 7
// A

5 - .

~

»
T

Outer stator inductances (mH)

I_Isloto/VVsIoto

Figure 2.12 — Inductance varies with the ratio between gt and slot width
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Figure 2.13 — Ratio between armature and permanent magnéinkage

the inductance of generator “A’ is bigger than that of getwréB” both for inner and outer
stator inductance.

In Fig. 2.13, the ratio between armature flux linkdgé,,, and permanent flux linkagep
is plotted as a function oR,,. This ratio is also called thgu reactance X,,). It indicates
the capability of flux weakening. When this value is equal gygbr thanl, theoretically,
the machine can achieve infinite speed by flux weakening cb[@B]. Bigger inductance
machine have stronger capability of flux weakening, howewerpower factor of the machine
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Figure 2.15 — Iron and winding temperature varying with

will be smaller. Fig. 2.14 shows the phase diagram of two nmeashwith different inductance
(X7 < X,) and same magnet flux linkagep,,; in steady state. In this phase diagram, the
resistance influence is neglected. For bigger inductaheeierminal voltage is bigger and the
angle between the current and terminal voltage is alsorbdttmeans that bigger inductance
machine will has bigger iron losses and smaller power fa¢towever, as the needed terminal
voltage is bigger, the capability of flux weakening is alsosger. The detail influence of this
phenomenon will be developed in the next section.

Fig. 2.15 shows the generator inner and outer stator winamgiron temperature variation
with R,,. In the smallR,, region, the winding temperature and iron temperature i®sirthe
same because the copper losses is relatively small as shdwig i2.5. When the copper losses
become the dominant losses of the generator infyjgregion, the temperature of winding is
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always higher than the iron one. Whé, is bigger thanl.4m, the inner and outer winding
temperature is rising over than5°C' which is the machine design limit temperature for Class
F. Through our design model, we know that the rated powerradristator is smaller than outer
stator. However, from this figure, it can be seen that the &atpre of inner stator is always
higher than outer stator. That's because the inner statomheh smaller heat transfer surface
than outer stator. It means the cooling system of DSCRPMG dHhmitarefully designed for
inner stator. This characteristic is regarded as a disadgarof double stator permanent magnet
machine by some author [64, 65].

Efficiency

Cost

Torque mass density

Torque volume density

Flux weakening capability

Power factor

GIPIEIBIGIBIC
BIEIPICIOICI®]

Winding temperature

Table 2.3 — A and B generator performance comparison at paeer

Table. 2.3 summarizes the performance of A and B generdtanslicates that the generator
which has better efficiency, better winding temperaturegmamaybe worse for cost, torque
density, flux weakening capability and power factor. In otdelesign a generator which has the
characteristics of satisfying the temperature limitatiacceptable power factor, strong enough
flux weakening capability, high efficiency and relativelwlcost, the bore radiug,, can’t be
chosen with a simple standard such as maximum efficiencyrolasion, generator parameters
design is a compromised process. It's impossible to desigachine with best efficiency and
low cost at the same time. In the next section, differentradstrategies will be applied to the
generator “A’ to analyze how the vector current controltstgées influence the performance of
the machine for tidal energy application.

2.3 Mathematical modeling of double stator permanent mag-

net machine

2.3.1 DSCRPMG model in rotating reference frame

Based on the space vector theory, sinusoidalframe can be decomposed into two com-
ponents perpendicular to each other in the stationgiy reference frame, where theaxis is
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aligned with vector and thes axis is leading thex axis by 90 degrees. For balanced three
phase system, there is on zero sequence component. Thiosiglahsformation, the three axis
time variables irubc stationery frame can be equivalently treated as two axis tiariables in
a0 stationery frame:

faso = Tabe—sapo fabe (2.81)

where the transformation matrix,,.. o IS written as:

[

2

Tabc—)cxﬂo =5

. (2.82)

= O =
N | Ml% |
Wl o~
D= |
N} o
B

This transformation is known as the Clarke TransformationvelReely, a vector can be con-
verted from thex0 stationery reference frame to the three-phdgestationery reference frame
by the following equation,

fabc = Taﬁﬂ%abcfa,ﬁo (283)

where the transformation matrix, so_qsc IS the inverse matrix of ,5c—,040.

1 0 1
Togosabe = |—2 % 1 (2.84)
B N
2 2

It is necessary to point out that three-phase voltage, cyrfiix linkage and inductance in
an AC rotating machine still remain dependent of rotor posiand time variation in the,50
reference frame. They0 rotating reference frame is then introduced to transfesthesoidal
variables in the stationery reference frame into variabldependent of the rotor position of
the electric machine.

quO = TaﬁO%qufaﬁO (285)

where the transformation matrix, go_. 440 IS:

cosf sinf 0
Tagosdgo = | —sinf cosf 0 (2.86)
0 0 1

Similarly, the transformation from the dqgO rotating refeze frame to the50 stationery refer-
ence frame is expressed as,
faBO = qu0—>a50qu0 (287)
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where
cosf@ —sinf 0
Tago—apo = |sinf cosf 0 (2.88)
0 0 1

From Eq.2.81 and Eq.2.85, we can transfaetlim stationery reference @0 rotating refer-
ence frame:

faq0 = Tapo—dqo T abe—apo fabe (2.89)

whereT 50—dq0 T abe—apo CAN be expressed &Spe—qq0:

cosf  cos(0 — )  cos(0+ )

2
Tabe—sdgo = 3|~ sinf —sin(0 — %) —sin(0 + %) (2.90)

1/2 1/2 1/2

Inversely, the variables in the rotatidg0 reference frame are transformed to the stationary
rotating reference using the inverse matrix:

cos 0 —sinf 1
Tagosabe = (Tabesdqo) = [cos(0 — &) —sin(d — &) 1 (2.91)
cos(0+ &) —sin(0+3) 1

It is noticed that sinusoidal quantities in thie: frame appear as dc quantities in theframe
under steady-state operation. In addition to the mathealagimplification, obtaining linear
equations, it becomes feasible the decoupled control ghitoand flux in the machine. Those
are the main advantages of the transformation.

Mathematical modeling of double stator permanent magnehima is needed to formulate
and theoretically analyze the control strategies and geémeperformance. Fig. 2.16 shows the
flux density map of the generator “A” with Finite Elements Aree (FEA) method. From the
figure, it can be seen that there is no cross flux line betweetwih stators. This figure confirms
that double stator permanent magnet machine can be treatac anagnetically independent
machine. There is no mutual inductance between the outer gt@ase winding and inner stator
phase winding [66]. This is a very important difference camipg with six phases in one stator
machine. As a consequence, the mathematical model of detdite generator can be simply
written as the combination of two conventional single st&®SG models.

The basic equations for phase winding voltagesgbinstationary reference of DSCRPMG
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Figure 2.16 — Generator A flux lines with load current

are: L
Vao lao 77Z}ao
Vo | = Rewo |ibo | + & | bo
VUeo le co
= v (2.92)
Vai iai wai
i | = Rewi [dni | + 5 | s
Vei Z-ci 2bci
\ L
In Eq.2.92, is flux linkage and can be expressed as:
( -~
zﬂao Lao Mabo Maco Z'ao COS(HT‘)
Q/Jbo = Mbao Lbo Mbco ibo + wPMO COS(HT — %'ﬁ)
co Mcao Mc 0 Lco Z.co COS Qr + 277'
L ' (O 5) (2.93)
wai Lai Mabi Maci Z.ai COS(@T)
Voi | = | Moai Ly Myei | | | +%pui | cos(6, — 3m)
1/}Ci Mcai Mcbi Lci Z.ci COS(QT + %7‘(’)

\ -

wheref, is rotatinal electrical angle. It must be noticed that asrttechine windings are
symmetrical, the corresponding mutual inductance areledia, = My, = Mpco = Mpyeo =
Maco = Mego = My and My, = Myg; = Mye; = Mye; = Myei = Meo; = M;. M, and M; are
outer stator and inner stator mutual inductance respégtive

For surface mounted permanent magnet machine, our casengreand outer inductance
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are:
Lao:Lo:Lco:Lo+Lmo
’ ’ (2.94)
Lai = Ly; = Lei = Lgi + Lo
whereLs, and Lg; are outer stator and inner stator leakage inductancesatesge L., and
L,,; are outer stator and inner stator magnetizing inductaresggsectively. Due to the angular

displacement of the phase Windingsﬂ[, the mutual inductances can be calculated as:

M, = — Lo
o (2.95)

2

Replacing the inductance values Eq.2.94 and Eq.2.95 inth&hand Eq.2.93 and applying
the space vector transformatiahc to dq0 EQ.2.90, the voltage equation in the rotating frame

dq are:
' ' Lot —L ' 0
Udo Ldo do gt qoWe Ldo
= Reuo + J + WewP]V[o
) 1 Lg,w L,,% 1 1
| Yq0 qo oWe qo gt qo (2 96)
. d . '
Vg idi Laig; —Lgiwe | |ta
= Rewi d + wewPMi
L _qu Lqi Ldiwe qua Lqi 1

Here,L4, = Ls, + %Lmo, Ly = Ls; + %Lmi. For surface mounted permanent magnet topology,
L4, = Ly andLg; = L. The method to calculaié; axis inductance is explained in machine
preliminary design.

The electromagnetic torque as a function of the stator ntimethedq axes is given by:

Teo - %piqo [ido(Ldo - qu) + wPMo]
T = %piqi liai(Lai — Lgi) + ¥ puil

(2.97)

For the studied permanent magnet surface mounted machipes= L,.. Then, the torque
equation can be rewrote as:

3 .
Teo = §p2qo1/)PMo

(2.98)
T = %piqinJ\/h'
The total torque is
Te - Teo + Tei (299)
The modeling of the DSCRPMG is completed by the mechanicalteugiven by:
dw,,
Te=T,+ J—+ fowm (2.100)

dt
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where.J is the rotor inertia and, is the viscous damping. The relationship between elettrica
rotational angle and mechanical speed is:

do,
dt

= We = PWim (2.101)

The resulting model is a second order system, where the petonanent magnet flux of inner
and outer stator are constant parameters.

2.4 \ector current control strategies in Maximum Power Point
Tracking (MPPT) region

In DSCRPMG, the outer and inner stator can be regarded as twpandent PMSGs with
mechanical connection. Each stator has one set of full clteite rectifier and which are con-
nected to the same DC bus as shown in Fig. 1.12. The genesformpance can be controlled
through controlling the two rectifiers. DC bus has the fumtif decoupling between the gen-
erator side and grid side. The control method is similar toS&@vsystem with back to back
converter.

The converter is controlled with aims of harness the maxirpomer from the tidal current
and delivering it to the grid with the best power quality pbks Maximum power extracting
can be achieved by adjusting the generator speed througtotiimig the generator side rectifier
for direct drive system. Power quality issues are fulfillgddontrolling the dc-link voltage,
regulating the power factor and frequency, and ensuringhlasnonic distortion in compliance
with the grid codes. In order to satisfy those goals, the dpep control schemes (Scalar or
Volt/Hertz control) is no longer suitable as it has no sigealdback. Then, the control method
with close loop scheme, such as vector current control, stt@ibchoice for high performance
PMSG drive. Vector control (also known as Field Oriented @ant FOC) was proposed to
control torque and flux independently, emulating the sépbraxcited DC machine operating
principle [67, 68]. The flux and torque are naturally coupied three phase AC machine.
However, through Park’s transformation, the natural esfee frameibc can be transformed
into rotating reference framé; and then the flux and torque are decoupledgrframe. The
AC machine is similarly controlled as DC machine. In thispmtes, we will mainly focus on the
generator side vector control. Different control stragsgire discussed and compared in detalil.

The DSCRPMG torque is produced by the sum of outer and innarstatjue as shown
in Eq.2.99. Both the outer and inner stator are controllethiénsame way. Therefore, in order
simplify the formulation, only the control strategy of thater stator will be detailed. In the
control strategy analysis, generalized control equattmadormulated with inductance; and
L,. Those principles can be applied to the machine with diffefg andL,, for instance, PM
interior buried machine (IPM). In our generator cabg~= L, for inner and outer stator.
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The most important objective of high performance contradtegies is to maintain linear
control over torque. For the demanded torqug ¢4, andi,, must be coordinated to satisfy the
equation given in Eq.2.98. Obviously, a wide rangeé,gfandi,, values can allow to obtain the
same torque. Utilizing the available degree of freedom uttdecurrent limitation, a number of
control strategies can be proposed to satisfy a particbjactve [69]. In the following section,
four control strategies will be presented and analyzed faid& hey are:

1. Zero D-axis Current Control (ZDC)
2. Unity Power Factor Control (UPF)
3. Constant Mutual Flux Control (CMF)

4. Minimize System Losses Control (MSL)

To simplify the analysis, the voltage drop caused by th@stasistance is neglected and all
analysis are based on steady state.

2.4.1 Zero D-axis Current Control (ZDC)

ZDC control strategy is the most commonly utilized conttohtegy by industry because it
simplifies the relationship between torque and current gaga. The torque will linear increas-
ing or decreasing with the phase current no matter for datienon-salient pole machine. In
fact, for the smooth permanent magnet generator topolagyr(@nent magnets surface mounted
on the rotor), the reluctance torque part equals zero asmeafsL,, = L,. Therefore, the
torque is linearized witlg-axis current amplitude. If thel-axiscurrent is controlled as zero
for non-salient pole machine, ZDC control strategy has #mesperformance as the Maximum
Torque Per Ampere (MTPA) control strategy which is usuadlgearched for salient pole ma-
chine. The idea of MTPA control strategy is that the d-axigexnt are controlled as non-zero
value to utilize the reluctance torque with the possibleimum phase current amplitude for
salient pole machine. In this report, MTPA will not be detdilbbecause surface mounted per-
manent magnet generator (non-salient) is adopted in o Cdse authors in papers [70] has
explained clearly for MTPA control strategy for IPM.

Fig. 2.17 shows the vector diagram of smooth PM generatdr 2itC control in d-q plane.
The torque angle);, is maintained ap0°. As the generator torque and speed increasing, the
power factor angle»; and terminal voltagé®; will change. When the generator is operated at
low speed and small load region, a very high power factor esachieved. When the maximum
converter voltage is achieved, demagnetizing currentldhoei applied to decrease tdeaxis
flux linkage. This is realized by giving a negatideaxiscurrent. For non-salient pole generator,
ZDC control strategy minimize the copper loss because timanimize the phase current for a
needed torque.
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Figure 2.17 — Vector diagram of non-salient PM generaton &@DC control

2.4.2 Unity Power Factor Control (UPF)

In UPF control, the current and the terminal voltage arerotliet in the same phase which
results incosp = 1. This control strategy minimizes the machine apparent powiy. 2.18
shows the vector diagram of PM generator with UPF control-op plane. Negativel-axis
current is needed to decrease the flux linkage so as to dedreagerminal voltage. From the
vector diagram, we can obtain the voltage and current coemtsnelationship as:

@ —WeLglgo

Viz
Var _ i _ | 2.102
Vo e we¥pnr + welgign ( )

GQazis

Vaz = —weLgiq

A

E=welpm

Figure 2.18 — Vector diagram of non-salient PM generatohn WiPF control

For the non-salient pole generator, the quadrature-axi®mii,, can be directly solved
from the needed torque, but in the case of the salient poldimacthe quadrature-axis current
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i;2 Must be iterated. Once the valueigf is solved, the d-axis current can be deduced from
EQg.2.102. This equation can be rewritten as:

Laigy + iax¥par + Lyizy = 0 (2.103)

Solving the above equation with variahlg, we get

—pprtr/ Vb —4LqLqil
PM a%g2 (a)

204

lgo = ‘
d2 —Ypr—/V% ) —4LaLqi2, (b)

2L,

(2.104)

The smallest real and negative solution is the right choaceetluce the copper losses. In
addition, the solution Eq.2.104(b) normally or easily eed® current rated value. Therefore,
solution (a) in Eq.2.104 will be chosen dsaxiscurrent reference.
UPF can be realized if the root of Eq.2.104(a) is positivetHgm-axiscurrent must satisfy
the following constraint:
il < —LEM_ (2.105)

2/LiL,
This control strategy may not be applicable in full speedyeafor variable speed energy con-
version system when the needgéhxiscurrent is too big. It is noted that the generator can
be specially designed to achieve the full speed range operaith UPF control strategy, if
needed.

2.4.3 Constant Mutual Flux Control (CMF)

In this strategy, the stator terminal voltage amplitidés controlled to be at the same value
as /. That means the resultant flux linkage of rotating frashgeaxesand rotor PM, known as
the mutual flux linkage, is maintained constant which eqteal¥M flux linkagey p,,. Fig. 2.19
shows the vector diagram of PM generator with CMF control opplane. The current vector
is in the middle between vectdf andV;. Negatived-axiscurrent is also needed to reduce the
d-axisflux linkage. The flux linkage relationship can be expressed a

Ypy = \/(¢PM + Laias)? + (Lqig3)? (2.106)

Solving this equation with variablgs,

_wPJW"!‘\/ 'Ll)%’]\{_Lgiig (a)

Ly

143 = .
d3 _'l/}P]\/I_\/ w%)]u_[/glgg (b)

Lq

(2.107)

The solution has similar form like the solution in UPF cohtitherefore, Eq.2.107(a) is chosen
as the right current reference with the similar reason thatdemagnetizing-axiscurrent is



2.4. VECTOR CURRENT CONTROL STRATEGIES IN MPPT REGION 87

Qazis

A
Vaz = —welgigz 1
Lir i w
weLigt — = We
dji’)‘ XT.s E PM
Vs
Is | 7

03w, Ypum
W ‘ damis

< »
« Ll

Figure 2.19 — Vector diagram of non-salient PM generaton @i control

much smaller so as to the copper losses. The realizationsofahtrol strategy is also based on
the load torqueg-axisinductance and rotor PM flux linkage. For the non-salien¢ g@nerator,

the quadrature-axis currefy; can be directly solved from the needed torque, but in the case
of the salient pole machine, the quadrature-axis curignmust be iterated with the torque
equation. The value of;3, L,, andyp, should satisfy the constraint that the radicand in
Eq.2.107(a) is positive. Thg-axiscurrent should satisfy the relation:

ligs| < ey (2.108)
Lq

Comparing this equation with the constraint equation EQ2df UPF control, it is known that
the possible operating torque range with CMF control is twees bigger than that with UPF
control for non-salient pole generatdr,(= L,). For salient pole generator, the conclusion that
which control strategy has bigger torque range will strgrigpends on the deference between
direct-axis inductancé, and quadrature-axis inductantg.

2.4.4 Minimize System Losses Control (MSL)

This control strategy minimize the total electrical losé@schine iron and copper losses,
converter losses) at all operating points. It can be a pbferchoice in many applications
where a maximum efficiency operation is required. It is nobkwious to illustrate the vector
diagram for this control. However, this problem can be esped as the following formula:

Z.d — min(Pcopper(ida Zq) + Piron (id, Zq) + Prectifier (ida Zq)) (2109)
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Taking outer stator as an example. The losses expressiBR,of. (i4, iy).

o 3 A 3 . .
Pwpper(zdov ZqO) = §Rcu0[o2 = §Rcu0(zio + Z20) (2.110)
For the iron 10SsP;,0, (740, 740), the key issue is to obtain the flux density in air gap. In a

simplified approach, the terminal voltage amplitude is usezhlculate the fundamental air gap

flux density:
V 24 V2 = —We Lgolgo)? We 4+ WeLgoige)?
A \/ V2 =/ g0)? + (Wethpm dolido) (2.111)
B /( k’ NweTpoLeff)

This simplified approach method is confirmed with FEM [66]. c®mwe get the air gap flux
densityBgo through the generator terminal voltale the flux density in teeth and yoke can be
calculated using Eq.2.52. Then, the generator iron losgesadculated by Eq.2.53. Hence, for
a given rotational speed, the generator iron losses canfgressed as a function which varies
with 74, andig,.

The rectifier losses calculations are detailed in AppendliX:ig. 2.20 shows the principle
of MSL. The black circle is the current limitation circlé,(,,) and the blue circle is the volt-
age limitation circleV/,.... In dgq current plan, the machine operating point should satiséy th
equation below:

—l— 22 < 12 within black circle

max

(2.112)

(—wWeLgiq)? + (wWetbprs + welgig)® < V2, within blue circle

For a specific machine rotational speed; (j present the operating point), there is a voltage
limitation circle. Current and voltage limitation are podgdconverter. For example, for the
machine operating conditiol(, w,, ;), the g-axiscurrent value can be directly solved by the
needed torque ag ;. Ford-axiscurrent, it can be chosen between the point A (current limita
tion) and point B (voltage limitation). However, there is ptimal value (point C) which will
result in minimum system power losses. Searching the optiatae in the range AB, then this
value is named ag; ; ,p1imar- USing thosetl, ¢ current references(; optima @ndi, ;) to control
the machine for operating poirif(, w,, ;), maximum system efficiency can be obtained.

In literature, many authors has researched Minimize Machwsses (MML) control [71—
74]. The difference between our proposed control modellagidd is that the electronics device
losses are taken into consideration in our study. In MML pdrdtrategy, thed-axiscurrent
reference, can be directly calculated by solving the equation follayvin

d(Pcopper(idy Zq) + Piron(idu Zq))
dig

=0 (2.113)
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Figure 2.20 — lllustration of minimize system losses cdrdtategy

However, for our MSL control strategy, it is difficult to s@vhe differential losses equation to
getd-axiscurrent reference; when the converter losses is taken into consideration Isecaiu
the complexity of converter losses model. The optighalxiscurrent reference is obtained by
a losses comparison loop in MSL control strategy. In thelteqart, we will also present the
efficiency difference between MML and the developed MSL.

2.5 Control strategies in Flux Weakening (FW) region

The turbine power curve shows that the tidal turbine prodysm®ver is supposed to be lim-
ited to a constant power at over rated current speed regtus.pbwer is the generator designed
nominal power. For variable pitch turbine system, chandgjiregpitch to reduce the tidal current
attack angle can reduce the harness power. The power lonitzdn also be realized by turbine
mechanical design which called stall control [75]. HowevVer the fixed pitch tidal turbine,
most fluently used method to limit the power is to operatedhigine at over rated speed in over
rated tidal speed region for reducing the turbine powerfaoent and the extracting power. As
the generator is directly coupled with the turbine, oveedagpeed operating will lead to high
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electromotive force of the PM generator. Machine outputag# needs to be limited because
of voltage limitation of both generator and converter. i t@ done by mean of proper control
strategy to provide a negatigeaxiscurrenti,.

In the last section, the vector current control strategi@édPPT region have been discussed.
The majority control strategies need a negativexiscurrent except ZDC control. Nevertheless,
when the generator operated under the rated speed, thaybeariassified in flux weakening
control even their effect is to reduce tHeaxisflux linkage. Because the terminal voltages of
those control strategies don't reach the limitation of aster voltage.

In flux weakening region, two possible operation modes, mh@anstant Power (CP) and
Maximum Active Power (MAP) [76] are detailed below. The powerve of the two modes
are shown in Fig. 2.21. MAP mode keeps the converter curmathtvaltage at the limitation
value. CP mode control the power as a constant. The point Meifiglre is the point that the
converter can't transfer the constant power. It will be expdd in the following section. For
Constant Power (CP) mode, three control strategies namedaDoii&arrent Constant Power
(CCCP), Constant Voltage Constant Power (CVCP) and Minimize Syktesses Constant
Power (MSLCP) are detailed.

1.4
MAP
1.2 /

CCCP,CVCP,MSLCP

Power curve (pu.)
© o o o
b @

N

eb ‘ : we,cpm ‘
0 0.5 1 15 2 2.5 3 3.5
Generator rotational speed (pu.)

Figure 2.21 — CP and MAP mode in FW region. Three control grasg CCCP,CVCP,MSLCP)
are presented in CP mode

2.5.1 Constant Power (CP) mode

In CP mode, one given generator rotational speed high thad spteed, we need to reduce
the torque to keep the power constant. Then the relgtisgiscurrent can be calculated with
the needed torque. This current normally will not achievedbrrent and voltage limitation at
the same time. That the main difference between the MAP nféaleneeded current reference
i4, there are two commonly used strategies to obtairdthgisreference current:
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Constant Current Constant Power (CCCP) control

This control strategy keeps the current as a constant vatrejally the current limit. In
Fig. 2.20, point A is obtained with this control strategy. Wilke machine operated at nominal
torque and nominal rotational speed, it is assumed thatuhrert reached the limitation. At
this point, we name thg-axiscurrent as, , and thed-axiscurrent ag, ;. b represent the base
operation point (rated torque operation point). The nolmoiational speed is normally called
base speed. ;. The limitation current,,,, is equal to, /i?l,b + ng For a given rotational speed
we,; Which is bigger thanu. , there is a needed torque which is smaller than the ratedeorq
to keep the power as a constant (rated power). The g-axisrdushould obey the following
relation to keep the power constant:

We,b

lgj = —lgpb (2.114)

We,j

As constant current constant power control keeps a congtese current, thd-axiscurrent
can be written as follows:
Qg = —A\/ 12, — 12 (2.115)

max ~ “q,j

Constant Voltage Constant Power (CVCP) control

This control strategy keeps the voltage as a constant vatrejally the voltage limit. In
Fig. 2.20, point B is obtained with this control strategy.ohder to keep the power at the rated
power in flux weakening region, the product of torque and dst®uld satisfy the following

relationship:
wehj

p
For PM surface mounted machine, Eq.2.116 can be rewrittéollag:

We,b

_Trated (2 116)
p

Tj:

We,jlgj = Weblgb constant (2.117)
Therefore,
. We b .
= — 2.118
Lq,j e Lgb ( )
In steady state, th@-axisvoltage equation is:
Vi = —We jLsly constant (2.119)

From the Eq.2.117, it is known tha} ; is a constant value. In order to keep the phase voltage
as a constant, ; should be also a constant value which is equal, o

Vg = Wep(Ypar + Lsiap) constant (2.120)
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Voltage limit circle for base speed we 3

Cugent limit circle

Zq,imap
Zq,icvcp

id

—» MAP trajectory

CVCP trajectory

Figure 2.22 — MAP and CVCP trajectory.

Vg,j = We,j(¥pum + Lsiay) constant (2.121)

From the relation of Eq.2.120 and Eq.2.121, dhaxisreference current can be calculated as:

Wep , VpPM . Vpm
= — — 2.122
We,j ( LS * Zd’b) Ls ( )

id,j
From Eq.2.118 and Eq.2.122, we can write the relationshijvden:, ; ands, ; as follow:

Z.q,j pr . pr
= = — 2.123
Z-q7b ( Ls * Zd,b) Ls ( )

/l/dh]

It is noted that,; andi,; can be obtained from the base speed operation conditionce;i&n
Is obvious that thel, g-axiscurrent components are linearly related to each other. ThERZV
trajectory can be drown as depicted in Fig. 2.22, which idithe SE.

It should be noticed that the intersection point, M, betw#enline SE and the current-
limiting circle, represents the boundary of the CP mode cbnihen the speed is higher than
We.cpm» the converter can’t transfer the constant power. In ordenaximize the power, CP
mode need to change to MAP mode (it will be discussed in netis®. This point is the point
which we achieve the limitation of current and voltage @rat the same time for constant power
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control. At this speed condition, the control strategiesMBCCP and CVCP will give out the
samed-q axiscurrent reference. The ratio between.,,, andw. ; is a very important parameter
for the system. It is called Constant Power Speed Ratio (CPSR)me seference [77-79]. As
we discussed before, the CCCP and CVCP control has the same aefesetice fotu, ..
Therefore, we can calculate the CPSR from the equivalenteofigleurrent which are obtained
by CCCP and CVCP (Eq.2.115 and Eq.2.122).

5 Web 1o Wep Vpm Ypm
2 O N2, _Teb - 2.124
\/ max (we,cpm) Zq,b We,cpm ( Ls + Zd,b) Ls ( )
Combining with:

leads to the CPSWS%) as:

We,cpm _ w]%’]\/[ + 2wPMLs7;d,b + (Lsfmax)2

We b 7#]23]\/[ - (szmaz)2

(2.126)

In order to get a more generalized CPSR expression, we nymml to the numerator and
denominator of Eq.2.126. Then, the generalized CPSR is:
‘72
CPSR = e (2.127)
w?,b [%%M - (Ls[mar>2]

with
Vn%a:v = wz,b [¢%M + 2¢PMLsid,b + (szmax)ﬂ (2128)

From EQ.2.127, it is clear that for a given machine, in ordeintrease CPSR: firstly, in-
creasing the voltage limitation valuéfm to increase the numerator. Secondly, increasing the
current limitation/,,,, can decrease the denominator. That means converter wibregpar-
ent power has bigger CPSR. CPSR can also be increased througla¢hee design as it has
been presented in the generator preliminary design. Diegjghe generator with bigger in-
ductancel, will increase the CPSR. However, as the too big inductancecatlse bad system
power factor, the inductance should be designed propetate the enough capability of flux
weakening. If we design a generator with big CPSR, the convews# will increase sharply and
even the generator cost will increase as it has been shownebd&therefore, for tidal energy or
wind energy system, it needs to design the generator congowith the converter capability to
satisfy the turbine power characteristic curve.
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Minimize System Losses Constant Power (MSLCP) control

Another control method is proposed in this thesis. It miaesi the system losses in CP
mode called MSLCP. The principle is the same as MSL control PPV region. They-axis
is calculated from the needed torque for a certain speedn e d-axis current reference
id,joptimal 1S Calculated from the system minimize losses. In this megibis really important
to take the power electronics device losses into accountaugecthe current and voltage are
normally around the limit value and so as to the losses is fapt In some well designed
machine, the converter losses is almost equal or even biggarthe iron losses. Therefore ,
we should calculate the optimataxiscurrent reference including the converter losses. In fact,
in Fig. 2.20, the point A which is obtained with control sagy CCCP will just minimize the
iron losses of the machine. And the point B which obtainedhwintrol strategy CVCP will
just minimize the copper loss of the machine. The point Casaibint which can minimize the
system losses with an optimataxiscurrentiy ; ,uima- It iIs @ compromised result of copper
loss, iron losses and power electronics device losses.

2.5.2 Maximum Active Power (MAP) mode

MAP control follows the current limitation and voltage litation cross point (point D in
Fig. 2.20). That means the converter will always operateth@tmaximum apparent power
Seonv = %Vmaxfmm. In PM surface mounted maching, = L, = L,. For a given genera-
tor electrical rotational speed. ;, thed-q axisflux weakening reference can be calculated by
solving the following equations:

. » .
(leq,jmap>2 + (Lszd,jmap + pr)Q = V"ﬁaz

Ye.i (2.129)
) ) 72
Zd,jmap + Zq,jmap — “max
The solution of current references are obtained as:
i2 . — VT%LO,ZE7(w5ij5fmaI)27(w5,j,¢)P]\/f)2
d,jmap 2¢PIVILSW§J (2.130)
) _ 72 )
Zq,jmap - Im(zm - Zd,jmap

The MAP trajectory can be drown as depicted in Fig. 2.22. Wjithspeed increasing, the
voltage limitation circle will shrink and the-q axiscurrent reference is always obtained at
the cross point of the current and voltage limit circle. Thdtage limitation circle center is
located at the point E—(wg;f, 0). When this point E is located inside or on the current limit
circle, theoretically, the machine can achieve infiniteespeperation. However, when point E
Is outside of current limit circle, there exist a speed thatgenerator can’t harness any power.
The current limit circle and voltage circle has just one camnntersection (point N). All the
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phase current is id-axisand it is used to weak the permanent magnet flux. This speadlésic
maximum generator speed.(,,) and it is calculated as following:

~

o ‘Cnax
77bP]\/[ - Lsfmax

(2.131)

We,m

2.6 System efficiency evaluation in MPPT and FW region

In this section, the efficiency evolution under differenttrol strategies in MPPT region
will be firstly presented. Then, the FW region efficiency ewmoins are discussed under the
three constant power control strategies with one seledpdetter size. Finally, CP and MAP
model performances are compared in detail.

Symbol | Description Value
VpMo Outer stator magnet flux linkage6.261Wb
VP Inner stator magnet flux linkage 5.851Wb
Lg,, L, | Outer statodg-axisinductance | 6.73mH
Lgi, Ly | Inner statodg-axisinductance | 6.77mH
Revo Outer stator resistance 0.028%2
R . Inner stator resistance 0.0292
P Pole pair 40

Table 2.4 — Control parameters of generator “A’

600

400

200

Turbine Torque(kN.m)

! Base operation point
X:2.252 |

Y:444.2 |

FW region

aximum CP speed point

X:6.559
Y:152.5

0 i

0 1
Generator mechanical rotational speed (rad/s)

2 3 4 5

6

7

1500

1000

500

0

Figure 2.23 — Classical power torque curve of tidal curreriiite

For the full speed region operation, the generator contethod can be any combination
of the control strategies in MPPT region (ZDC, UPF, CMF, MSLJl aontrol strategies in FW

Power(kW)
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region (CCCP, CVCP, MSLCP, MAP). In this section, the efficiencyl@won under different
control strategies will be presented separately for MPPI @W region. We will apply the
different control strategies to the generator “A’ whichhg tmaximum efficiency generator as
obtained through preliminary design process. The parasated for control of the generator
“A’ are showed in the Table. 2.4.

Fig. 2.23 shows the classical power torque curve for a spetifal current turbine. In
FW region, CP mode is considered. MAP mode will be furtheristi@dnd compered in the
next section. The generator operates with different costrategies to follow the torque speed

curve. For different operating poirf(, w;), the system will have different efficiency for differ-
ent control strategies.

2.6.1 System efficiency for different control strategies in MPPT region

Fig. 2.24 shows the efficiency curve in full tidal current egeange. From this figure we
can see that MSL control strategy always has better effigitiman other control strategies in
MPPT region. The most frequently applied control strateyChas smallest system efficiency

Efficiency in MPPT region
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Figure 2.24 — System efficiency operated with different calrgtrategies in MPPT region

in majority MPPT speed regiori m/s ~ 2.7m/s). The efficiency difference between MSL
and ZDC control strategies is more thel and it achieve$.6% at rated speed (2.7m/s) region.
For MW range generator, improving more th#i the system efficiency in renewable energy
system through control strategy is a valuable solution ¢ogiase the annual energy output.
The black line shows the UPF control which can’t be applieth® base operation point
for generator “A’. The needeg-axiscurrent for outer and inner stator &&l1.7A and589.9A
to provide the rated torque respectively. Those value aygdvithanypy;,/(2Ls,) = 476.2A
andypysi/(2Ls;) = 436.6A. Therefore, from the Eq.2.105, it is known that the genereao’t
operated with UPF at high speed region. However, from theieffcy evolution, it can be seen
that in low speed region UPC has better efficiency than ZDCGiéF. The UPF will not be
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analyzed and compared in detail with other control strategecause for generator “A” UPF
can’t operated in full tidal speed range.

The control strategy MML which optimizes the machine losa#fout taking converter
losses into consideration almost have the same efficierttgihigh tidal speed regio«f/s ~
2.7m/s). However, in low speed region ( belawlm/s), MSL results more thaih’ comparing
to MML.

CMF control strategy results a efficiency curve between thdrobstrategies ZDC and
MSL. In high speed regiore(2m/s ~ 2.7m/s), CMF, MML and MSL almost have the same
efficiency. For the machine system which always operateatatircondition, CMF can achieve
a good system efficiency as MSL control strategy. This cdstrategy can be used in industry
application because it is simple and has good system effiziddowever, for variable speed
drive system like in our case, MSL is a better choice becaukege tidal speed rangéy/s ~
2.2m/s) MSL has better efficiency than CMF.

Copper losses in MPPT region
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Figure 2.25 — Copper losses in MPPT region under differentrobstrategies

The system copper, iron and converter losses variatiomsttethe system efficiency evo-
lution. The evolution of those losses under different calrdtrategies are shown in Fig. 2.25,
Fig. 2.26 and Fig. 2.27 respectively. ZDC control strategguits minimum copper losses in
MPPT region because it needs smallest current for the sameetoHowever, the iron losses
of this control strategy are much bigger than the others. Bsx@ low speed region, generator
iron losses are much important than copper loss. MML styateds to have bigger value of
d-axiscurrent to reduce the terminal voltage, so as to reducedhdasses. Bigger current will
also cause the higher converter losses. As MML doesn’t taksideration of converter losses to
calculate thed-axiscurrent reference, it will result out much bigger conveltsises than MSL
control strategy. That’s the reason that MML has a little kenafficiency than MSL. Losses
evolution curves (copper, iron and converter) of contrategy MSL are always between the
corresponding maximum and the minimum losses curves oftther gontrol strategies. That
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Iron losses in MPPT region
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Figure 2.26 — Iron losses in MPPT region under different carstrategies

means MSL control strategy can provide an optimhalxis current reference; ,ptima; Which
compromises between those losses to have minimum systesslos

Converter losses in MPPT region
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Figure 2.27 — Converter losses in MPPT region under differentrol strategies

Fig. 2.28 illustrates the power factor of outer stator fdfedent control strategies in MPPT
region. In the speed which around the cut in spded/(s), ZDC and CMF have power factor
almost equal td. It is logical that ZDC has always smaller power factor thanFCi MPPT
region. Because the phase current vector is in the middle ¢f &l terminal voltage for CMF.
However, the current vector of ZDC is in the same axis of EMHMIVhas the smallest power
factor at cut in speed. For the base operation point, ZDC imadlesst power factor. From the
power factor curve, it is known that ZDC should have biggemimum converter size than other
control strategies.

Table. 2.5 summarized the advantages and disadvantageseinghe different control strate-
gies.

Table. 2.6 gives out the operation voltage and current ferbtase operation point (rated
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Power factor in MPPT region
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Figure 2.28 — Power factor in MPPT region under differenttoarstrategies
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Table 2.5 — Summary of the different control strategies (ZR®IF, MML, MSL) in MPPT
region for the generator “A’.

Strategy iap (A) ig0(A) Tnaz(A) Vinaz (V) Seonv(MV A)
0 [ 0 [ 0 [ 0 [ 0 [
ZDC 0 0 631.7| 589.9| 631.7| 589.9| 680.6| 636.5| 0.64| 0.56

CMF -246 | -231 | 631.7| 589.9| 677.9| 633.6| 563.8| 526.5| 0.57| 0.50
MSL | -300.3| -268.5| 631.7| 589.9| 699.5| 648.2| 540.1| 510.1| 0.57| 0.49
MML -359 | -323.6| 631.7| 589.9| 726.6| 672.9| 515.6| 486.8| 0.56| 0.49

Table 2.6 — Generator “A’. Base operation point current antage. S..., are the mini-
mum apparent needed for corresponding control stratedjes. = 1/7;3,1, + ijb and V., =

V (—weLgigp)? + (Wetbpar + weLdiap).
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torque and rated speed) for different control strategi¢slsb confirms that ZDC will have
maximum voltage and minimum current. MML control strate@g Imuch bigged-axiscurrent
absolute value at base operation point to reduce the irce$s

120 ‘
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100 ]
< ‘o
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5 80 i
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g
g 60
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c
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0 1 2 3 4 5 6 7

Generator mechanical rotational speed (rad/s)

Figure 2.29 — Generator “A’: Extractable power curve forfetént control strategies with the
minimum needed converter rated current and voltage whigle@culated at base (rated) oper-
ation point respectively.

The apparent power valués,,,, for different control strategies in the Table. 2.6 are calcu
lated based on the rated operation point. Fig. 2.29 showsxtinactable power of the generator
and converter system using the converter size in Tableo2 €gich control strategy. Itis clearly
shown that for every control strategy, there is a certaiatiamal speed that the generator can’t
keep constant power. Using the generator parameters ie.T2ldl and converter parameters
Table. 2.6 to the Eq.2.131 and Eq.2.127, the generator mewi@P operation rotational speed
and maximum generator operating rotational speed is adadais shown in the Table. 2.7. From
the table, it confirms that ZDC has bigger flux weakening caipab/Vhen the generator speed

is bigger than maximum constant power operation speed, Cirotamode will change to MAP
mode control.

Strategy|  win.cpm Win.m CPSR
o] i 0 i Min(o,i)
ZDC |6.04|6.04|839|8.38 2.68
CMF | 4.75|4.74|8.20| 8.20| 2.11
MSL |4.70(4.70| 8.58| 8.46| 2.09
MML | 4.76| 4.73| 9.26| 9.07| 2.10

Table 2.7 — Generator “A”: Maximum CP speed and maximum opmrakt speed of generator

From the above discussion, it is know that constant powatdtion control mode can’t be
achieved for full FW region if the converter size is too smail the next section, converters
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with bigger apparent power which can operate constant poveele until cut out tidal current
speed 4.6m/s) will be selected to compare the efficiency evolution.

2.6.2 System efficiency for different control strategies in FW region (con
stant power mode)

In FW region, three control strategies are presented indimedr section for constant power
control mode which are CCCP, CVCP and MSLCP. The efficiency evalsiilo FW under the
three control strategies strongly depends on the conveiter(current and voltage limitation
circle). In this section, in order to study the whole FW regfor CP mode, the converter size
is selected bigger than the based operation point conveoteer rate. The peak current and
voltage of the converter are chosen7a8A and700V respectively to have CPSR bigger than
2.92(8376) " The converter apparent powerdg0kV A. This CPSR is needed by the turbine

2.252
control to have constant power in high tidal current spegbré2.7m/s ~ 4.6m/s).

Efficiency in FW region (CP mode)
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Figure 2.30 — System efficiency operated with different carngtrategies in FW region(CP
mode)

Fig. 2.30 shows the efficiency variations in FW region for theee control strategies.
MSLCP control method has undoubtedly better efficiency tlendther two control strate-
gies (CCCP and CVCP) because it minimize the summation of systsaddcopper, iron and
converter losses). CVCP has the smallest efficiency curveg@&herator is operated at point B
in Fig. 2.20. This control strategy keeps the phase voltagec@nstant as the voltage limitation.
It results biggest phase voltage and smallest current cordpa the MSLCP and CCCP. High
phase terminal voltage causes the iron losses very big.l&ncakrent leads to smaller copper
losses. However, smallest copper losses doesn’t leadhehgdficiency because the iron losses
are much bigger than the copper losses. The generator iatedeat point A in Fig. 2.20 with
control method CCCP. It minimizes the iron losses. Howevergtineent keeps at the limitation
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value and then it results maximum copper losses. The canedses have very strong pro-
portional relationship with the phase current. Biggestentrwill also cause biggest converter
losses. Better efficiency of MSL is a compromise result of tived part losses (copper, iron
and converter losses) comparing to CCCP and CVCP which are just fiietone part losses.

Fig. 2.31, Fig. 2.32 and Fig. 2.33 show the copper, iron ant/exer losses variations
respectively. CCCP has constant and biggest copper lossegskeitee current is keep at a
constant as the current limitation. CVCP has the smallestardpgses and much bigger iron
losses than the other two control strategies. It keeps thageat a constant as the voltage
limitation. The iron losses will not keep at a constant vdleeause the speed is not constant.
The converter losses almost have the same form of the clossd®s. It means that the converter

losses model has stronger relationship with the phasertuifbe voltage and power factor have
smaller influence to the converter losses.

Copper losses in FW region (CP mode)
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Figure 2.31 — Copper losses in FW region under different obstrategies(CP mode).
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Figure 2.32 — Iron losses in FW region under different cdrat@ategies(CP mode).
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Converter losses in FW region (CP mode)
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Figure 2.33 — Converter losses in FW region under differentrobstrategies(CP mode).
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Table 2.8 — Summary of the different control strategies (CCCREB\MSLCP) for FW region
with CP mode.

Table. 2.8 summarized the three CP mode control strategiéd/iregion. CCCP is bad for
converter and copper losses. CVCP is bad for iron losses agayalkeep the terminal voltage
as limitation value. However, it results less copper andreder losses. As the iron losses is
the majority losses of this generator, CVCP has smalleste&fiigi because it has very big iron
losses. MSLCP leads to better efficiency. The total losses@srgromise result between the
three parts losses.

From the discussion of efficiency variation in MPPT and FWaggit is known that MSL
and MSLCP are better control strategy for improving the systéficiency.

2.6.3 Comparison between MAP mode and CP mode

In FW region, the generator can also be controlled in MAP motethis section, the
efficiency of the generator when it operates with MAP mode MSdL.CP mode are compared.
The converter size (current and voltage limitations) is shee for the two control mode in
the comparison. ZDC control minimum converter size in TaBlé is taken as a example
(Umaw = 631.7TA, Vyaw = 680.6V for outer stator] ., = 589.94, Vi = 636.5V for inner
stator). In reality, the converter limit current and vokagan’t be as precise as it has been
calculated in the model. However, it will not change the dosion the this comparison if a
bigger or real converter size is used.
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Fig. 2.34 shows the power curve of turbine and power curvegeokrator under MAP
and MSLCP control mode. The black lines shows the turbineetdd power varying with the
rotational speed for different tidal speed value. As we egntbat, each tidal speed curve has its
maximum power point. When the tidal current speed is underatezl value, we will control
the rotational speed to have the maximum power coefficieratssto obtained the maximum
power. When the tidal speed is bigger than rated speed, thevlakening mode will start. For
the same generator rotational speed, MAP can provide maverdo the DC-bus than generator
is controlled under the MSLCP mode. For one tidal currentdpie needed rotational speed
is different to reach the MAP and MSLCP control. For examie,tidal speed.6m/s, if we
operate the generator in MSLCP mode, the rotational speeddshe controlled at5.6tr /min
as point K shown. If the generator is operated with MAP molde rotational speed should be
controlled at44.6tr/min as point H shown. When the tidal current speed is too big, sach a
4.5m/s, the turbine can produceV/ W or more power, however the machine converter system
can’t deliver this power because of the limitation of coteecurrent and voltage. If we assume
that the turbine rotational speed is controlled correciyhe tidal current speed, MAP mode
is better than CP mode because of the power production. Hoymeause the maximum power
achieved by this control mode is bigger theW 17/, the generator should have the capability to
operated in over-rated condition.
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Figure 2.34 — Power curve for MAP and MSLCP

Fig. 2.35 shows the efficiency curves of the generator “A’ whés operated in MAP mode
and MSLCP mode in FW region. The figure shows that MAP mode htsrhedficiency than
MSLCP in majority speed range of flux weakening region. It $tidne addressed that better
efficiency dose not mean smaller losses here. Because thenadotal harnessed power is
bigger than constant rated power. Fig. 2.36 shows the madbsgses in FW region with the
control mode of MAP and MSLCP. The iron losses of MAP mode is iImbigger than that of
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MSLCP mode. The copper loss will not change in FW region for MA&e because it always
operated at the current limit.

Two FW mode efficiency comparison
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Figure 2.35 — Efficiency comparison of MAP and MSLCP
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Figure 2.36 — Machine losses in FW region of MAP and MSLCP

2.7 Generators “A’ and “B” cost performance comparison:
MSL control in MPPT and MSLCP in FW region

In the last section, it has discussed the efficiency evaiuio different control strategies.
MSL control strategy can obtained the best system efficiemdPPT and FW region (CP
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mode). The results show that the system can't fulfill the clete range of CP control if the
converter size are too small. In order to have full range t@rigpower control, the converter
size should big enough to have CPSR equal.m(%) for generator “A’. The converter size
has very strong influence to the system cost and efficienog(éslly for FW region). In this
section, the generator “A” and “B” full speed range efficierarg compared. Each generator
has its own converter size (voltage and current limitatidrije voltage limitation are the same
(690 phase to phase RMS value) for the two generator. Thentuimatations are calculated to
have full CP mode operation for each generator. Those cgregatthe minimum value to have
CPSR equal t@.92($3%).

From the Eq.2.127, it shows there are freedom of current aftdge combination to ob-
tained the needed CPSR. Normally, in renewable energy MW raygfem, converter with
690V phase to phase RMS value is commonly used [80]. Thereforevalkege limit is fixed
to 563V (\/5%). Then the needed current limits are shown as Table. 2.18.s&me process
is applied to generator “B”. The parameters of generator “Bshiswn in Table. 2.9. It should
be noted that generator “B” ha$: lower efficiency at rated speed than generator “A’. We get
the converter size for generator “B” as Table. 2.11 shown.h&snductance of generator “B”
is ImH less than generator “A’, in order to obtain the same CPSR, theecter should be
bigger than that of generator “A’. We applied MSL to the twageator for full tidal speed
range. For selected converter and machine system, MSL aslldetter efficiency than others
control strategies. Fig. 2.37 shows the efficiency curveheftivo generators. Generator “A’
is the machine which has maximum efficiency at rated opegaimdition through preliminary
design. However, in the MPPT region, it has smaller efficyaih@n the generator “B”. In the
FW region, the efficiency generator “B” is smaller than getara’.

Symbol | Description Value
UVpro Outer stator magnet flux linkage6.261Wb
Vpmi Inner stator magnet flux linkage 5.85W b

Lg,, Ly, | Outer statodg-axisinductance | 5.72mH
Lgi, Ly | Inner statodg-axisinductance | 5.77mH

R0 Outer stator resistance 0.042¢2
R Inner stator resistance 0.044Q
P Pole pair 40

Table 2.9 — Control parameters of generator “B”

Stator | Viae (V) | Lnaz(A) | Seonv(VA) | Cost )€
0 563 758 6.4e5 7.7
[ 563 681 5.75e5 72

Table 2.10 — Converter size to have complete CP range for gené&a S..,,, are the minimum
apparent needed to have full range MSLCP control.
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Stator | Viae (V) | Lnaz(A) | Seonv(VA) | Cost )€
0 563 891 7.5e5 86.8
i 563 801 6.76e5 80.7

Table 2.11 — Converter size to have complete CP range for gen&a. S, are the minimum
apparent needed to have full range MSLCP control.
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Figure 2.37 — Generator “A’ and “B” efficiency comparison

From the efficiency curve, it is difficult to decide which maehis better. For a tidal farm
which the majority time of one year is low speed tidal curregénerator “B” may be a better
solution for totally energy output of one year. The genearatst of “B” machine i23k€less
than generator “A” shown in Fig. 2.7. However, the cost ofwasters for “B” machine is
18k€more than that for generator “A’. That means the total systest of generator “B” is less
bk€than the cost of generator “A” system. Therefore, througthiiminary design, the generator
which has maximum efficiency at rated operating conditioy bea less cost effective solution.
In order to find a cost effective solution for a specific tidalr, the generator design should
take into consideration the generator cost, converter, tiolsti current speed frequency into
consideration to find cost effective solution [81]. In thein€hapter, an optimization generator
design process will be presented which takes control glyat#SL and MSLCP, tidal speed
frequency, converter cost into consideration for a full g@tor converter system operation
circle. The objectives focus on maximizing the annual epergput and minimizing the system
cost to improve the cost effective performance of tidal gpeystem.

2.8 Summary

In this chapter, firstly, an analytical preliminary generadesign model is developed at the
rated power condition. The external diameter of the geoeiatfixed at3m. Then, all the
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generator parameters varies with the bore radiysdepending on the fixed experience rules,
such as the thickness of yoke equals363; of the pole pitch and air gap length equals to
2R,,/500. The generator efficiency, cost, inductance and temperaaniation are illustrated
with the the variation of bore radiuB,,. The active part cost and length of machine will
decrease with the increasing Bf,. Therefore, the biggeR,, will result higher torque active
mass density and higher torque volume density. Howevernvihe generator?,, is bigger
than a certain value, the generator efficiency decreaseplghdn order to comply with the
thermal limitation, R,, can’t be chosen too big or too small. In additional, bigges leads
the generator slot height and width ratio smaller. As a cgueece, the inductance of machine
will decrease withR,,. For direct drive fixed pitch tidal current turbine, flux weakng control

is normally used to limit the turbine power when the operaspeed is higher the rated value.
Therefore, the flux weakening capability of machine showdaken into consideration. That
means the inductance of machine should be selected propedysmall inductance needs big
size of converter to have enough flux weakening capability.

Secondly, the generator mathematical model is developdd-teference. The most com-
mon vector current control strategies both in MPPT and F\Wbregre explained in detail. Then
the control strategies are applied to the generator “A” Whias maximum efficiency at rated
power. In the MPPT region, MSL always has better efficien@ntbther control strategies.
MSL strategy with constant power called MSLCP seems also thémost appropriate one for
FW region.

Thirdly, performances of generator “A” and another one hgui’ lower efficiency at rated
power are compared using MSL strategy. In MPPT region, geoetB” has better efficiency
while in FW region generator “A’ is better. Therefore, desaygenerator which has maximum
efficiency at the rated power may not be good solution for #alée speed operation system
such as tidal energy system. Furthermore, machine desmgricstake full consideration of the
converter cost and flux weakening capability for tidal caotrenergy application. In addition,
in order to finally design an effective generator-convestyetem for a specific tidal current site,
the tidal current speed frequency should be included in thehine design process.

In the follow chapter, the Particular Swarm Optimizatios(® algorithm is used to design
a generator converter system which takes the tidal speeddney into consideration for a
specific tidal current site. The generator will be alwaysrafed with MSL control strategy
to improve the system efficiency and the generator conveystem has capability to provide
the needed CPSR. The subject is to design the generator amsgstem which produce the
energy with optimal system cost.



Joint optimization of DSCRPMG and
converter for a specific tidal current
energy farm

3.1 Introduction

Conventional machine design method is based on the experretes of manufacturers.
The designers start by heuristically selecting values oflnime parameters, and then follow
an iterative tuning process trying to achieve design olwest Through the “try” process, it is
difficult and time consuming to find an optimal set of machimsign parameters which has
high efficiency, low cost and suitable flux weakening capgbilln addition, designing the
generator for nominal operation condition may not be endadimd the high cost performance
machine because the generator will not be operated at nboaindition in the majority time of
its life circle for tidal current energy system. From thet lelsapter discussion, it is known that
the converter can also influence the design of generatoraifh@f this chapter is to present a
method for tidal current energy generator optimizationgietaking into account the converter
and tidal speed frequency to improve the performance ofléwrecal conversion chains.

For a given tidal farm site, the average tidal current speadbe predicted in long term.
Therefore, the tidal current speed frequency is obtainedhHEdal current speed value has its
corresponding turbine rotational speed and torque to eeWHPT and power limitation (FW).
That means the generator operation time for each tidal cusgeed and torque is known for
one year. Knowing the system efficiency, the system annwabgroutput can be calculated.

109
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Figure 3.1 — Turbine operating points

The tidal current speed is discretized iftg,, operation points between the cut in speed and cut
out speed. Then the fixed pitch turbine operation points esshbwn in Fig. 3.1. The generator
operation point can also be formulated as below:

Operation point = (i;, v;)turbine(t;, T}, wp,;) (3.1)

JE[L;Npts]

wheret; is the operation point operating time in one yegr.7; andw,, ; are the tidal current
speed, mechanical torque and mechanical rotational speegérating poinj respectively.

Generator optimization design is a compromise processsassied in chapter 2. In many
situation the objectives of the design conflict with one aeat For example the high power
density and low magnet volume [82]. One specification ca@’inbproved without decreasing
other performances. The complex relationship between meosetrical parameters makes the
generator optimal design become a multi-objectives ogation problem. Some optimization
algorithms are well applied to multi-objectives machinsige problems, for example Genetic
Algorithm (GA) and Particle Swarm Optimization (PSO) [88].this chapter, the DSCRPMG
is optimized combining with the tidal operating point anahttol strategy to provide a high cost
performance tidal energy generator converter systemisolutn this thesis report, the PSO
algorithm is used to realize the generator multi-objestigptimization. The two stators are
parallel connected to the DC bus with two rectifiers, see EitR.
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3.2 Optimization objectives variables and constraints

Every optimization problem comprise of three parts: one oitirobjectives, a set vari-
ables, and constraints. For a randomly set of variable saline objective functions can be
calculated. Through comparing the objective values foundifierent sets of variables (min-
imum or maximum), the optimal set of variables are found. Takulation process should
satisfy the constraints posed by mechanical, magnetic l@cstr@nic phenomenons in machine
optimization problem.

A generalized formulation of an multi-objectives optintina problem is expressed as fol-
lowing [84, 85]:

/ - -

fi(z)
x
Min F(z) = f2§ )
x
Problem Lful@), (3.2)
hj(z) =0 j=1---.m
xr = [1'1,1'2,"' 7$n]
R R k=1,---,n

\

F(z) is the objectives vector and there d@rebjective functions elements inside. Objective
functions depend on the unknown parametersz is an dimension vector containing the
unknown parameters of the problem model. Each unknown peteasican be chosen between
their corresponding minimum and maximum range. In elegtrengineering, the unknown
parameters can be both physical quantities (apparent pavderction, magnetic field...) and
design parameters (machine geometrical dimensions, nuailterns...). g, and h; are the
inequality and equality constraints respectively which ogpresent the desired performances,
such as system efficiency, power factor, temperature...

Pareto front curves represent the best approach to analylseaijective optimization prob-
lems [82, 86, 87]. It is formed by the set of Pareto optimaldidates and it also reflects the
fact that it is not possible to reduce one of the objectivecfiom without increasing another
objective. Pareto front curve is the best achievable com@®between the objective functions
f1 and f2 according to the given specification. An examplearek front for two objectivesf{
and f,) is shown in Fig. 3.2 where the circles represent Paretongbipoints. The cross point
represents a solution which is not a Pareto optimal soluioce it is dominated by six circles.
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Figure 3.2 — Example of Pareto front optimal points (repnése: by circles) and a dominated
point (represented by a cross).

3.2.1 Objectives
Fopj1: Maximize annual energy output

For a selected tidal current energy site, the average tide¢iot speed is predictable. Based
on the tidal current speed profile, the direct drive genersystem operating point for one
turbine characteristic can be decided. Each operating,pihi@ generator needed torque, ro-
tational speed and working time are known. The power haeaebyg turbine will transfer to
the electrical conversion chain through the shaft conaectiThe machine converter system
will unavoidable to result some losses. The losses inclagper losses, iron losses and con-
verter losses (generator side). The mechanical lossesghected in our optimization model.
Only the generator side converter losses are taken intademasion. Therefore, the delivered
electrical power for operating poiritcan be expressed as:

Pelec,j - Ewm,j - Pcu,j - -Piron,j - Pcom),j (33)

As the two stators are parallel connected to two convertieedpsses of convertér.,,,, ; is the
total loss of the two converters. Every turbine operatinigpaas its operating time. Therefore,
the rest energy which is transferred to DC bus in one year eagxpressed by the following

equation:
Npts

FObjl : Eelec = Z Pelec,jtj (34)
=1

The output energy quantity will directly influence the betsedif a tidal current energy project.
Logically, the first objective is to maximize the annual gyeoutput.
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Fopj2: Minimize machine and converter cost

Tidal current energy has been claimed as an attractive arahtafjeous resource for power
generation in comparison with other renewable resourcesalits predictable and high power
density characteristics. However, the investment of tmaher plant construction is much
higher than wind power even though some tidal projects hieady reached a relatively ma-
ture stage in the last decade. Therefore, reduce the systestinent cost is a valuable research
subject for tidal plant projects. In this thesis report, ti@chine, machine supporting structure
and converter cost are considered. Based on the generatamoawverter cost model Eq.2.79
and Eq.2.80 in last chapter, the total electrical converskain investment can be expressed as:

FObj2 : C'TGC’ = Cgenerator + Cstructure + Cconvo + Ccom)i (35)

whereC,,,.,, andC,,,,; are the cost of converter for outer and inner stator resgEgtiCrqc

Is the total cost of the system. Minimizing the generator@maerter system cost is the second
design objective of the optimizatiof,;, ... IS the cost of machine supporting structure which
can be approximately expressed as the equation below:

1 De:rt 3 L 3

Cstructure = §Cstr,ref (m + Lref

(3.6)

This machine supporting structure cost equation was pexpbyg the doctor A.Grauers in 1996
[47] and cited by some paper [88,89] . Itis rare to find mackingporting structure cost model
in literature. Of course, this machine supporting struettost equation is only an approximate
model and it is firstly applied to conventional single stat@chine. Some times the real cost
of machine supporting structure is uncountable, for examwhen the machine diameter is
above the maximum possible completely transportable yélneeds to assemble the pieces at
the local offshore site of tidal energy farm. However, ttostomodel has its reasonable aspect
that the structure cost and manufacturing difficulty wiltiease in relation with the machine
diameter and length. Itis logical to add the machine stmgotost into the optimization model.
It should be noted that the supporting structure cost isosicdered in the machine preliminary
design stage in last chaptef.y,,.; is the reference cost of structuré,.; and L,.; are the
reference machine structure diameter and length. In te®slC;, ,.; = 20000€, D,.;r = 2m
andL,.r = 1m are applied [47].

Final objective 1 Fi;; rinai1: Maximize revenue for 20 years

The investment cost and energy is a trade off problem. Thénmaconverter system can’t
be optimized in one dimension (cost) without worsen in aeoflenergy). There are set of
possible candidate solutions known as Pareto front optmlakion. Choosing the final design
solution from the Pareto front is a compromise task betwéendesign objectives. In this
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thesis, it is assumed that the tidal current speed will repeery year for a 20-years period.
Using the candidate solution points in Pareto front, themeee for 20 years can be analyzed by
post-calculation. It is also assumed that the turbine €gst,... is 1M<€ [89] and the price of
electricity (decided by electricity company like EDF) wilbt change for 20 years. Then, the
revenue can be calculated as:

Fobj,finall : Rrevenue = 2O-EelecPpm’ce/kI/Vh - CTGC - Cturbme (37)

There is a maximum revenue design solution in Pareto franalllfigures of this Chapter, the
red point refers to the maximum revenue design solution.

Final objective 2 F; fina2: Minimum cost energy ratio €/kWh

Minimizing per kW h cost is another generally used method to decide the finajulesiu-
tion from the Pareto front which is defined as:

o CTG’C + Cturbine

Eelec (38)

Fobj,final? . Ratio

It is also an important index to evaluate the cost perforraanaenewable energy system
design [90-92]. Another final design solution choosingeeidtis given out which the candidate
generator results in minimum cost energy ratio. Minimumt @gergy ratio means best cost
performance. In all figures of this Chapter, the magenta pefats to the minimum cost energy
ratio design solution.

3.2.2 Variables

In generator preliminary design process, some assumpbiomachine geometry relation-
ship have been taken such as the power ratio between theatweo ahd the thickness of yoke.
In this Chapter, those parameters will be optimized. Fig.shdws the generator geometries
except the length of machine. The machine external raliissfixed asl.5m. Then the other
geometries are design variables. Table. 3.1 lists all tsegdevariables together. The variables
design range are also indicated in this table.

The lower limit of power percentage of outer statgris 0.5 because of that normally the
outer stator is bigger than inner stator. For the pole pargisle, even number is taken in the
variable range because it is assumed that the number ofelqigte per phase: equals to
1.25. In order to avoid the non-integer number of slots, the palesmumber should be an even
number. The geometry parameters vary continuously betieeoptimization range.

It should be addressed that the conductor number in oneNslgt, and N,; in our op-
timization process is not integer. It is considered the wigd are connected in series. Non-
integer number of conductor is impossible realize. Howetlds problem can be adjusted
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Table 3.1 — Optimization parameters.

Symbol | Description Region Unit
kq Rated power percentage of outer stator [0.5;0.99]] -

P Pole pairs [2;200] -

ky Teeth open ratio [0.2;0.8] | -

R, Outer stator bore radius [0.515] | m
Pyokeo Thickness of outer stator yoke [0.1;,50] | em
Resioto Height of outer stator slot [0.1;50] | em

lg Airgap length [1;50] mm
P Thickness of magnet [1;50] mm
h., Thickness of cup rotor [0.1;200] | cm
Pyokei Thickness of inner stator yoke [0.1;,50] | em
Resioti Height of inner stator slot [0.1;50] | em

L Active machine length [0.01,5] | m
Ngioto Conductor number in one outer slot [0.1;30;] | -
Noti Conductor number in one inner slot [0.1;30] |-
Seonvo | Apparent power of the power converter for outer statf@.01;,5] | MV A
Seonvi Apparent power of the power converter for inner stat§0.01;5] | MV A

through post calculation with changing losses and indwetarhich is illustrated in Appendix. C.
The converter apparent power is also a parameter to be @ptimiThe machine phase to
phase RMS voltage is fixed 6901. As consequence, the rated current can be calculated with

the converter apparent power value. Therefore, the voltaggtion and the current limitation

are:

Viatedr = 22

rate - \/g 3 9
Sconvk ( . )
3Vratedk

Iratedk =

The apparent power is the image of the converter cost anshitiiadlicates the power deliver
capability. Hence, this parameter is very important to binuped.

3.2.3 Constraints

The generator optimization design problem is based on dgtarah model. The optimiza-
tion algorithm randomly generate a set variable parameatetise variable range. This ran-
domly set of parameters may not be realizable because of ¢ésdanical or electrical limita-
tion. Sometimes the limitation could be because the saiutieestment is too high and it is no
longer reasonable. In order to reduce the variable seaedtespome constraints are introduced
to obtain the realizable solution.

Total cost constraint

The total cost of the electrical conversion chain is limitBeécause the system is no longer
interesting for investment when the total cost exceed aitevalue. The limit value is fixed as
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1M=E:
Crae < 1M€ (3.10)

Geometry constraints

The physical geometries constraint can guarantee the maoptimization design solutions
are realizable. The sum of outer stator bore radius, thekoéyoke and height of slot should
not surpass the external radius:

Rso + hyokeo + hsloto S R (311)

The radius of shaft should be bigger than a certain values V&lue is fixed as zero. In fact,
the radius of shaft can not be too small. However, it is redilfffcult to give out a real precise
value of this limit. This constraint is expressed as follow:

Rshaft = Rso - hr - 2(lg + hm) - hyokei - hsloti

Rshaft 2 0

(3.12)

Furthermore, we also added the constraint of the ratio etvleickness of yoke and pole
pitch. This constraint can ensure that the calculation of density in yoke will be not totally
wrong. In the mathematical analysis design model, we assoat¢he flux linkage in the yoke
is half of the total flux linkage of one pole pitch. If the thiekss of yoke is too big, the flux
density near the surface of machine is almbdtiowever, the flux density in the side near slots
Is much bigger thaf. Therefore, the iron losses model is no longer correct. deioto reduce
the iron losses, the algorithm tends to relatively incraagethickness of yoke to reduce the
flux density especially for the inner stator. Increasingttiiekness of inner stator will decrease
the inner stator average yoke flux density with only incneg$he material of core and without
changing the other performance. Approximately, this atdan is formulated as:

hyokeo S Tpo

(3.13)

hyokei S Tpi

In magnetic point of view, the smaller air gap length is befive the flux circuit. However, the
air gap length can not be too small because of manufactucegsand the running vibration.
The minimum air gap length is expressed with the relationaséladius as follow:

[ > 2Rso

3.14
7= 500 ( )
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Magnetic constraints

1. Saturation
The magnetic field is created by the magnet and the armaturentun a permanent
magnet machine. The different machine part has differegimeifield. For every type of
core material there is a maximum flux density limitation. Betbis limitation value, the
flux density will remain in the linear domain. The core pertigty will decrease sharply
when the magnetic field surpass this value. For the core ty$p@0Nb0A, the saturation
of flux density is1.47'. This constraint can be express as follow:

Y operation poin§, B,; < 1.4T (3.15)

wherezx represent different parts of the generator. In our genenadalel, the flux density
Is verified in five zones Fig. 2.1: the outer stator teeth, lostiEtor yoke, cup shape rotor,
inner stator teeth and inner stator yoke. The generatoreptsents will change with
the operating point. Therefore, it should guarantee thaalfcoperating point, there are
no resultant flux density saturation come out.

2. Demagnetization

The demagnetization phenomenon of the permanent magnatseimarkable problem
in permanent magnet machine application. The irreversibleagnetization of PM can
reduces or sets to zero the flux density of PM, so as to causketbgoration of the ma-
chine’s performance. Hence, the machine designer shouify ¥ieat the machine can
be operated with no risk when it works normally or even in sleocuit condition. The
magnet demagnetization is usually caused by high temperand high reverse arma-
ture flux density. In short circuit condition, all the phaserent is used to weak the
flux. Therefore, the demagnetization constraint are espesn terms of flux density
amplitude created by the stator short circuit current:

A

Barmo,SC’ S Beo - Bd (3 16)

Barmi,SC S Beo - Bd

Where Bqymo.sc @nd By,misc are the armature flux density under the Short Circuit (SC)
condition. The SC current amplitude can be expressé”@;‘as The red curve in Fig. 2.20
shows the demagnetizing current IimBmmo,SC and Barmi,sc are calculated as follow
[89]:

A

_ 34%pPmoNo _ po
BarmO,SC T 2w Lso 2p lgefothm (3 17)

» ) _ 34%pnmi Ny po
Bm‘mz,SC T 27w Lsi 2plgefithm

B, depends on the remanent flux dendity intrinsic coercive fieldd. and the magnetic
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permeability..p), and is given by:
Bq = B, — ppapH. (3.18)

The values of3,, H. andu.py; are decided by the treated magnet. Their values are given
in Table. 2.1.

Electrical constraints

In the last chapter, the converter current and voltageditioih circles which are introduced
by the converter have been discussed. As the convertereagg@ower is an optimal variable
parameter, the current limitation will change with the ajgpé& power. Those constraints are
made to ensure that the design solution of generator camg&rstem will have the capability
to deliver the power for every operation point. The voltagd aurrent limitation principle are
shown in Fig. 2.20 and they can be formulated as:

o \Vos + Vaos < V2Vratedo
vV operation point, 7 ’ (3.19)
\/ U?li,j + vgi,j < V2V, uteai

i . \/ Zgoj + i?]o,j S \/Elratedo
vV operation point, ’ (3.20)
\/ igi,j + ZZ@'J S ﬂ[ratedi

In addition, in order to achieve constant power control ix fikeakening region, the con-
straints of CPSR are added for inner and outer stator. It @sghat the generator converter
system has the capability of constant power control for tagimum needed speed of turbine.
This constraint is expressed as follow:

CPSR, > &mem
i bose (3.21)

CPSR; > @meem

Wm, base

The calculation of” PSR, andC PSR; are shown in Eq.2.127.

Winding temperature constraint

High temperature can cause various consequences, sucbwessible aging of insulation,
part or full loss of magnetization of the magnets. For thessons, the temperature rise (rel-
ative to ambient) must be forced to be below a limit value. Arthal model is presented in
Chapter 2. The heating will be calculated based on the coppkiran losses. In the ther-
mal model, the winding temperature is always higher thanirtbre temperature. Therefore,
we will formulate this constraint with the temperature imding. The thermal standard Class
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F (155°C) is adopted. The ambient temperature is considered eq@aP . The maximum
winding temperature should be lower thEsb°C for inner and outer stator:

Tho < 155°C
(3.22)

T..; < 155°C

3.3 Optimization implementation

Fig. 3.3 shows the flow chart of the machine and converteesyshulti-objectives opti-
mization process. Firstly, the machine geometries andertevapparent power are randomly
generated in the region of their corresponding upper andiddoundary. Those randomly gen-
erated parameters may not be realizable from the mechgroaal of view. The optimization
algorithm will then regenerate another set value of thealdeis. Once the parameters satisfy
the geometry constraints, the machine parameters can @@atald such as inductance, flux,
mass.... From the generator active mass and convertereaqpgmower, the cost of the system
can be calculated. The machine is controlled with MSL cdrstirategy which has discussed in
the Chapter 2 for a certain turbine torque speed profile asrshowig. 3.1. For each operating
point j, theg-axiscurrent reference, can be obtained from the the needed torque. Then, the
d-axis current reference, will be found by using the MSL control strategy. Then the elec
trical, magnetic and thermal constraints will be verifieflndt all the operation points satisfy
the constraints, the optimization algorithm will generat®ther set of machine and converter
parameters once again. If all the operation points satlsfyconstraints, it means that gen-
erator with this set of parameters is realizable and swtétnl controlling this torque speed
profile. The efficiency can be calculated for every operagiomts. As tidal current speed is
predictable, the operating point work timgis known. Therefore, the energy for one year can
be calculated. The annual energy is treated as the firsttolgedhe algorithm will stop when
it reaches a predefined stopping criteria which, normadhgimply the maximum number of
allowed iterations. The maximum number of iteration shandure the optimization achieve
good convergence. After a certain value of iteration, th@idate Pareto front is obtained.

The number of particles in one swarm should be properly ahogebig swarm size will
generate variables in large scale of the search space for ibeation. If the allowed number
of iteration is fixed, large number of particles will achiewgood optimization result. On the
contrary, big size of particles increase the calculatiomglexity per iteration, therefore, more
time needed for the same iteration. Theoretically, big sizewarm and bigger number of
iteration will obtained more precise results if the time vgitable. However, in reality, after
a certain size of swarm and a suitable number of iteratiooutaion, the result will have
an acceptable convergence. The size of swarm and numbarafidn can be treated as an
optimization sensibility.
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Optimization parameters %

Table.3.1
Geometry constraints No
satisfied?
Yes
Inductance, Flux, Mass
rated ---
Optimal 74 for minimum system loss
for each operating point
YV operating point 7j, Vi < Viated
(Tj,wm,j) I] < Irated
Constraints B; < By
N iterations
Operating point Efficency for each operating
time ¢, point 77;
N LS
4ﬁ2j53 Tjwm,jnjit;
A J
Energy for one year Unreachable | Unrealizable
Cost &Y Y operating point| Machine
Objectives Constraints
Multi-objective Optimazation

Algorithm

v

Parato Front

Figure 3.3 — Optimization flow chat

The most frequently used algorithms for multi-objectiveimization are Non-dominated
Sorting Genetic Algorithm (NSGAII) and Multiple Objectivearticle Swarm Optimization
(MOPSO). From the comparing research done before, it shosmtdMOPSO outperforms NS-
GAIl in many complex problem optimization. MOPSO has notyosthorter convergence time
but also higher precision [89,93,94]. The MOPSO programsigarwhich is used in this thesis
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was implemented in Matlab by Doctor J. Aubry [89].
The principle of Particle Swarm Optimization is detaileddjppendix. B.
Some assumptions should be also emphasized in optimizdggign process:

— Two stators phase wingdings are star connected and indept#y connected to the DC-
bus, line to line effective voltagé = 690V.

— Total rated powef’,, = 1MW

— Rated rotational speed= 21.5rpm.

— Number of phase in each statpe 3.

— Number of slot per pole per phase= 1.25.
— Slot fill factor k; = 0.65 [43].

— External stator radiug = 1.5m.

— The outer and inner PMs thickness are identical. The outgfirsner air gap length also
have the same value.

— Iron type M400-50A (saturation flux densit§, = 1.47) is used. Neodymium-Iron-
Boron Magnets type is N35SH, = 1.147 @80°C. Intrinsic coercive forceH, =
876k A/m.

— Iron lamination factor or stacking factdf-. = 0.97. Normally it is betweer0.95 and
1 [44].

— Generator design and control are only based on the fundafhfix density harmonic.

Comparing to the assumption in preliminary design stageptiveer factor becomes a re-
sult obtained by the optimization variable parameigr,,. Teeth open ratid; also become
an optimization variable parameter. The experience pree@fiules, such as .. = 0.37,,
h, = 2hyek and Bg = 0.87, are no longer applied in the optimization process. In féise
parameters becomes optimization variable parameterssattseof optimization variable pa-
rameters.

3.4 Results analysis

3.4.1 Optimization parameters variation

The constant parameters used in the optimization procestharsame as in preliminary
design stage which are shown in Table. 2.1. This set of pdaeamare treated as reference
parameters. The swarm size is fixed to 1000 and the numbegrafidn is 1500. In order to
guarantee a good convergence, the algorithm will run th@mes and then th&0 times results
are merged into one final result. The following presentectteafronts are the final merged
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result. The analytical design model is verified by Finiteragat Analysis (FEA) method and it
Is discussed in Appendix. C.

Fig. 3.4 shows the Pareto front of the two objectives and &direme solution generator
shapes are also illustrated. In Fig. 3.4(a), the initialtobst varies with annual energy output.
Every point in the Pareto front is one set of machine conveststem parameter or called can-
didate design solution. This figure illustrate that the ¢dag design solution is a compromise
result between the energy output and the investment. Irothehergy output region, the total
initial cost is also relatively low and vice versa. The cdstagys increase with the increasing of
annual energy output. The annual energy output can be sexlealot without increasing too
much of initial cost in the low energy region. However, in thigh energy output region, the
total initial cost increases much quicker than the annuaignoutput. From the discussion, it
is known that higher energy output means higher initial eost the increasing relationship is
not linear. It seems like that in the low annual energy outpgion it prefers to increase a little
cost to increase a lot annual energy output. In high enertpubvegion, the increase of annual
energy can’t overcome the increase of initial cost.

The performance of generator “A” and “B” which has been disedsin Chapter 2 are also
plotted in this figure. Using the parameters of those two genes, the annual energy output
and investment cost can be calculated. The control strd#sly is adopted in the full tidal
speed range for the two generators. Those two generatooaoptimal solutions. It confirms
that generator “A’” which has maximum efficiency at rated poias worse performance than
the generator “B” which has% lower efficiency at rated power than generator “A’. Genarato
“A’is 5000€ (+1.3%) more expensive antD000kTW h (—0.8%) less annual energy output than
generator “B”. It also proves that it is difficult to find a co$teetive generator solution with
designing generator only at rated power condition. Foralde speed generator application,
rated power and rated speed is only one operation point. €.t dificiency generator for
one point, usually, may not produce best energy output ®istim of all the operating points.
Because the generator will not operate at rated conditiomt jai the majority time for direct
drive tidal energy application.

The four extreme design solutions in the Pareto front haweséime external diameters and
are represented in detail. poles part are shown for each solution. From the shape oéthos
machines, it can be seen that different design solutions ery different shape. The machine
length are also very different, however they can’t be ilagd in2D picture. Some important
parameters (more outer stator parameters) of the fourieotuaire given in the Table. 3.2 to
help us to understand the machine shape. The lowest endugipsdas bigger number of pole
pairs. Therefore, there are much more slots than the othes #olutions.

The final design solutio ;. rinen and Fy; rinaz @re shown with red point and magenta
point respectively in all result figures in this chapter. $balesign solutions are decided by the
final objective function Eqg.3.7 and Eq.3.8 respectively.
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Symbol Lowest cost| Fup; finai2 | Fovj,finan | Max Eejec
D 54 44 22 12
Ryo(m) 1.415 1.390 1.251 1.150
L(m) 0.517 0.626 1.040 2.307
hyokeo(TiIML) 17 20 36.8 73.5
hsioto(mim) 63.5 86 208.4 272
hy(mm) 31 38 65 82
Seonvo(MV A) 0.6 0.62 0.67 2.96
T/Mass(N.m/kg) 62.9 39.3 12.2 4.24
T/Volume(kN.m/m?) 121.6 100.5 60.4 27.2

Table 3.2 — The parameter changes of the lowest cost sol{fficaditional dimensioning gen-
erator”), Fyp; finai2: MiNimMum cost energy ratiol',y; rinq1: Maximum revenue solution and
maximum energy solution.

It is assumed that the price of electricity gé# i (0.14€/kW k) will not change for the 20
years and the tidal current annual energy output is the sanaxéry year. The 20 years revenue
variation with the two objectives are plotted as shown in Bi§. From the figure, it can be seen
that there is best combination of annual energy output aitidlicost to obtain maximum 20
years revenue. From the benefit point of view, the maximunnggraesign solution will not get
the maximum revenue. The low investment may result the sawmsue as the high investment.
It is very interesting to analysis the Fig. 3.5(b). For evexy initial cost solution (the left side
of the maximum 20years revenue point), there is a higherdmsgn solution to get the same
revenue. The benefit is a major concern for companies, hémeelesign solution of the right
side of after the red point are no longer interesting for streent any more. Because they need
much more investment to get the same revenue.
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(a) Evolution of 20 years revenue vs. annual energy oyb) Evolution of 20 years revenue vs. initial total cost
put

5.4 5.5 5.6
Annual energy output (KWh)

Figure 3.5 — Final objective 1: Evolution of 20 years reversieobjectives. Red point: max-
imize the 20 years revenue design solution; Magenta poimtinmum cost energy ratio design
solution.

Fig. 3.6 shows the variation df,; rina2 With the energy output and the investment. It is
assumed that thé€';,,.+:,. €equals taM<€. It shows that there is not so much variation of the
cost energy ratio when the output energy is betw&8nx 10°kWh and5.65 x 10kWh. It
is around0.225€/kW h. When the output energy is very high, it increase sharply iz af
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the increasing in the initial total cost. From Fig. 3.6(lbzan be seen that the cost energy ratio
increases almost linear with the initial total cost.

o
o

I
i

o
w
a

o
w
A

Cost energy ratio (Euro/kWh)
o
w
—
Cost energy ratio (Euro/kWh)
o

0.25 0.25 \-/'/
0.2 0.2
5.3 5.4 55 56 5.7 2 4 6 8 10
Annual energy output (kWh) % 10° Initial total cost(Euro) % 10°

(a) Evolution of cost energy rati€/kWh vs. annual (b) Evolution of cost energy rati€/kWh vs. initial
energy output total cost

Figure 3.6 — Final objective 2: Cost energy ra@gkWWh vs. objectives. Red point: maxi-
mize the 20 years revenue design solution; Magenta poimntinmim cost energy ratio design
solution.

The Fig. 3.7 to 3.9 present the evolution of all the optim@atparameters varying with
function of the objectives. Every optimization parameteplotted with annual energy output
(left side) and the initial cost (right side). It is not so gas justify clearly the changing of
all optimization variables along the Pareto front. Becaugeoptimization problem is strongly
coupled with the tidal current speed, turbine characierigienerator and converter models.
Hence, it is really difficult to interpret all the optimizati parameters variation. However, we
can select some important parameter to analysis. The thseaeation caused by the discrete
pole pair variation.

The outer stator power percentagevaries between 0.54 and 0.61 which confirms that it is
reasonable to design a double stator machine with bigged yaawer for outer stator than that
of inner stator. Otherwise, the cooling of inner stator wéla headache problem.

The pole pair number decreases with the annual energy aantpig. 3.7(c). As the nominal
torque is fixed by the turbine, and the machine torque vanyiitiyy p> L or R? L [95], decreasing
pole pair will cause increasing of machine length. Incregsif machine lengti. will leads to
decreasing of machine bore radifls,. Those relationship are confirmed by the optimization
results. The pole pair number varies between 12 and 54. Tée ratational speed &l .5rpm.
The corresponding rated frequency is betwé&d = and19.35H z. In the high energy output
region, the pole pairs number is relatively low which may epasproblem of the converter
commutation frequency. Typically, the lowest machine apeg frequency is aroundH z.
Below 5H z, the converter commutation output current harmonics casec#orque pulsations
problem [96]. It means that the cut in speed operation frequehould be higher thai¥ z. In
this thesis report, in order to see clearly the optimizatianation, the limit constraint of pole
pair is not applied. The cut in turbine rotational speetli6rpm. It leads to the minimum pole
pairs should be 36 to achieve the frequency limitation wihiehoperating frequency should be
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Figure 3.7 — Evolution of optimization parametéss p, k, andR,, vs. the two objectives. Red
point: maximize the 20 years revenue design solution; M&gpaint: minimum cost energy
ratio design solution.

higher tharb H z. Allin all, if the 5H z constraint is used, the high energy region where the pole
pair number is lower than 36 can'’t be selected.

The thickness of yoke of inner stator increases sharply enhigh energy output region
which is shown in Fig. 3.8(a) and Fig. 3.8(b). From the heatgfer point of view, it is better to
have smaller inner yoke thickness. Form the efficiency paiiniew, it is better to increase the
inner stator yoke thickness to decrease the flux density ke.ydhrough decreasing the yoke
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Figure 3.8 — Evolution of optimization parametérs.., andhyokei, Rsioto ANAhgiori, g @aNAA,,
vs. the two objectives. Red point: maximize the 20 years n@@atesign solution; Magenta
point: minimum cost energy ratio design solution.

flux density, the power efficiency can be increased even thss mfyoke is also increased. In
the optimization process, increasing the inner yoke theskns the final solution to increase the
annual energy output. The length of generator also incdeaske heat transfer surface will
not have too much change comparing to the machine which hakesrimner yoke thickness.
Therefore, if the cost and winding temperature don't redwhrtlimit, increasing the inner
stator thickness is good solution to increase the geneeffioiency. For the yoke thickness of
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outer stator, it is not preferable to increase this thickrtesncrease the annual energy output.
Because increasing the out stator yoke thickness will Idagl®ore radius decreasing. Hence,
the outer yoke thickness can't increase in the same shapthkkinner stator.

The height of inner slot is bigger than that of the outer statioich is shown in Fig. 3.8(c)
and Fig. 3.8(d). It leads to a bigger inner inductance thadtance of outer stator. As the
rated power of inner stator is smaller than rated power cérogtator, the apparent power of the
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inner stator will be smaller than the outer stator. For threimand outer stator converter, rated
phase to phase voltages are fixed%tl”. Therefore, inner stator has smaller rated current limit
circle. The CPSR for the two stator should be bigger tﬁg&;ﬂ which is 2.92 in our case.
From the Eq.2.127, it can be deduced that the algorithm tenlsve a bigger inductance value
for a smaller current to satisfy the CPSR constraint.

The air gap length almost has the same evolution shape asrhedalius, see Fig. 3.8(e) and
Fig. 3.7(g). Theoretically, the air gap length should bemaalkas possible. In our optimization
model, a mechanical constraint of the air gap length is asddech varies with the bore radius
R,, as Eq.3.14 expressed. The magnet thickness is slighthebthgn the air gap length. The
ratio between the magnet thickness and air gap lerigflii() varies between 1.3 and 1.6. For
a given length of air gap, the magnet flux density increasg serall with the increasing of
magnet thickness. That means we increase the cost of maghettincreasing too much of
flux density. The magnet thickness also is influenced by ttie of magnet width and pole
pitch 5. Bigger magnet width and pole pitch ratiocan decrease the magnet thickness.

Table. 3.3 summarized some important parameters varidtioaeveals the variation trends
between those parameters. The investment cost increadetheriannual energy output. De-
creasing pole pair number can increase the energy outpuwtievdw, the machine length will
increase when the pole pair number is decreased. The optimiachines are big and heavy in
the high energy output range. As a consequence, they aragxpe

Parameters Range and Trend
Energy output (MWh) 5293 7 5726
Investments (&) 209.4 1000
Power percentagl 0.54 ~ 0.61
Pole pairp 54 N\ 12
Bore radiusR,,(m) 1.415 N\ 1.150
LengthL(m) 0.517 ~2.307
B /1, 1.3~ 16
Rotor thickness:,.(mm) 31,782
Seonvo( MV A) 0.6 7 2.96
T/Mass(N.m/kg) 62.9 \, 4.24
T /Volume(kN.m/m?) 121.6 \, 27.2

Table 3.3 — Summarize of the optimized parameters varidtends

3.4.2 External parameters variation

In this section, the evolution of the generator magnetctebnics performance parameters
for the design candidate solutions will be discussed inildesach as the torque active mass
density, torque volume density, annual energy losses, afasiaterial, winding temperature.
Those parameters can be used to verify the design solutrongh comparing the order of
magnitude with the design standards in literature [10,4248, 50, 63,97-100].
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Figure 3.10 — Evolution of no load fundamental peak air gap dlensity vs. objectives. Red
point: maximize the 20 years revenue design solution; M&gpaint: minimum cost energy
ratio design solution.

Fig. 3.10 shows the evolution of the fundamental peak air fj@p density. The value
between0.657 ~ 0.857 is quit often selected in machine design. In the analyticatimme
design model, this value influenced by air gap length magnet thickness,,, and Carter’s
factor for a given magnet material type, see equations frqrd.E0 to EQ.2.15. The maximum
revenue design solution has the peak flux density arowi’; the minimum cost pekWh
design solution has the peak flux density arolricb7. Those value are very close to the
standard value8.87 ~ 1.057 for surface mounted PM machine design [42].

Fig. 3.11 shows the evolution of generator active mass ahgmna torque active mass
density and volume density. The mass and volume increasethgtannual energy output and
the initial total cost. The mass of the generator varies betwton and104ton. Mass below
20ton will be achieved for the majority energy output range. Thawuyegenerators are no
longer interesting for investment in the higher energy autpgion. As it is discussed before,
the design solutions after the red point can never be goadison$ because the same revenue
can be obtained with the solutions before the red point. dfbee, the possible generator mass
is below36ton. If the region with higher investment than the red point i$ cansidered, the
torqgue mass density varies betweeWN.m/kg and63N.m/kg. The order of magnitude for
generator mass and volume are reasonable comparing toltheegigen out in the literature
for MW range machine [10,97,98]. The mass of maximum revelasggn solution is 3 times
of the minimum perkWWh cost design solution3Gton vs 11ton). Although bigger mass has
higher efficiency, it also caused some indirect investmaith as higher cost of transportation
and installation. Compare to wind energy generator, thetditioin of generator mass will be
smaller for tidal energy generator because the generasobisierged in the water and buoyant
materials are usually used for auxiliary system. It doeseéd to hoist the generator up to the
top of tower. The main limitation is that it needs to desigrirarsggy enough support structure
to fix the generator. It is difficult to chose an optimal maehfrom the Pareto front because
there are a lot indirect investment values. The choice shoegult from a global technical
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economical compromise in relation with the industrial earment.

The generator volume varies betwegfim? and7.4m?3 (red point). The torque volume
density can achieve betweéfkN.m/m? and 120k N.m/m?. The torque volume density is
slightly higher comparing with value in literature whichasound35 ~ 70kN.m/m? for tra-
ditional single stator generator with external diametarads|to3m [10,97]. It confirms that
double stator generator has the advantage of higher torgjuene density than single stator
generator. In the final section of this chapter, the detatgarison between the double stator
PM generator and traditional single stator PM generatdrbeiimade.

Fig. 3.12 shows the maximum winding temperature for eacldidate design solution. For
a generator-converter solution system, each operatingitoam in torque speed profile there is
one temperature in winding. Through comparing the winderggerature for every operating
points, the maximum winding temperature is obtained. Ugutide maximum winding tem-
perature is achieved when the generator-converter sygtenated at the rated point condition.
The winding temperature decreases with the annual enewgrpocreasing. The decreasing of
winding temperature is caused by increasing the surfaceaifthansfer and decreasing of the
power losses. The winding temperatures of maximum reveasigu solution are arours2°C'
both in outer and inner stator. And for the minimum cost pBfh design solution, the maxi-
mum winding temperature of outer stator and inner statoB2i€' and66°C respectively. For
the design solutions with low cost, the maximum operationdivig temperature is relatively
higher than the high cost design solution. Low cost mearssitegterial used to design the ma-
chine. All the design solution will be operated for the samete speed profile. Therefore,
much less material machine is almost unavoidable to havéiesmaanding temperature for the
same heat transfer coefficient. The inner stator windingtature is not a problem for double
stator machine design as the inner stator power is smaberdhter stator. Although the heat
transfer surface for outer stator is bigger than inner stdie outer stator winding temperature
is slightly bigger than inner one. This is because the totalgy losses of outer stator is also
much bigger than that of inner stator. The high cost desigutisa has less losses and bigger
heat transfer surface than lower cost machine. It leaddatvwely low winding temperature for
the higher energy output solutions.

The lowest investment design solution has maximum wind#ngperature. It can be called
“Traditional dimensioning generator” because designiograpact machine is usually the target
in traditional machine design. This machine has the adgantdthat it has less mass, smaller
volume.

Itis a really a complex task to build a very precise thermatleloBecause the characteristic
of the used iron material type and isolation paper also vattytve temperature. Furthermore, it
is not so easy to calculated the real heat transfer surfatkeat transfer coefficient. Therefore,
the product of linear current load(kA/m) and current density (A/m?) is used to evaluate
the reasonable machine design for different cooling sys{é®]. For example, for indirect air
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Figure 3.11 — Evolution of generator active mass and torgassndensity, volume and torque
volume density vs. objectives. Red point: maximize the 20yeavenue design solution;
Magenta point: minimum cost energy ratio design solution.


Images/Chap3/Divers/active_mass_VS_obj1.eps
Images/Chap3/Divers/active_mass_VS_obj2.eps
Images/Chap3/Divers/torque_mass_density_VS_obj1.eps
Images/Chap3/Divers/torque_mass_density_VS_obj2.eps
Images/Chap3/Divers/volume_VS_obj1.eps
Images/Chap3/Divers/volume_VS_obj2.eps
Images/Chap3/Divers/torque_volume_density_VS_obj1.eps
Images/Chap3/Divers/torque_volume_density_VS_obj2.eps

3.4. RESULTS ANALYSIS 133

[
[=]
o

[
o
o

08 - Outer stator QG » Outer stator
> Inner stator > Inner stator
2 150r s 2 1505
g g \
5 100 g 100-%
g g :\
2 50 2 sop---
£ £ s
3 i 3 i i ;
2 G 1 2 02 1 1 J
5.3 5.4 5.5 5.6 5.7 4 6 10
Annual energy output (kWh) % 10° Initial total cost (Euro) % 10°
(a) Evolution of max operating winding temperature &) Evolution of max operating winding temperature vs.
annual energy output initial total cost

Figure 3.12 — Evolution of max winding temperature vs. otiyes. Red point: maximize the
20 years revenue design solution; Magenta point: minimush eoergy ratio design solution.

1011 1011
5 - Outer stator 9 - Outer stator
4 By e . Inner stator A Inner stator
o :
2 3 —— “C 3 “
s W &~
< > <
g i g |
< o \\L % .\
1 Foom, 1A%
\\‘ \*—. e
0 5.3 5.4 5.5 5.6 5.7 C2 4 " 6 8 10
Annual energy output (KWh) x 10° Initial total cost (Euro) X 10°
(a) Evolution ofA x J vs. annual energy output (b) Evolution of A x J vs. initial total cost

Figure 3.13 — Evolution oA x J vs. objectives. Red point: maximize the 20 years revenue
design solution; Magenta point: minimum cost energy raéisigih solution.

cooling system, the design range of the prodddf A%/m?) for surface mounted PM machine
is 1.05 x 10M(A?/m3) ~ 4 x 10'1(A%/m?). Fig. 3.13 shows the evolution of the/(A?/m?)

for every design candidate solution. The order of magniisda the normal design region.
In the high cost region, the value dfJ is lower than1.05 x 10" (A?/m3). That's because
the machine is really big and heavy, the current densityedesas shapely. Compare the figure
Fig. 3.12 and Fig. 3.13, they have the same shape of varyang tit confirms that the product
of linear current load! and current density is another important index of the machine thermal
performance. This value could be a more useful index to ewaltne machine thermal perfor-
mance than the thermal model. Because the thermal model iglev@nd depends on a lot of
parameters and assumptions. On the contrary, the vialus easy to calculated.

Fig. 3.14 shows the evolution of annual energy losses anaehefficiency. From the annual
energy losses figure, it can be seen that the converter lbsses’t too much variation. The
converter losses have strong relationship with the terhvioléage, current and power factor.
The maximum terminal line to line voltage is fixéd0V. The high energy high cost solution
has bigger converter apparent power. Therefore, the mawiowrent is bigger than low cost
solution. However, the power factor will decrease with theréasing of converter apparent
power. Hence, the converter losses don’t vary so strong.cbpper loss decrease with the in-
creasing of the cost. In the low annual energy low cost regiopper loss is the most important
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Figure 3.14 — Evolution of annual power losses and annualefity vs. objectives. Red point:
maximize the 20 years revenue design solution; Magentat:poimimum cost energy ratio
design solution.

part loss. The converter energy loss is bigger or equal todhesnergy loss.

The ratio between copper energy losses and iron energyslésséhe lowest investment
solution (“Traditional dimensioning generator”), minimwost perkW h solution o, rinaiz).
and maximum 20 years revenue design soluti&p;(r...1) are 32, 11 and 2 respectively. The
copper losses is always much bigger than iron losses. If maatesign is based on one oper-
ating point, for example the rated power point, the maximdiigiency generator is obtained
when the copper losses is equal to iron losses. However, Wigegenerator is optimized with
all the operating points, it seems that the optimal machiiidoe achieved with higher copper
losses than iron losses. It confirms that copper loss is datednin MW range generator wind
or tidal energy application [49, 50, 98, 99].

The evolution of annual efficiency is also plotted as Fig4&)and Fig. 3.14(d) shown. The
annual energy efficiency is almost linear increasing withahnual energy output. That doesn’t
means we can increase the annual efficiency through inagets annual energy output. From
efficiency vs. cost figure, we can see thé®o is almost the efficiency limit for this tidal energy
site. In the high cost region, the annual energy efficiencyease slightly when we increase
the total cost. It is not reasonable to increase very smadlieficy with double or triple the
investment.

The ratio betweerl,I,,;.q and the magnet flux linkagep,, is an import parameter to
evaluate the flux weakening capability [63]. It is also adlfer unit reactanceX(,,). Bigger
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X, means the machine has higher capability for flux weakeningeWiK),, is equal or bigger
thanl, theoretically, the machine can achieve infinite speedatjuar if there is no mechanical
loss. WhenX,,, is smaller tharl, there exist a maximum speed that the generator can’t peoduc
any power. The maximum operation speed is calculated by ¢z E31. This ratio parameter
should be designed normally smaller ti2aio avoid to big size of converter [47,100]. Fig. 3.15
shows the evolution of this value for all candidate desidatgmn. Comparing this figure with
Fig. 3.9(g) and Fig. 3.9(h), it is confirmed that the ratiovben L/, .;.q andp,, has strong
linear increase relationship with the converter apparemign. Bigger ratio betweenh,/,  ;cq
andy p,, is better for flux weakening and worse for converter costislh means the system has
very bad power factor. This ratio value is a compromise daeegult. This value can be chosen
around).8 to get a good compromise afd is ratio of the majority annual energy output range
as shown in the Fig. 3.15. When this ratio is about 0.8, one eanegsonable converter cost,
power factor, efficiency and flux weakening capability.
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Figure 3.15 — Evolution of ;7,4 t0 ©p,, ratio vs. objectives. Red point: maximize the 20
years revenue design solution; Magenta point: minimum eostgy ratio design solution.
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Figure 3.16 — Evolution of different part cost vs. objecsiv®ed point: maximize the 20 years
revenue design solution; Magenta point: minimum cost gnetjo design solution.

Fig. 3.16 shows the different part cost of the system. Theewar cost is almost constant
in the majority energy range. In the high energy output negibe converter cost increase
shapely because of the converter apparent power incredduegoptimization algorithm prefer
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the system has the possible minimum converter size to deerise cost and to satisfy the
constraints, such as the flux weakening capability. In tlgh l@nergy high cost region, the
program will search the possible solution to increase theibenergy output and the cost is
will unavoidable increased. As it has been discussed betoegyenerator volume and the mass
increase with the energy output. Therefore, the generatmeamaterial cost and structure cost
increase with energy output increasing.

Table. 3.4 compares the optimization results with theiresponding values in literature.
The corresponding values are obtained with conventiomgleistator PM machine. The or-
der of magnitude of the optimization results and their cspomding values are very close. It
confirms that the optimized generators are acceptable. drhgeid volume density is much
higher than the corresponding value in literature. It is ohthe most important advantages of
DSCRPMG. The comparison between DSCRPMG and single stator PMSie&wmphasized
at the end of this Chapter.

Parameters Design Result Range Literature Range Notes
Peak flux densityf?g () 0.755 ~ 0.83 0.8 ~ 1.05[42] PM surface mounted
T/Mass(N.m/kg) 12 ~ 62.9 30 ~ 70 [10,97,98] Diameter3m
T /V olume(kN.m/m?) 60 ~ 120 35 ~ 70[10,97] Diameter3m
A x J(x101 A% /m?) 0.5~ 4.2 1.05 ~ 4 [42] Indirect air cooling

Table 3.4 — Comparison between the optimization results heu torresponding values in
literature.

3.5 Sensibility analysis

3.5.1 Sensibility of machine external radius

The reference external generator radius is sét@as. This value is approximately selected
from the products for MW range of generator manufacture @ he Switch [101]. In
order to figure out the influence of different external diaen¢d the generator optimization,
we increase the external radius 2 times of the referenceisafli = 3m. Fig. 3.17 shows
some parameters comparison between the refer&nee 1.5m optimization andR = 3m.
Fig. 3.17(a) is the Pareto front comparison between the piionization situation. Before the
annual output energy.71 x 10°kWh, in order to obtain the same annual energy output, The
design solutions withk = 3m will cost much more expensive than the referefice 1.5m. It
is better to design machine with smaller radius. In the hgt cegion, for the same investment,
machine with bigger radius will produce more energy. Biggatius machine has stronger
capability to harness the energy. Then, the Pareto frortowitthe cost of the structure is
plotted as shown in Fig. 3.17(b). This figure indicates thggér stator radius has always
better performance than smaller radius generator if the afogenerator supporting structure
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Figure 3.17 — Sensibility comparison between externalisli= 1.5m andR = 3m

is not considered. Comparing between Fig. 3.17(a) and F1g(18), the cost of structure has
big influence on the machine design selection. The strucinseis around 8% of the initial
total cost for the referencB = 1.5m optimization. Therefore, it is very important to take the
structure cost into consideration to see the sensibilithefimachine external radius.

The increasing of external radius will leads to bigger gatwrouter stator bore radiug,,.
As it has been discussed before, bigger bore radius macllireawse smaller machine length.
Smaller length needs more pole pair to produce the sameeorfjuose sensibility variations
are confirmed by Fig. 3.17(c) and Fig. 3.17(d). In fact, thejde active mass density and
machine torque volume density f& = 3m machine design solution are bigger thar= 1.5m
as Fig. 3.17(e) and Fig. 3.17(f) shown. That's because whemurease the machine radius
2 times, the length of machine will decrease around 4 timesbtain the same torque. The
machine torque has positive relationship witll, or R2L [95].

From the above discussion, it is a little strange that a nmechith smaller mass and smaller
volume may result a higher supporting structure cost. Tlaig be the drawback of the structure
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cost model cost we used. However, it’s really difficult toegout a machine structure cost model
suitable for different radius. In total, it can be concludkdt bigger external radius machine
can have better efficiency than smaller external radius macfhe torque active mass density
and torque volume density are bigger for bigger externalugdhachine. If the supporting
structure cost is not considered, bigger diameter genegobetter solution. However, it can
be envisaged that bigger diameter could not always be lodttece. Therefore, it is reasonable
to introduce the supporting structure cost model in thenogaaition process.

3.5.2 Sensibility of core material type

There are many kinds of core type which are use to machinderBift core type has its
own characteristics, such as specific loss and magneticasiatu level. In order to research
the influence of different core type for machine optimizattesign solutions, the generator is
optimized with core type M800-65A which has bigger specifissl coefficient than the core
type M400-50A. The same curve fitting method is used to finddke coefficient as it has been
done for M400-50A.

SURA M800-65A

19 o 50Hz datasheet points [ Tt ottt R N .

— P/M = (0.00041688 f2 + 0.038815 f) B2,
;

Losses (W/kg)

; ! M400-50A }
! 50Hz dategheet point and

PIM=(0.00019293f++0.021631f)B

i i i i i i i i j
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Peak flux density (T)

Figure 3.18 — SURA-M800-65A loss curve fitting

Fig. 3.18 shows the curve fitting of the core type M800-65Anirthe manufacture data
sheet. The loss coefficients for M800-65A are found.as= 0.00041688W/(kg.T* H~*) and
kn, = 0.038815W/(kg.T*.Hz). Those two values are almost double times of that of core type
M400-50A (.. = 0.00019293W/(kg.T?.Hz?) andk;, = 0.021631W/(kg.T*.Hz)). Compar-
ing to core type M400-50A, M800-65A may cause higher irorsé&ssbecause of that it has
higher loss coefficients.

Fig. 3.19 shows the optimization result comparison betwkenwo core types. Blue curve
the reference with obtained with M400-50A and greed curabtained with M800-65A. From
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Figure 3.19 — Sensibility comparison between core type M&RA and M400-50A

the Pareto front comparison, it is known that there is almodtifference for optimization de-
sign in low energy output region from the point of investmant energy output. However,
for the high cost high energy region, optimization with coype M400-50A can have better
energy output for the same investment. Fig. 3.19(b) showsrtaterial used for the two ma-
terial optimization. The magnet mass have not so much difiez between the two core type
optimization. However, the iron mass and copper mass hadgiffiggence in the region of high
energy output. The iron mass and copper mass of M800-65A dypéeavier than that of
optimization for M400-50A. When the core loss coefficient igger, in order to have better
efficiency, the algorithm tends to decrease the pole pairbaurto decrease the electrical fre-
quency and finally to decrease the iron losses. The irondassxlel is based on frequency,
material mass and flux density. Decreasing the frequenciéitter effect for reducing the iron
loss than decreasing the material mass because the ir@s lloas square relationship with fre-
quency for eddy current loss part. Smaller number of polespaill lead to bigger length of
machine. Those are confirmed by Fig. 3.19(c) and Fig. 3.19(d¢ annual iron energy losses
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and copper energy losses are also plotted in Fig. 3.19(efF@n@.19(f). Iron energy losses is
always higher when the core material with higher loss caefiids used. As the iron losses is
already bigger, the optimization program will try to find teetsolution which can decrease the
copper loss. The bore radidg, of M800-65A design solutions will smaller than M400-50A
design solution in the bigger length region. Smaller bodkumand smaller number of slots
will lead to a bigger slot surface. The current density widtcease and hence, the copper losses
decrease even the mass of copper increase. The convedes gl also decrease as it has
strong relationship with the current. The length incregeihM800-65A leads to a heavier and
more expensive machine.

In conclusion, generator optimization design with higloess| coefficient core type will not
have too much difference from the cost and energy point of wiethe low investment and
low energy output region. However, if the investment is éaegiough and the project needs to
maximize the energy output, it is better to chose a core rna&teith smaller loss coefficient.

3.5.3 Sensibility of material unit price: Magnet, Core and Copper

The machine design investment highly dependents on theptiné of the active material
(iron, magnet, copper). However, their prices are alwaygudhting with market.

The magnet price (Neodymium Metal) begun to rise since Jg2@09 and achieved its
peak price in March 2011 (from 30%g to 470%/ kg). Then the price fallen down to 808y in
the year 2014 and shown stability since 2014. Magnet métdrased on Rare Earth material
compositions have seen significant cost increases overlgtélyears due to the mismatch
between supply and demand for the basic raw materials, atiiption quotas imposed by the
Chinese government [102].

Copper has traded between about 6 /&4$and 8.38%kg since the start of 2013. That's
still a big drop from its record of 10.14%¢ reached in April 2011 [103]. In 2015, the price of
copper stay stable around 6.6%$.

Electrical silicon steel sheet price varies between 0/62&nd 1.06$kg in the last 5 years
[104,105]. This price is the cold rolled raw material pride.July 2015, this price is about
0.62% kg.

In this thesis, the reference price of magnet, copper, ire3@€/kg, 6€/kg and3€/kg
respectively. The exchange rate between dollar and eur®1si® July 2015. The used magnet
price is smaller than the magnet market price in 2015. Thd rea price is much bigger than
the market. Copper price is coincident with the market pridewever, the price sensibility
result shows that the material price will not influence thehiae dimensioning. The material
price difference will not cause the machine material massigb.

In order to clearly see the difference influence caused byematprice variation of the
market, the price of materials are increased 5 times for eaeh One of the magnet, copper
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Figure 3.20 — Sensibility comparison between differentamat unit price

and iron price is changed to compare with the reference mbfeice. Magnet price between
30€/kg and150€/kg, copper price betweet€ / kg and30€/kg and iron price betweedE / kg
and15€/kg are compared.

Fig. 3.20 shows the comparison results. The left side figareshe Pareto Front of the
different material price optimization and the right sideufigs are the mass evolution of materi-
als. When the price of materials increase 5 times, the indtal cost will increase to obtained
the same annual energy output. However, from the materiasroamparison in the right side
figures, the price deference will not cause to much magng@iperoand iron mass variation.
It means that the increased initial total cost are just chlbgethe increased material specific
unit price. It indicates that the machine geometry optitnazais “robust” and the price of the
materials are not so important for the machine geometryropdition.
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3.5.4 Sensibility of heat exchange coefficient

It is not easy to obtain the precise heat exchange coeffikietccording to the heat trans-
fer theory, the following ranges of heat transfer coeffitseior natural and forced convection
can be obtained Table. 3.5 [50, 106]. For different coolipgtesm, there is a heat exchange
coefficient range.

Mode Heat exchange coefficientW.m 2. K1)
Air, free convection Upto 15

Air, forced convection 50-300

Hydrogen gas, forced convectiorn00-1500

Oll, forced convection 500-2000

Water, forced convection 5000-20000

Water, boiling 2840-57000

Steam, condensing 5680-113000

Table 3.5 — Typical values of convection heat exchange oeffis.

In the reference optimization design procéssis assumed as00(W.m 2. K~1). In order
to research the influence caused by different heat excharefgoent value for the optimiza-
tion, h,. is changed t@00(W.m=2.K~!). The comparison of the optimization results of the
two heat exchange coefficients are shown in Fig. 3.21. Thet®#&mont of the two heat ex-
change coefficients are almost coincidént= 200(W.m~2.K ~*) has more low annual energy
output solutions thak,. = 100(1W.m 2K ') as the red ellipse region shown. Bigger heat
exchange coefficient has better capability to evacuate ¢aé hrherefore, good cooling sys-
tem permit the generator has more power losses. Logicalyeibcooling system will have
higher cost. However, because there is no cost model ofr@pslystem in our optimization
model, the variation of heat exchange coefficients will jafluences the design possible so-
lution region. Bigger heat exchange coefficient value o@anon can obtain lower annual
energy output region. It means the generator can be desigoneel compact for better cool-
ing system. Fig. 3.21(b) indicates the maximum winding apen temperature is smaller for
h. = 200(W.m~2.K~'). In fact, the power losses and heat transfer surface areathe for
optimization withi, = 100(W.m~2.K ') andh, = 200(W.m~2. K ') when their Pareto front
are coincident. Heat exchange coefficient just influences$t annual energy output solution
where the winding temperature constraint is achieved.

Table. 3.6 illustrates the sensibility index of the somestant parameters (external radius
R, core type, active material unit price and heat transfeffictent 4.). The two optimization
objectives are very sensible to the external radiu8igger R is better for generator efficiency.
However, the supporting structure cost will increase whedds to the initial investment in-
crease. Different core type has different specific coredoswefficient. Therefore, the energy
output is sensible to the core type. The active material pnie have very small influence to
the energy output. The total cost will be directly influenceldwever, in fact, the mass of each
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Figure 3.21 — Sensibility comparison between different legahange coefficient
active material is almost not changed. The heat transfdficeat /. has smallest sensibility

to the two objectives. Bigger,. leads to more compact machine and less efficient generagor. A
the cost model has no relationship with the initial investments are almost not influenced.

Sensibility index

Parameters Energy output Investment

External diameteR

Core type
Material unit price (PM, Cu, Iron ¢
Heat exchange coefficient ¢ ¢

Table 3.6 — Sensibility index of external diametey core type, material unit price and heat
exchange coefficierit..

3.6 Single stator and double stator PM generator compari-
son

In this section, a conventional single stator generator YEYlis optimized to replace the
double stator generator to extract the tidal current enérggn, the cost performance between
single stator generator and the double stator generatoniapt before are compared. The
three phase winding of the single stator are connected tgeinaf back to back converter. The
optimization process is the same as double stator optimizafThe tidal current speed and
frequency, turbine power curve characteristics and MSLirobistrategy are also introduced
into the optimization process. The objectives are also timeial energy output and the system
cost. The needed constant parameter (such as the rategejattn be found in Table. 2.1.

Single stator generator structure is different with dowtédor generator, therefore, the op-
timization variable parameters will be different. Fig. 3 2hows the structure of conventional
single stator PM generator. The external radius is equé& te 1.5m which is the same as
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the double stator generator. The structure of single stagmhine is simpler than double stator
machine. Hence, the optimization variable parametersheilless than double stator genera-
tor. Table. 3.7 shows the variable parameters and theimagtion range. There are totally 11

parameters to be optimized. The machine phase to phase RM§&dd also keep &0V .

Table 3.7 — Single stator generator optimization pararaeter

Symbol | Description Region | Unit
P Pole pairs [2;200] | -

ky Teeth open ratio [0.2;0.8] | -

R, Stator bore radius [0.51.5] | m
Pyoke Thickness of stator yoke [0.1,50] | em
Rsior Height of stator slot [0.1;,50] | em
ly Airgap length [1;50] mm
[, Thickness of magnet [1;50] mm
h.. Thickness of rotor [0.1;100] | cm
L Active machine length [0.01;5] | m
Ngot Conductor number in one slot [0.1;30] | -

S conw Apparent power of the power convertef0.01;,5] | MV A

The constraints are similar to the constraints which we deediouble stator generator
optimization, such as mechanic, electrical, magnetic ttaims. For all the operating point in
full tidal current speed range, the single stator machioelkshnot have magnet saturation come

out and have the full capability of flux weakening.
Fig. 3.23 show some interesting comparison between sitgiersand double stator gener-

ator optimization design. From the Pareto front curve Fig3@&), it is know that single stator
generator needs slightly less investment than doublersjateerator design for the same an-
nual energy output. That’s because double stator need material to build the generator. In
another words, double stator machine is heavier than sgtgter machine for the same energy
output. Then, the evolution of the torque active mass degmsitthe two type generator are
shown in Fig. 3.23(b). It confirms that single stator ger@raptimization evolution has higher
torgue active mass density. However, the torque volumeityeslution, we find that double
stator has much more better torque volume density thanesstgtor generator as Fig. 3.23(c)
shown. The torque volume density of double stator geneiataround65% more than that
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of single stator for the majority energy output region. Ighienergy high cost design solu-
tion region, the double stator generator torque volumetisols are slightly bigger than single
stator. However, this design region is no longer a cost gffesolution for renewable energy
application. The torque active mass density of double stigorease approximatelys than
single stator for the same energy output design solution.
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Figure 3.23 — Double stator and single stator PM generatim@ation evolution comparison.

Generally, DSCRPMG has much higher torque volume density shrgte stator PM gen-
erator which is aroun@5% higher. However, DSCRPMG is arounf; heavier than single
stator generator. That indicates double stator machinerig imteresting for the applications
which has strict volume limitation. For instance, eledtigehicle application [107]. For high
MW range wind energy application, generator mass beconeesm#tin limitation. For this high
MW wind energy application, double stator machine is no &arge a better solution compar-
ing to single stator machine. Because its mass is heaviesthgle stator machine and heavier
machine may cost higher cost of tower or impossible to sughernacelle. However, for tidal
current energy application, double stator PM generatartisol could be a comparative solution
comparing with single stator PM generator. Firstly, thenhigrque volume density can reduce
a lot the current fluid weakening effect [108—110]. High tegcyolume density machine means
the machine has smaller volume for the same output torquevidd energy, the wind flow
can pass easily when the nacelle is very small. When the easellery big, the turbulence
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Figure 3.24 — Ratio between blade diameter and generatoetkarfor wind turbine and tidal
current turbine.

phenomenon will come out. It will reduce the blades kinetiergy and the life time of the
blade. In tidal energy, this weak effect will be more obvitlusn wind energy because the tidal
turbine blade radius is much smaller than wind turbine I8aé&y. 3.24 illustrated the different
turbine blades diameter and generator diameter ratiosifad @nergy and tidal current energy
in a simple way. The water density is 820 times higher thardensity, therefore, the tidal
turbine blade radius is much smaller than wind turbine btadés. As we can see from figure,
the ratio between blade diameter and generator diametetabenergy system is and that of
wind energy system i$8.6. When this ratio value is smaller, the flow weak effect causthby
nacelle is stronger. That means is it is much more interg$tirdesign compact generator for
tidal energy comparing to wind energy [111]. Therefore,llewstator generator is suitable for
tidal energy application to reduce the fluid weak effect amtdulence. Secondly, double stator
machine has higher redundancy than single stator machiitehas two stator which can be
parallel connected to the DC bus. When one stator has prolfenather stator can operated
independently to continually produce the power. Based onwieeadvantages comparing to
single stator machine, double stator generator could befhbpelection for tidal energy ap-
plication. In the next chapter, the system control for thalde stator generator under health
condition and fault condition will be discussed.

3.7 Summary

In this chapter, a multi-objectives DSCRPMG optimizationigesnethod which takes into
account the control strategy, converter losses, operatindition and tidal current frequency is
presented. This method can be also applied to other varsgleled drive system, such as wind
energy and electrical vehicle. The torque speed profile gadating time should be known.
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MSL control strategy and MSLCP control strategy are appliethe MPPT region and FW
region respectively to calculate tdeaxiscurrent reference;. Two objectives are maximizing
the annual energy output and minimizing the initial totadtd@ncluding generator and converter
cost). It is difficult to increase the energy output withautreasing the initial total cost. Multi-
objectives DSCRPMG optimization design method provides afsgénerators solutions with
different energy output and investment which are presemtéorm of Pareto front. The final
generator design choice is strongly depending on the saextteria. For the one which needs
really compact generator, lowest cost and energy outpudrgésr may be a good solution. Two
other choosing criteria are also given which are minimunt pesk 1V 2 and maximum 20 years
revenue.

Comparing to the preliminary machine design, the consideraiare much comprehensive
in optimization design process. In order to draw the Panetotf a multi-objectives Particu-
lar Swarm Optimization algorithm is used to optimize 16 paeters. The machine-converter
model and the control strategy are those presented in ahaptéhe Pareto front is a useful
guide to choose a structure because it gives available @mges between the investment and
the extracted energy. However the choice is not obvious.thie reason why two secondary cri-
teria are defined to choose a particular machine one thecHaoet. The first one,;; finan IS
calculated by the difference between the revenue in 20 yalsosts including the turbine one
estimated td M<€. The second oné:,;; rinq2 IS determined by the ratio of costs and extracted
energy in one year.

Pre-designed machine of chapter 2 are logically dominayeithd optimized Pareto front.
One might think that the best machine is the most compad, vigth poles number and at ther-
mal limit. However things are not so simple. For example,rttaehine chosen with,;; iz
leads to a very slight increase of the investment while theaeted energy is significantly en-
hanced.

Variations of various optimized parameters on Pareto fapatpresented in order to outline
some design rules. For example, the number of pole pair laded between 12 and 54; the
external stator extracts aboiit% of the full power, thep.u. reactance is very close &)%.
Moreover, parameters of inner and outer machines are dmitias

A sensitivity study is achieved on some geometrical paramgtooling characteristic, core
type and costs of active material. For example, it is shovai ithcreasing the outer diameter
results in better annual efficiency but step up the investimethat the active material price has
a minor influence on the dimensioning.

To conclude this chapter, a comparison is realized betweedduble stator machine and a
classical single stator machine. It points out that the tostator machine allows a clean torque
per volume improvement{65%) with for counterpart a slight mass torque diminutienl {%).
The proposed DSCRPMG allows to reduce dimensions of the direa generator and then
to soften its impact on fluid flow. As a matter of fact, contnase to wind power system, the



148 CHAPTER 3. JOINT OPTIMIZATION OF DSCRPMG AND CONVERTER SYSTEM

diameter of direct drive generator is non negligible vsinelsize. Another plus of our machine
Is its natural redundancy and magnetic independence betwger an inner stator.



Control of a DSCRPMG In health and
fault conditions

4.1 Introduction

It has been proved in last chapter that DSCRPMG has much higiere volume density
than single stator PMSG. In this chapter, the study will fyafocus on the control and fault
tolerant performance comparison between PMSG and DSCRPMGrdir to research the
performance of the generators in fault conditions, therobsystem of PMSG and DSCRPMG
for health normal operation condition should be firstly Guil

Fig. 4.1 and Fig. 4.2 shows the PMSG and DSCRPMG tidal energgrsy®pology. For
DSCRPMG system, the two stators are connected in paralletteeime DC-bus. The generator
side and grid side are separated by a back to back conveBerserator side converter control
is used to control the rotational speed to achieve MPPT orHW.grid side converter is used
to control the DC-bus voltage as a constant value to delivéhalgenerator power to the grid.
The grid side control system is the same for the PMSG and DSCRPMG& generator side
control systems are separately designed for the two gemesygdtems.

The generators are modeled with Simscape (Matlab) tooll®imscape provides a pos-
sibility to connect Simulink, Simpowersystem in the sanmadation. It has the advantage of
customizing personal model block. Using Simscape to mdwettachine, the generator or mo-
tor operation mode can be easily changed which only needsatoge the load torque direction
(positive or negative). The initial machine state is alssilgaet up. The DSCRPMG modeling
codes are given in Appendix. D. PMSG and DSCRPMG parametebéaimed from the ma-
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chine optimization and they are the solution which mininttze cost pek W h ratio solution in
chapter 3. The generator parameters and controller pagesneted in the simulation are shown
in Appendix. E.

Open circuit fault is considered in this thesis becausekihid of fault is the most frequently
fault in renewable energy application [112,113]. In ordeavoid losing control, the control
structure should be reconfigured. In literature, four legvester topology is normally used
in PMSM fault tolerant control [114—-116]. However, theyiieased the number of the power
electronics devices. Furthermore, the machine neutraltpsiconnected with the four leg
converter which may cause torque ripple even in health ¢immdil17]. Therefore, the machine
design should reduce electromotive force (emf) zero-serpieomponent as low as possible.
In DSCRPMG fault tolerant control, once one stator has fajltive other stator can be used
to compensate the torque ripple caused by the faulty state.faulty control reconfiguration
of DSCRPMG is between the two stator current loop control systdence, the fault tolerant
control of DSCRPMG will not need the fourth converter leg to mect the neutral point of
machine.

Three fault control strategies are proposed for DSCRPMG sysédl of them have better
fault tolerant performance than single stator PMSG. In otdeobtain fault tolerant control
capability, the generator design and converter selechonld permit big current pass through.
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In the following the fault tolerant performance and phenoorewill be compared and detailed.

4.2 Gird side converter control design

The grid side converter control is focused on the topics: DE€AmItage control, active and
reactive power delivered tor the grid and to ensure the higllity power needed by the grid
codes. The control structure contains two cascaded lo@shaown in Fig. 4.3. The inner
loops control the grid currents or grid power and the outepsocontrol the DC-link voltage
and the reactive power. The current loops are responsilileegbower quality, thus harmonic
compensation can be added to the action of the current dlensrto improve it. The outer loops
regulate the power flow of the system by controlling the &cénd reactive power delivered to
the grid. In tidal or wind energy application, in order tortséer the maximum available power
to the grid from the DC-bus, the voltage of the DC-bus shoulddygrol at a constant value.
Constant DC-bus voltage value can be achieved by directlyalahie voltage or control the
capacitor energy.

By

PG U.. T lf I
_“/\/\/\/_/\/\/\/_
i Ubi
{ﬂ_c 1 2 AN Grid
U.;
Voo By vy SRR
SVPWM \ = Measure
: * Uabc,g and Iabc,g
S dq abc

vy vy

Udg Uqg Idg qu

-
+
5 bl ) f U
, . i d
dq axis current < -~~~

| | .
i references calculationn ' [
| :ﬁ&%LP Eq4.11 it
L _________ | L _____________ |
Outer loop Inner loop

Figure 4.3 — Control structure of the grid side converter
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The grid side model is given by:

Uai d Iag Iag Uag
Ubi = —lfa Ibg — Ty [bg + Ubg (41)
Uci ]cg Icg ch

By applying Park transformation matrik,,..q,0 t0 the two side of the above equation, tigp
axisgrid model can be obtained as:

Iy,
dlyq
at —lyw  —rp] |Lgg

The frequency can be detected using PLL block [118]. Ttie axiscurrent and voltage are

Ui
Ugi

Uig

0, (4.2)

decoupled. This characteristic provides an effective rmdanthe independent control of the
active power and reactive power of the system. The grid sitieeapower and reactive power
can be calculated by the follow equation:

Pg = %(Udy]dg + Uqg]qg) (4.3)
3
2

Qg = (Uqg]dg - Udg]qg)

@), is fixed to zero to achieve unity power factor control. Negawr positive value of
reactive power can be used to obtain leading or lagging ptaegor operation respectively.

The DC-bus power is the power difference between generaterasid grid side. It can be

expressed as:
d 1

%(50‘@26) =FPe—F, (4.4)
whereP, is grid side active powet; is generator side power. The grid side converter losses
are neglected in this model. Since the DC-bus voltage is aotyghe generator power can be

totally transferred to the grid side.

The needed DC-bus voltage reference should be determinadiveitconsideration of the
system transients and possible grid voltage variations f8§sume that when the inverter oper-
ates under the rated conditions, the modulation indgxs 0.8. The DC-bus voltage reference
should be fixed as:

24/3U,; 6
Vie = % - % — 3.06pu (U = 1pu) (4.5)

This value will gives abou20% voltage margin for adjustment during the transients and gri
voltage variations.



4.2. GIRD SIDE CONVERTER CONTROL DESIGN 153

4.2.1 Outer loop control design

The available energy in DC-bus can be expressed as:
1 2
Yde = 501/;1(; (46)

Then, the derivation of this variable will give out the powsdrDC-bus which is the power
difference between the generator side and grid side. ltpsessed by the following equation:

ydc:PG_Pg (47)

The control low given by Eq.4.8 governs the evolution of th@eof energy to obtain an
asymptotic convergence to zeQ = Yacref — Yac)- This equation expresses the principle of
a PI controller. The integral part is introduced to ensum® zgror in the steady state and to
compensate for modeling errors [119].

édc + (2§Wdc)6dc + wﬁc / €de = 0 (48)

wherewy,. represents the desired cutoff frequency of the energy albetr This dynamic is
placed in such a manner to ensure the control objective aabid interaction with the internal
current loops¢ is the damping factor set between 0.7 and 1. By developinghat®n Eq.4.8,
the derivative of the energy can be expressed as follows:

ydc = ydc,ref + (2€wdc)€dc + ch / €de = GPI,dc (49)

Yaerey = 0 because the reference DC-bus voltage is const@pt.,. is the output of the outer
loop PI controller. Since the equations Eq.4.7 and Eqg.4r&2equivalent, the active power
reference is:

Pyrer = Po — Gprac (4.10)

P cane be treated as a disturbance in the point view of confta.reactive power reference
Qe 1S fixed to zero to operate at unity power factor.

For the synthesis alq reference currents of the inner loop, active and reactiveep@re
calculated by the external controller. Thus, by solvingHoe4.3, thedq axisreference current
are given by the following equation:

I — UdagPy,reftUqgQg,res
dore] 203, +U)

I = Uqug,TEJ;_Udeg,TEf
)Te =
19 Q(Udg+Uq29)

(4.11)
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4.2.2 Inner loop control design

For the control of the converter-side currents (inner aurteop), Pl controllers are used.
The control low given by Eq.4.12 governs the evolution of éners of current fodq axisto
obtain an asymptotic convergence to zetg,(= tqgref — tag @NA€igg = Pggres — iqq)-

€idg + (28Wiag)€ig + Wiy, [ €iag =0

(4.12)
€igg T (28Wigq)€idg + Wz‘zqg f €igg = 0
where
. _ dig ,ref dZ_d
eidg - # - dtg (4 13)
é~ — diqymﬁf _ diﬂ
iqg dt dt

It is known that% =0 and‘ﬁqjl—g'“‘ = 0. From Eqg.4.13 and Eq.4.13, it can deduce that:

i
Z{ig = (2€widg)€idg + wi?dg f €idg = Gpr,dg

di (4.14)
# = (2€wiqg)€idg + wizqg f Cigg = GPI,qg

digg diqg
dt dt

Pl controller G pr,q, andGpy 44). wiay @andw,,, represent the desired cutoff frequency of tlae
axiscurrent controller. They are equal;f, = wiq,). £ is the damping factor set between 0.7

and

can be calculated from Eq.4.2. The left side of the two equatare the output of

and 1. Combining with Eq.4.2, the Eq.4.14 can be rewritten as:

n —Ty lfu} Idg
—lpw =rs| |1y

The first part of left side of the above equation are the ouiptite PI controllers by multiplying

Uqg
Uy

Uire G
el =y, | (4.15)

quﬂ“ef GPng

—ly. Infact,Gpr 4, andGp; 44 Can be express with PI controller form:

— K, [e d“’] + K, [f o ] (4.16)
€igg J €iggdlt

Gpr1dg

Gpr.ag

whereK,, = 2{w,q, and K;, = wfdg are the proportional and integrate coefficient of the grid
side converter current Pl controller. It should be notideat the third term in the right-hand
side allows compensating coupling terms between d and q &xgsactice,/; andr; are not
known exactly and may vary during the operation. Howeves,dbupling due to the param-
eters uncertainties are not considered and assume thagffe@ively rejected by the current
controllers. The controller parameters can be tuned by-plaleement technique or directly by
selecting the cutoff frequency;,,. The cutoff frequency for inner current loop should be more
than 10 times bigger than the cutoff frequency of outer gnkergp controller.
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4.2.3 Grid side control simulation results

In order to verify the grid side control, a simple simulatrandel is build in Simulink(Matlab)
as shown in Fig. 4.4. The turbine generator side is modelea dyntrolled current source. A
step source block is used to model the generator power iariathe parameters used in this
simulation are:

— The effective line line voltage and frequency at the cotinagoint: 690V/50Hz;
— The filter parametersy = 1mH, r; = 0.01€;
— The DC-bus capacitoC’ = 20mF

— Controller parameters: Damping rago= 0.707, natural frequency for the outer loop
wqe = 150rad/s, natural frequency for the inner power loeg,, = 2000rad/s.

— The switching frequencyf,,,, = 5kHz.

Figure 4.4 — Grid side control simulink blocks

Fig. 4.5 shows the simulation results. The generator povesteted with a controlled cur-
rent source and it steps froor6 M/ W to 1MW at0.5s. The grid side poweP, follows the gen-
erator power. The grid side power is a little smaller thangbeerator side powe?; because
of the losses of filter. When the generator power is doubledgthd side current also increases
two times. The reactive power always keep at zero to obtainégt power factor control. The
DC-bus voltage reference is fixed as 1200V (decided by Eq.Z1% DC-bus voltag&’,. fol-
lows the reference even the transferred power doubled abort period transition. The grid
side voltage always keep at 690V phase to phase voltage ammithent amplitude is almost
doubled. This figure confirms that the grid side controllexé&l tuned.


Images/Chapter4/gridsidefigure.eps

156 CHAPTER 4. PMSG AND DSCRPMG SYSTEM CONTROL

15 Z
=] (&)

s 2 g
N P -
[ - g Q
% > g 50
& _—_—

0 ‘ S
—~ 04 0.5 0.6 0.7 _
b <
o 1240 =
> e
8 s
S 1220 N <
> c
%) [¢)]
3120 - =
| DC,ref
O o
0 118 ‘ ‘ ‘ ‘ ‘ ‘

4 05 0.6 0.7 0.4 05 0.6 0.7
Time (s) Time (s)

Figure 4.5 — Grid side control simulation results
4.3 Generator side control in normal condition

4.3.1 Control structure of PMSG

The PMSG dynamic model is given in tdg axisframe as follow:

(v _ dly
Va= Rslg+ Lot — welyl,
dl,
‘/q = RSIq -+ Lqﬁ + welgly + wepr (417)
T. = 3plpnly + (Lg — Lg) 141,

(T =T+ J%2 + fun,

The main objective of the generator side control is to obtiaéndesired rotational speed to
achieve the MPPT for direct drive turbine. In order to achithe desired speed, the generator
electrical torque should be controlled. For surface malift® generator, theq axisinduc-
tances are the samé( = L,). The electrical torque is proportional to theaxiscurrent/,.
Therefore, control the torque is finally achieved by cotitnglthe q axiscurrentl,. Fig. 4.6
shows the generator side converter control scheme. A cadaamhtrol structure with an in-
ner current control loop and outer speed control loop is eygal. The speed referencg, .. s
depends on the tidal current speed and turbine charaatsrithed axiscurrent reference is
calculated and dependent on the used control strategiehvahe discussed in the Chapter
In this thesis, MSL is applied to providk ., with a look up table. To have a completely in-
dependent control of the andq axis, it is necessary to add terms of compensation which are
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Tidal current

Minimize system
loss control
(MSL)

Figure 4.6 — Control scheme of PMSG side converter

called decoupling in the figure. PI controllers are used fithtihe speed and current control
loops.

PMSG inner current loop controller design

1. g-axiscurrent controller design
Theqg-axiscurrent controller is firstly designed. This current looplissented as Fig. 4.7.
The rectifier is modeled as a first order transfer funct%) with a time constant

0.5T pwms Tpwm = fp% and wheref,,,,, is the switching frequency [118].

1
Pia T, s 0.5Tpwms+1

Rectifier delay

\

Decoupling Machine equation

Figure 4.7 —g-axiscurrent control loop

The transfer function of Pl controller is:

iqS—i-l

GPI,q<S) = qu T s

(4.18)

where K, : proportional gain of the g-axis current controlldr; : integral time of the
g-axis current controller.
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The machine equation transfer function can be equivalestyesented ag,qf? with

— L =L
K = - andr, = 2.

Then, the open loop transfer functiongéxiscurrent loop is:

Tis+1 1 K

Go(s) = K.
o) = Ky, Ti5  0.5Tpums + 1745 + 1

(4.19)

The dominant pole of the system is compensated by the Pladtamtthrough imposing
time constant of controller equals t9 (73, = 7,). Then, theq axiscurrent open loop
transfer function becomes:

1 1
— K, K
P15 0.5 s + 1

Gog(5) (4.20)

Using the Optimal Modulus (OM) criterion, the proportiorgdin of the PI controller,
K,, , can be calculated [120]. The standard transfer of a secatet system to use OM
criterion is expressed as:

1
e 4.21
Gom(s) 27s(1s + 1) ( )
Comparing Eq.4.20 and Eq.4.21, it finds:
K, K 1
i = 4.22
T; 2,-Z—;ow’rn ( )
Therefore,
T,
K, = —
ba LKTW'" (4.23)
T, = 7
d-axiscurrent controller design

Thed-axiscurrent control loop structure is illustrated as Fig. 4.8.

Iyger+ Ti s+l . | ! v Ig
s iid | 1 - 1
Kp T, s 'x‘ T 05T puwmst1 'x‘ Toik | >
I Y S T —
| 4 I Plant
' [welgd : Rectifier delay [weLgTy :
| |
o I

Figure 4.8 -d-axiscurrent control loop

The d-axiscontrol structure is the same as tip@xiscontrol structure. The decoupling
components are different. However, they don’t influencectiv@roller parameters design.
Using the same method gsaxiscurrent controller design, thd-axiscurrent controller
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parameters can be obtained as follow:

T, =74=%
v (4.24)
K — 1

Pd = KTpwm

In fact, for PM surface mounted generator, as dijeaxisinductance are the same, the
parameters afig-axiscurrent control loop are the same.

The parameters of single stator PMSG and the controllempetexs are shown in the Ap-
pendix. E. Fig. 4.9 shows the Bode diagram of the inner cuwpeh loop. The designed PI
controller leads to a phase margin BM5.5° at 724 H z. Therefore, the inner current loop is

stable.

Bode Diagram
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Figure 4.9 — Bode diagram of tlieaxiscurrent loop

PMSG outer speed loop controller design

The control scheme of the outer speed loop is shown in Fi@. 41} is the load torque

I T.
Wm,ref + K Ty, 511 1 ! 3 ‘+ W 1 wm;
Pw Tiws Tiq5+1 g §p¢PM .“ J8+f g
Wy & - Plant
Current loop delay
L

Figure 4.10 — Speed control loop of PMSG

given by the tidal turbine. The speed loop consists the adsrees follow:

— PI speed controller to cancel the static error of the speed.
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Figure 4.11 — Step response of inner current and speed ttodpof PMSG

— Theq axiscurrent close control loop is modeled as a first order trarfsfection which
equals tomﬁ, where the time constanf, = KT—qK

iiq

— The relationship betweamaxiscurrent and electrical torque.

— The generator mechanical equation transfer function.

The load torqué;, is a disturbance from the point of view of the controller. bntroller
tuning, friction coefficientf is neglected as it is very small. Then, the open speed cdotpl
transfer function can be expressed as:

Ti,s+1 1 1

— 4.25
1,5 Tigs+1 T Js ( )

Gow(s) = Ky,

where Ky = gppr. The Optimum Symmetric Method (OSM) is used to tuning theedpe
loop controller [118,120]. The standard form of the operploansfer function of the Optimum

Symmetric Method is:
KleTIS + Kle
G = 4.26
osm(s) $2(TvTrs + T7) (4.26)

The speed open loop transfer function can be representediaslar transfer function to
the standard OSM transfer function:

Kr Kr
K, T,s+FKp,

4.27
F(rgTos 1 T,) (4.27)

Gow(s) =
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Bode Diagram
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Figure 4.12 — Bode diagram of the speed control loop of PMSG
Using the tuning rule of OSM, the speed PI controller paransetan be obtained:

,-Tiw = 4T1 = 4Tiq
1 (4.28)
K p— p—

1
Pw 2K1Th 2K7JT7—iq

The step response of the speed control loop is shown in Fig. 4Che rising time of the
speed control loop i4.54ms and it is15 times of the inner current loop rising time which is
0.304ms. The current loop response much quickly than the speed I&ag. 4.12 show the
Bode diagram of the speed control open loop. The obtainedrRialter leads to a gain margin
of GM= 23.5(dB) at6850H ~ and a phase margin, PM57.6° at686 H =. Therefore, the speed
close control loop system is stable.

4.3.2 Control structure of DSCRPMG

The DSCRPMG rotational reference frame model is deduced i€tipater2 as Eq.2.96,
EQ.2.98, Eq.2.99 and Eqg.2.100 expressed. The two stateritsamdependerdq axisvoltage
equation. The total electrical torque of the generatorassiiim of the torque produced by the
outer and inner stator. The mechanical equation of the @ostiator generator is the same as
single stator generator.

Fig. 4.13 shows the generator side control system of DSCRPM& o stators are sep-
arately controlled by two set of control systems. Generadtational speed is controlled to
achieve MPPT. Each stator has its own indgraxiscurrent control loop. Five PI controllers
are used in this control system. They are outer speed cdotiplcontroller, outer statof,,
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Figure 4.13 — Control scheme of DSCRPMG side conveltelis the outer stator power per-
centage of the total powet; is the inner stator power percentage of the total power.
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andI,, current controllers and inner statfy; and/,; current controllers. Comparing to single
stator PMSG control scheme Fig. 4.6, the speed control lagptie same structure. The current
control loop structure is also the same as single stator ma&xcept there exists coefficients
k; andk, in the outer and inneg-axis current loop respectively:; andk, represent the power
(or torque) percentage of each stator. They can be exprassed

3
o

ky =
ko =

o

(4.29)

o

Te

The values of; andk, are decided through the machine design. Becausdgaxisinductance
in each stator are equal§, = Ly, L+ = L), thedg-axiscurrent Pl controller are the same
for each stator.

Inner current loop controller design of DSCRPMG

The same tuning method has been taken as we have done fog siaghr PMSG cur-
rent loop controller design before. Therefore, the dethihe current controller design for
DSCRPMG will not be detailed.

1. PI controller for outer stator.
The transfer function of outer stator Pl controllers areregped as below:

GPIdo (8) = Kpdo%
T :;H (4.30)
Gpr,,(s) = Kp,,

igo

S

where,
_ _ Lgo
Edo - qu - Fio
T;
K,, = K,,, = —%—, andK, = =

pqo Koprm - Rcuo '
2. Pl controller for inner stator.

The transfer function of inner stator PI controllers areregped as below:

Ti iS-‘rl
GPIdi(S) = Kpdi ﬁ s
L (4.31)
G ) - K iqi5+
PIqi (S - Dqi Tiqis
where,
_ _ Ly
Ed‘ - Eqi - Rewi®
T ;.
— — *di L — 1
Kpdi - qui T KiTpwm' andKZ T Rewi”

Outer speed loop controller design of DSCRPMG

The speed control loop structure is presented by Fig. 4rilthis$ figure:
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Figure 4.14 — Speed control loop structure of DSCRPMG

T.: Total electrical torque produced by outer and inner stator

Ty Tidal turbine torque.

G(s): The equivalent transfer function outer statpaxis current close control loop. It is

assumed that',,(s) = —+1' wherer,, = KpTd—dK

G4i(s): The equivalent transfer function inner statpixis current close control loop. It is

assumed thak,;(s) =
G(s) is the equivalent transfer function of the two paratieaxis current control loop of

DSCRPMG. It can be expressed as:

wherer,; = = D
+1’ U Kp, K

G(S) = KTquo(S) + KTqui<S) (432)

whereKr, = ki 3pypr, andKr; = kodpihpasi. G(s) can be rewritten as below:

Kro + Krj

G(S): TeeS + 1

(4.33)

Tao K1i+7¢: K10
Kro+Kr;

The turbine torqud’}, is treated as a disturbance for controller design. Thednatoeffi-

wherer,. = 7, + T4 —

cient f is neglected as it is very small. Finally, the transfer fimtf the open speed control
loop of DSCRPMG is obtained:

K 0+K 7 K 0+K 3
T . T K T 5+ T . T Kp
s (1ec L, s + T,)

Gou(s) = (4.34)

Using the tuning rule of OSM, the speed PI controller paransedf DSCRPMG can be

obtained:
T.

Tw

=47,
P . (4.35)

p Kp,+Kp;
w 2 ToJ T’LTec

The step response of current loop and the speed control l@oghawn in Fig. 4.15. The
rising time of the speed control loop TS09ms and it is10.5 times of the inner current loop
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rising time which is0.672ms. The current loop response much quickly than the speed loop.
Fig. 4.16 show the Bode diagram of the speed control open Idbp. obtained PI controller
leads to a gain margin of GM 21.2(dB) at4330H z and a phase margin, PM33.9° at808H .
Therefore, the speed close control loop system is stable.
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Figure 4.15 — Step response of inner current loop and ougstsioop
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Figure 4.16 — Bode diagram of the speed control loop of DSCRPMG
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4.3.3 Simulation results of generator (PMSG and DSCRPMG) side con-
trol in normal conditions

In this section, the generator (PMSG and DSCRPMG) systematgokin constant rated
tidal speed condition2(7m/s) are firstly presented. The corresponding rated generator r
tational speed i21.5rpm and rated torque i8.44M N.m. Then, the generator (PMSG and
DSCRPMG) system performances for variable tidal speed donditre also studied and com-
pared.

Fig. 4.17 and Fig. 4.18 present the simulation results of BMBd DSCRPMG system
under constant tidal speed condition receptively. Compattire two figures, it can be seen
that both single stator PMSG and DSCRPMG system can well falh@ispeed reference and
produce the needed rated torque without oscillations. ©te torque of DSCRPM@., is
produced by the sum of outer stator tordlige and inner stator torqué,;. The inner stator
torque is smaller than the outer stator torqée & k;). Therefore, the inner stator current
amplitude is smaller than outer stator. The phase currdngengle stator PMSG are much
bigger than the currents of outer or inner stator of DSCRPMG.

The results indicate that the parameters of controller ak twned for the two generator
system.
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Figure 4.17 — PMSG in healthy condition
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Figure 4.18 — DSCRPMG in healthy condition

The control verifications of the single stator PMSG and DSCRPiNI@ariable speed con-
dition are shown in Fig. 4.19 and Fig. 4.20 respectively. fithal current speed is modeled as
a oscillation sinusoidal curve. The frequency is aroQr¥d =z which is much bigger than real
tidal current speed frequency. For much slow variationl td@rent energy system, the control
system design has the capability to satisfy the controlgyd&hen tidal speed is bigger the rated
value, the rational speed should be accelerated to keeprtiiae power at the power limitation
(rated power). The torque is decreased in flux weakeningmnedtor generator operation, the
torque and power is negative which means the generatordge®yiower to the grid.
Analysis and comparing the two figures, some conclusion eadrdwn:

— The speed reference is followed very good in the two geoesat

— Itcan be said that there is almost no performance diffexdetween PMSG and DSCRPMG
in health condition.

— The phase currents of single stator PMSG are nearly dowolegbaring to DSCRPMG.
That is because each stator of DSCRPMG provides around hdledbtal rated power
(1MW) and the rated phase voltage is the same for PMSG and DSCRPMG.
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— The difference of power and torque between the generatbtuahine are caused by the

turbine acceleration and deceleration in Fig. 4.19(b) agd4=20(b). When tidal current
speed is lower than the rated val2gm/s, the generator rotational speed increase or
decrease with tidal current speed with the same ratio toeaeHVIPPT control. When
tidal current is bigger thaf.7m/s, the torque of generator will immediately decrease
and then the rotational speed will increase. From the terbiraracteristics, for each tidal
current speed above the rated value, there is a corresgpratational speed which will
keep the turbine harness the rated power. The turbine tavgudecreased. Therefore,
the generator needs to provide smaller torque in high miatispeed (above rated speed).
It can be achieved by control d-axis current reference agative value to decrease the
flux linkage of generator which is called flux weakening. Fonstant speed operation,
the power and torque between the generator and turbine evébjoal.

MSL control strategy is used, therefore, the d axis cusran¢ always non-zero and neg-
ative both in PMSG and DSCRPMG system. When tidal current isdvitfgan2.7m/s, d
axis currents are near to zero. Because for the machine clgolosre, copper losses are
more important, MSL control strategy is very close to ZDCtcoln

Outer stator current is bigger than inner stator currentibse the rated power of outer
stator is bigger than inner statdr, (> k).

Thedg-axiscurrents follow the reference very good both in PMSG and DSCRRYs-
tems.
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Figure 4.20 — DSCRPMG operation simulation in health condiiad variable speed condi-
tions
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4.4 PMSG and DSCRPMG control in fault conditions

In most industrial applications, it is very important to tionally operate the machine when
there is a tolerable fault came out. The failures normallguocgn the following components:
machine, capacitors, power converter, and sensors. Antamg, tthe most frequent faults are
caused by power converter, which are usually related tog®rductor or control circuit fail-
ures. It is reported that such faults are attributed(% of the power system failure2¢% of
printed circuit boards failure£1% of semiconductor failures, and% of solder failures) in
wind energy system [112,121,122]. In this thesis, the mesefailure is focused on the one
phase open circuit fault which is usually caused by convelrieorder to realize fault condition
control, fast fault diagnosis and analysis are needed 128, Once the fault condition come
out, the reference aflq axiscurrent should be changed or the converter topology shosild b
changed to avoid the system losing control [125, 126]. TheoRtroller parameters will not be
changed. Open circuit fault operation of PMSM is firstly tezh For DSCRPMG, three control
methods are detailed for the fault control operation.

To realize the default of one phase open circuit, one briggeiconductors of the rectifier
which is directly connected to a phase of outer stator wildlsabled. They are illustrated in
Fig. 4.21. Hence, the current of the default phase (phasezgro. In order to clearly present
and compare the difference performance between the PMSG38&RPMG, it is assumed that
the fault situation happened at the nominal operation point

AC/DC

AC/DC

PMSG
ﬁq —4[8} .
A > b -
/ C B

*q *q *é AC/DC

(a) PMSG (b) DSCRPMG

s

Figure 4.21 — Open circuit fault illustration

Fault tolerant control may trigger serious damage to they&der protection system (such
as over current and DC bus over voltage protection). For ithneoh continuity operation, the
generator and converter should be designed over sizingdiol éive secondary faults due to
excessive stress imposed by current and voltage. It wittiamge the investment of the system.
Furthermore, reconfiguration of the system needs more egvigiagnose and monitoring sys-
tem are also needed for the fault tolerant control. In thesithreport, only the phenomenon and
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performance of open circuit fault control are addressetd boPMSG and DDSCRPMG.
For simplifying the simulation, in the fault tolerant cooltrthed-axiscurrent reference will
be fixed as zero instead of using MSL control and the speedwitionsidered as constant.

4.4.1 Control of PMSG in the condition of open circuit fault

In the case of one phase open circuit fault of single stato68MMt is considered that this
phase is disconnected and there is no current. Theref@eygtem configuration is changed
comparing to the health condition. If the control strateggsh’t change, the system will loss
control and diverges which may cause serious damage fory#iters if the system protection
IS not so strong. In the situation of fault, one can disconhtiee system and shunt down the
system directly. However, it is not so easy to repair theesysn a short time for tidal energy
system [127]. Shunt down the system means losing energyrder ¢o increase the annual
energy output, the generator should be controlled undespaable fault conditions. Through
changing the control strategy, the torque and speed dsmillaan be reduced to an acceptable
level for the system. To have continuity of service in caselefault, the system must be
controlled to have a mean torque as close as possible toghesevalue.

It is assumed that the generator phase A is disconnefted ()). And assuming that the
neutral point of the generator is not connected, it has:

io + iy e = 0 = i. = —iy (4.36)

It means that the B, C phase current are in reverse direction.
The new PMSM current model becomes:

1, =0
ip = I, cos(0) (4.37)
ie = — I, cos(0)

wherelr,, is the current amplitude. Applying the park transformafiog., 4,0 (see Eq.2.90) to
Eqg.4.37, the newlq axiscurrents are obtained:

= Tabc—>dq0 | = 5 1dm

5 (4.38)

[id] h V3 I

sin(26)
iq _ 1 + cos(20)
Le
It can be seen that the measudepaxiscurrents are no longer constant after the park trans-
formation under the phase open circuit fault condition. iTfrequency are two times of the
ABC phase currents. Therefore, in order to follow this dyr@nihedq axiscurrent reference

iy andi; should be consequently modified. The reconfiguration costracture is shown in
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Figure 4.22 — Vector control strategy of PMSG under operudifault condition
Fig. 4.22.
The generator electrical torque under fault condition is:
3 .3 V3
Te = §p¢PMZq = §ppr?Im(1 -+ COS(20>) (439)

It consists of two components in fault condition which arezefage torque part and torque
ripple part. For the samg axiscurrent amplitude under health and fault condition, theaye
torque produced in fault condition is much smaller than th&ealth condition. The ratio is:

T, Spvra L,
T fault 2p¢PM 3 — \/_g >~ 058 (440)

- 3
€health de]PM[m 3

It means that, in open circuit fault condition, the generatn produce only8% of the
torque under health condition with the same current.

Fig. 4.23 shows the test simulation results of PMSG both althecondition and in fault
condition. It should be noted that the PI controller showd anti-windup in fault condition to
avoid system losing control. From the result figure, somelkmon can be drawn:

— The dq axis current become sinusoidal and the frequenapitites of the phase current
frequency.

— The speed has oscillation cause by the open circuit faute gpeed oscillation varies
around+9.3% at30H = of the average speed (speed reference).

— The torque oscillation is aroun#t100% at 30H~. And the mean value is the needed
turbine torque 44 M N.m).
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Figure 4.23 — Single stator performance in health and ogenitfault control.

4.4.2 Control of DSCRPMG in the condition of open circuit fault

DSCRPMG can be used to minimize the torque and speed oscillegigsed by the faulty
stator because they can be compensated with the otheryhetdtbr. In the situation of losing
one phase of the outer stator, three control strategiessa@ to minimize the oscillation of
torque and speed. They are:

1. Control the generator by shunting down the faulty statos{ihg one phase, then discon-
necting the faulty stator).

2. Control the generator by changing the faulty stator carcentrol references to ensure
continuity of service.

3. Control the generator by high pass filter based compensatorque estimator.

The idea of the three methods is that: firstly, once there eénaprcuit come out in one
stator, the faulty stator will be disconnected completelyite DC bus. As a consequent, the
source of torque and speed oscillation is removed from teesy. The DSCRPMG is operated
as a single stator generator. The healthy stator needs dugedhe total load torque(turbine
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torque). Hence, the currents of the healthy stator will bebited (because df; < k»). It may
cause thermal problem of the healthy stator. Secondlyahiyfstator will continually keep in
service to produce part of torque. However, the torque arddpscillations are relatively big
because the faulty stator will produce an oscillated tordirally, in order to reduce the torque
and speed oscillations, a high pass filter based compermatmque estimator are designed to
extract the torque oscillation current single and thenciniieto the healthy stator current loop.
Through doing that, the healthy stator can produce a torquehaas inverse form comparing
to the faulty stator torque form. Therefore, the total gatmrtorque and speed oscillations will
be remedial.

Method 1: Control the generator by shunting down the faulty stator

In this method, the faulty stator is disconnected to the D& bthe generator is operated
with only the health inner stator as a single stator machlinerefore, the needed total torque
is all produced by the inner stator. As there are no faultyenirexisted in the DSCRPMG, the
torque speed performances in the faulty condition are althessame as healthy condition.

The test simulation results is shown in Fig. 4.24. Before tinda, the system operated in
health condition. At timé).5s, the outer stator is disconnected to the DC-bus.

The results indicate that:

— The three phase currents of the faulty stator are zero.€eftrer, the outer stator doesn’t
produce any torque.

— The currents of inner health stator is increased to produegower which outer stator
can't produce. The torqué, is equal to inner stator torqug,;. The currents of inner
stator will increasé@;(;fﬂ times. In our case, this value is equabtd. That means the
inner stator current will increase 2.1 time of the rated entvalue to provide the total
rated torque. The machine should have the capability openaith this current level in
fault condition. This is strongly depended on the machirsgite

— After 0.025s transient period, the torque and speed follows the referescin health
condition. There is no torque and speed oscillation. Théegyoperates as a single
stator generator system.

This method can perfectly eliminate the torque and speetaism. However, the temper-
ature of winding should be carefully verified because thesplwarrents increased more than
times. Big current can cause high power losses which may teadh temperature in wind-
ings. The researched DSCRPMG is selected from the Paretbifroine Chapter 3 with the
criteria Fp; rinai2. The wingding temperatures of this machine &eC' and66°C' for inner
stator and outer stator windings respectively Fig. 3.12t#d operation condition. That means
this machine has a big margin to operated in a over-rate@icucondition.
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Figure 4.24 — Method 1: Fault control method through shgngiown the fault stator

Fig. 4.25 shows the outer and inner stator winding tempegatariation surface which
varies with the generator rotational speed and phase ¢wamnaplitude. The green planes of the
figure are the limitation of winding temperature which equal 55°C (Class F). The winding
temperatures increase with generator rotational speeplase current both for inner and outer
stator. The winding temperatures increase more dominatccwrent than speed because the
copper losses is much important than iron losses in this machHnner stator winding tem-
perature is bigger than outer stator. When the phase cugénf0iA and rotational speed is
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21.5tr /min, outer stator winding temperature is still below the graemtation plane. How-
ever, the inner stator is too heat and it is bigger thasfC'. That means this machine is not
suitable for this strategy with outer stator open circuitllfdoecause the needed inner stator
phase current are bigger th&®00 A in fault condition. On the contrary, if the open circuit faul
is happened in inner stator phase winding, this method caapbéed to the outer stator to
provide the total torque.

Outer stator Inner stator

20, = e )
Rotational speed(tr/rniq)\ . . e
0 = ; VR 800 1000
=7 "0 600

[ 200

Phase currents(A) Phase currents(A)
(a) Outer stator (b) Inner stator

Figure 4.25 — Winding temperatures variation with the spaed current of the selected
DSCRPMG.

For the researched case, in order to avoid serious curreiattisn happened, the torque
reference should be reduced to avoid inner stator windiggdsi than the limitation in fault
condition, i.e for torque).35M N.m, the inner stator will not have thermal problem for this
machine.

The generators which has low cost and low energy output inF<4gcan’t be used for fault
tolerate control for the methods provided in this thesisabige they are compact and has small
current tolerate margin. For those machines, the load éoshould be reduced to avoid serious
damage in the situation of fault or completely shutdown.

Method 2: Control the generator by changing the faulty statorcurrent control references

In the first method, the faulty stator is removed out from thsteam completely and then
it produce no torque. In this section, the faulty stator wdhtinually in operation to produce
torque. In order to avoid the faulty stator losing contrbk faulty stator (outer statodq axis
current references will be changed like it have been doneifgle stator PMSG open circuit
fault tolerant control. The control structure of the innt&ter has no change. The inner stator
dq axiscurrent references are still the output of the Pl speed clvatr For the outer stator who
loses one phase, ith) axismeasure currents will start oscillation as it has been dised for
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PMSG. Similar to Eq.4.38, theq axiscurrent reference of outer stator can be expressed as:

| _ V3,
Z.;O 3 mo

1 + cos(260)

sin(26) ] (4.41)

wherel,,, is the current reference which is the output of the speedalbert
The total electrical torque is :
V3

3 v 3
T, = §pprizqi + §pwPMo?[mo(1 + cos(26)) (4.42)

This equation shows that the total torque of DSCRPMG also hala®n.
The control structure is shown in Fig. 4.26. Only the outatast current references are
modified as it has been done for single stator fault control.

Change reference

DSCRPMG [

+Converter

+ SVPWM

@ .
id; Tgi

|

*
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Figure 4.26 — Control structure of of DSCRPMG in fault conditiddodify the current refer-
ence of the failure stator

The test simulation results are shown in Fig. 4.27. Fromfihise, some conclusion can be
drawn:

— The oscillation frequency of theéq axiscurrent of outer stator is two times of the stator
phase currents.

— There is also some speed oscillatiar3(7%), but much more smaller than that of single
stator PMSG fault control.

— Thetorque oscillation is betweer0).28 M N.m (—37%) and—0.71 M N.m (+60%) around
the average torque44M N.m which is the generator rated torque. The torque oscilla-
tion is not symmetric (unlike PMSM faulty control perfornea). This because the inner
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stator and the outer stator torqug,;(and7,,) has a phase angle difference which is not
equal to O orr.
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Figure 4.27 — Method 2: Faulty control method through onhdifyong the faulty stator current
control references

— The two phase currentl, and ., of outer stator which has open circuit problem are in
opposite and,, = 0. However, B and C phase currents are not sinusoidal any more.

— Both the inner and outer stator phase currents are increasadisfy the needed torque
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because the outer stator torque producing capability deeck When the outer stator
produced a small torque (i.e. whens(20) = —1), the control system will generate
a big current reference for inner health stator to providgtbrque to compensate the
outer stator losing torque. The oscillation of torque anekesblead the inner stator q axis
current non constant. The inner health stator currentsrheecmbalanced. A and C phase
currents amplitude of inner stator are almost doubled.

The healthy stator can help the faulty stator to producedipie. Therefore, the oscillation
of torque and speed is much smaller than single stator PM&iGciantrol.

In this method, the outer and inner stator maximum phasewtgiare neat000A. Outer
stator windings are acceptable to hawe0A. Inner stator has two phase currents ngmo A
and the other one phase current keeps at the rated levelhiigeeghase currents of inner stator
are unbalanced. Fig. 4.25 is plotted with balanced thresgbarrents assumption. Itis difficult
to calculate the iron losses for unbalanced current canditf the iron losses is not considered
in this method, the winding temperatures may not be a prolitenthe researched machine
case. The winding temperature limitation is less strong tihe first method because of less
copper losses.

Method 3: Control the generator by changing the two stator curent references with com-
pensator or estimator

The second method fault tolerant control can keep the fatétior continually in service.
However, this method has torque and speed oscillations tHéoaim of canceling the torque
and speed oscillation, two methods are proposed in thisoseathich inject the oscillation
current to the healthy stator current control loop with hfggss filter based compensator or
torque estimator. The outer stattg-axiscurrent references are modified as the second method
to avoid the system diverging.

(A) High pass filter based compensator.
To cancel the faulty stator torque ripples, a high pass fiéeled compensator is proposed
to extract the oscillation current, see Block2 in Fig. 4.2&isTcompensator superpose
an appropriate compensating signal to the g-axis currempt ¢d the healthy stator so that
the modified control rejects the torque ripples caused byahky stator. The injected
compensating curremy, .., to the inner stator (healthy stator ) g-axis current refegen

can be expressed as:
. s :
Lq0,comp = mkczqo

(4.43)

wherek. is the compensating gain whose value is set to 0.8. The filteffdrequencyf.
Is set to be sufficiently smaller than the torque oscillafreguency at the rated operation.
Hence,f, is fixed to 5 Hz.



4.4. PMSG AND DSCRPMG CONTROL IN FAULT CONDITIONS 181

__Block 1 | |

oo X | Te

N V2 (1 + cos 26) P14 DSPMG [—>
X—>PI, T
Wmref K  Compensator

|
Block 2----"- - + Converter

I _ {4 qo,comp
i + 0
[k | +SVPWM |0
w7ﬂ

Figure 4.28 — Proposed fault control diagram using high filssbased compensator.

The simulation results are shown in Fig. 4.29. Some conmmhsgsirom the figure can be
drawn:

— The oscillation frequency of théq axiscurrent of outer stator is two times of the
stator phase currents.

— The speed is oscillated around the speed reference alétiafter the open circuit
fault is come out.

— The torque oscillation is very smat6%) and can be treated as the same in health
condition. When the outer stator torqiig, reduced, the inner stator will increase to
compensate the torque which outer stator can’t producey figne inverse variation
form.

— This torque and speed oscillations are significantly redueith the use of the pro-
posed compensator

— The phase current amplitude of the inner stator increasedrhpensate the torque
decreasing of the faulty stator. The relative phase cuinentases bigger than the
other phases: when phase A of outer stator is open, the phasanier stator
increase bigger than the other two. The inner stator clgreetome unbalanced.
The phase current amplitude of the faulty stator will notred& There is no winding
temperature problem for the faulty stator. Because thenastsgne phase current
which is aroundl000A in inner stator, the winding temperature problem is less
important than the method 1.
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Figure 4.29 — Method 3: Fault control method by modifyingesigtator current references and
using high pass filter based compensator

(B) Torque estimator.
In this part, a new fault tolerant control method which hasy\small torque and speed
oscillation and smaller winding temperature problem commggto method 1 and method
2 is proposed.
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The control system structure is shown in Fig. 4.30. Firgltlg,outer stator dq axis current
reference are modified like method 1. Secondly, a torquenastr is used to calculate
the oscillation current\i, which will be added to the speed controller output of inner g
axis current control loop. Thiai, can lead the generator produce a tordug in the
reference to compensate the oscillation torque.

|

ido iqo
17,
-

DSCRPMG | e

+ Converter

+ SVPWM| 4

wm

Figure 4.30 — Proposed fault control diagram using torqtienasor.

The mechanical equation of the generator and turbine sysd@rbe expressed as follow:

dwy,
J% ¥ fwm =< Te = —AT, — T, (4.44)

where:
AT, the oscillation of torque.
< Te =: the average electrical torque.
The the oscillation of torquéT, can be treated as a disturbance which is added to the
turbine torque.
T; = AT, + Ty, (4.45)

The corresponding oscillation current is:

_—<Te>——T£

Ai, = 4.46
e Ko+ Ky ( )

whereK, = klgppro andKr; = k2§ppr,-. This current can compensate the torque
oscillation caused by the fault outer stator.

The method of the estimator design is based on the mechanax| of the generator
[128]. The PI controller is used to estimate the disturbdoogue and converge it to the
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real turbine torque. The topology of the estimator is shawhig. 4.31.

Generator

Figure 4.31 — Estimator structure

The transfer function between the estimated torque ancetildarque is:

~ Kope
L ¥ o (4.47)
T, 1+ S omtis Kiies?

where K. and K. are the proportional coefficient and integrate coefficienthe Pl
controller of the estimator.
Kpe = 28wpJ — f

Kie == JWTQL

(4.48)

The choice of the damping ratoand natural frequenay, must quick enough so as to
the regulation loop currerif; will not be affected by the time required to estimate. In this
thesis£ = 0.707 andw,, = 8000rad/s

The simulation result is shown in the Fig. 4.32.

The results can be concluded as follow:

— The speed follows the reference very good with oscilladoound+0.1% after the
open circuit fault is come out.

— The torque oscillation is very smalt-¢.5%). When the outer stator torqug,
reduced, the inner stator will increase to compensate tigei¢ovhich outer stator
can’'t produce. They have inverse variation form.

— The phase current amplitude of the inner stator increasedddmpensating the
torque decreasing of the outer stator which has open ciiaulit The relative phase
current increases bigger than the other phases: when phafseufer stator is open,
the phase A of inner stator increase bigger than the otherTe inner stator cur-
rents become unbalanced. The phase current amplitude GHuhy stator will not
change. There is no winding temperature problem for theyfasthtor. Because
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there is just one phase current which is aroufid0 A in inner stator, the winding
temperature problem is less important than method 1.

— The outer statotiq axiscurrent oscillation frequency is 2 times of the phase curren
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Figure 4.32 — Method 3: Fault control method by modifyingesidtator current references and
using torque estimator

This figure confirms that this method is useful since the tergpples are estimated.
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However, it should be noted this method ensures the filtevintipe torque, but at the
same time the currents of the healthy stator will have momabaics (due to the reference
which is added with a torque ripple curret,).

Comparing to high pass filter based compensator, the perfarenaf the two methods can
be regarded as the same. It seems like that torque estimagaslightly better performance.
However, the parameter of the high pass fikeand f. are not optimized.

4.4.3 Comparison between the faulty control methods

In this section, the comparison of the open circuit fauletahce performance is made be-
tween PMSG and DSCRPMG. Table. 4.1 shows the generator penficerunder faulty con-
dition. DSCRPMG gained an overwhelming advantage underyfaalhdition comparing to
PMSG no matter which control method is used.

Generator | M Spg)esdcillati(%r;rr(;ilﬁ WTL RI
PMSG 1| +9.3% +100% @@ Easy, Anti-windup PI
1| ~0% ~ 0% @@ Easy
DSCRPMG| 2 | £3.7% | +60%,—37% | © Easy, Anti-windup P!
3 | £0.1% +4.5% @ Compensator or torque estimator

Table 4.1 — Fault tolerant control performance comparidgénMethod. WTL: Winding Tem-
perature Limit. RI: Reconfiguration Implement

In PMSG, the method changing the current reference is useel system can still be con-
trolled. However, the torque and speed oscillation areseri

In DSCRPMG, three methods are used to decrease the torque eeu @gcillation under
faulty condition. The first method which stop the faulty etadlirectly can perfectly reduce
the torque and speed oscillation. This because the fawtgrsivhich leads torque and speed
oscillation is disconnected to the DC-bus. In order to satis¢ needed torque, the inner stator
current is increased to provide the total torque. This curirecrease the power losses and may
cause thermal problem of the generator. Therefore, in dadebtained fault control without
reducing the load torque, the machine should be speciatligded (over-size or strong cooling
system).

In the other two methods, the third method can reduce theu¢oemnd speed oscillation
sharply. This method is the prefer one for DSCRPMG open cirfewilt control because it
has very small torque and speed oscillation. Furthermbreggs smaller winding temperature
problem comparing to method 1 and method 2. DSCRPMG has thatdpaof that, once one
stator has fault, the other stator can provide compenstiikeep the performance.
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4.5 Summary

This chapter is dedicated to the control system design aed ojpcuit fault tolerant control
of PMSG and DSCRPMG. The health condition operation are fiesthlyzed. Generator side
and grid side control systems are separately designed. r&@enside control for each stator
of DSCRPMG is similar to the PMSG control especially for theengurrent control loop.
In DSCRPMG control system, the q axis current for inner androgtgor are obtained from
the speed controller output which then multiply the coroegpng torque ratidk; and k, of
each stator. In the health operation condition, PMSG and D3CRMRas almost the same
performance for the same tidal current profile.

In open circuit fault control, PMSG system needs to changsotdrol reference to avoid
losing control if the machine neutral point is not accessifilhedq axiscurrents are not con-
stant value any more and they oscillate with two times fregy®f the phase current frequency.
The amplitude of the phase currents should increg3émes to provide the same torque as in
health condition. This will cause the stress of the machsatation, demagnetizing and low
efficiency problem. It should be considered in the machirsghestage.

Three methods of open circuit fault tolerant control for DSGRFPsystem are discussed.
As this machine inherently has two stators and the total madbrque is produced by the sum
of the two stator torque, the healthy stator can produce noogeie to compensate the faulty
stator losing torque. The oscillation currents in fauligtst can be injected to the health stator
current control loop by high pass filter based compensatmrque estimator. Hence, the torque
oscillation caused by the faulty stator can be mitigatedigyhtealthy stator through producing
a inverse oscillated torque. The compensator and torquaadst are used to calculate the
current rippleAi, and then this current is injected to the health stat@xis current control
loop. The torque and speed oscillation are remedial ancathietblerant performance is almost
like in health condition. The winding temperature thermaligdem is less important in the third
method. Therefore, DSCRPMG is more suitable for fault tolecgreration than PMSG no
matter which method is used.






Conclusions & perspectives

5.1 Conclusions

In this thesis, the research mainly focuses on multi-objedptimization design and open
circuit fault tolerant control of a DSCRPMG for tidal curremiezgy application. The DSCRPMG
is optimized for a full torque speed profile decided by tuebaaracteristics combining with
control strategy, converter size and losses, every oparabint frequency for a choosing tidal
site. The open circuit fault tolerant control is realized thking the inherent advantage of
DSCRPMG that once one stator has defect, the other healtly stat compensate the torque
and speed oscillation caused by the fault stator.

In Chapter 1, a comprehensive state of art of tidal energyaetitig is presented. Tidal
current energy basic theory and two tidal current speed tmgdmethods (called HAM and
practical model SHOM) are explained in detail. As many iesting go to tidal current energy
research in the recent years, some pre-commercial andypewoof tidal turbine have achieved
success. Those up to date pre-commercial tidal turbinesgirewwed in classification of turbine
form (horizontal, vertical, ducted and oscillating hyaibturbine). The possible tidal current
energy generator system choices are discussed. Someuictimts of the DSCRPMG are given
at the last part of this Chapter.

In Chapter 2, firstly, an analytical preliminary DSCRPMG desigodel based on semi-
experimental thumb rules is developed at the rated powetitton. The external parameters
such as inductance, emf, system losses and particularlguhe of efficiency are deduced.
Two generators are chosen from this efficiency curve to rebethe system investment and
annual energy output for a given torque speed profile andatiparfrequency. The first one is
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the generator which has maximum efficiency at the rated poler other one is the generator
which hasl% less efficiency. In order to choose the suitable and higheffoay machine control
strategy, a comprehensive commonly applied machine veciwent control strategies (such
as ZDC, CMF and MML) are studied. An appropriate control sgat®ISL minimizing all
system losses (converter and machine) which has the bestsgfficiency for the full torque
speed profile is proposed. The results shows that the generhich hasl% less efficiency at
rated power condition has better cost effective than theirmax efficiency generator. It has
less investment and more annual energy output. Theretaeedifficult to obtain a high cost
effective generator through designing a generator at natecer condition using experience
rules for variable speed drive energy system. In order t@deshigh cost effective generator,
optimization tool should be applied.

In Chapter 3, a multi-objectives PSO is adopted to design eeffective DSCRPMG con-
verter system for tidal current energy application. 16alale parameters including DSCRPMG
geometry parameters and converter size parameters an@zgdiunder mechanical, magnetic,
electrical and thermal constraints. The two optimizatibreotives are maximizing the annual
energy output and minimizing the investment. The investrimatudes generator material, gen-
erator supporting structure and converter costs. For angiwejue speed profile of a selected
tidal farm site, the operation time in one year for each agp@ngoint is predictable. Applying
the MSL control to every operation point of the torque spegdfile allows to calculate the
annual energy output.

Two criteria are provided to select the final design solufrom the Pareto front which can
maximize the 20 years revenue and minimize the cost enetigy@dk1V h. The optimization
model is validated through comparing analytical resultsRBA results of the selected machine
in Pareto front. Some parameters sensibilities such asnraterial type, material specific
cost, generator outer diameter and heat transfer coeffigieranalyzed and compared with the
reference Pareto front.

The same optimization process is applied to single statadBBMComparing with the op-
timization solutions for DSCRPMG, the torque volume densftp8CRPMG is around5%
higher than single stator PMSG in the majority solutionstfe same annual energy output.
The price to pay for increasing the torque volume densith& the mass of DSCRPMG is
1% heavier than the mass of single stator PMSG. Increasihgrass to reducé5% volume is
really valuable in the application which needs compact nmech

In Chapter 4, control systems of PMSG and DSCRPMG are desigrksirmnlated both in
health condition and open circuit condition. In healthy dition, the performances of PMSG
and DSCRPMG are almost the same. In open circuit fault conb@keconfiguration of control
system is needed to avoid the system losing control. DSCRPNMGniuah better performance
than PMSG in fault condition. The torque is produced by thea s the two stator torques.
Therefore, once one stator has defected, the other statoprca@luce an inverse oscillation
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torque to compensate default. Three methods control for DSGRBystem are proposed to
assure continuity of service or to minimize torque osaas. The comparison results indi-
cate that methods based on a torque estimator or an apgeoprgh pass filter lead to the
best results. Performances which are almost like in healtididon can be achieved; speed
oscillations are very lower while torque oscillation does exceed%.

5.2 Perspectives

Some improvements and ideas for the future research in éhikere outlined as follows:

— The thermal model used in this thesis is a simple model. énftiture work, a more
sophisticated and precise thermal model can be used in timeipgtion process to reduce
the winding temperature error.

— For a selected tidal energy farm, the rated tidal curree¢dcan be added to the optimiza-
tion variable parameter. Through optimizing this parametes designer can evaluate
which rated power of generator is better for the selectead &dergy farm.

— Study shift angle between external and internal stataisdoce the cogging and/or torque
ripple

— Only open circuit failure is discussed in this thesis répém the future work, the short

circuit, sensor failure and ground faults should be re¢eaten DSCRPMG system.

— Consideration of the tidal turbine model in the entire cosv chain study, from the
resource to the grid integration.

— Investigation of other converter topologies for faulet@nt studies to fulfill continuity of
service.

— Experimental validation of fault tolerant control of DSCRBMhould be carried out.
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Converter losses model

In this appendix chapter, the IGBT converter losses modethvts already developed by
Semikron are presented [129]. The detail formulation isuded in this reference or in some
other literature [130,131]. IGBT and diode power losses inveoter, as well as power losses
in any semiconductor component, can be mainly divided indvaups:

1. Conduction lossesH,,.q)
2. Switching lossesH,,,)

The total converter loss is:
Pconv = L cond + Psw (Al)

The sinusoidal type pulse width modulation is considereithénlosses calculation model. The
losses of generator side IGBTs and diodes are considered.

A.1 Conduction losses

The average conduction losses of IGBT or diode can be explasseellow:

Pcond,m = ‘/o,zjavr,x + Rd,x[2 (A2)

TMSs,x

wherel,,,. , andl,,,; . are the average current and the effective RMS current of ieete The
subscriber means IGBT or DiodeV/, , is the on state zero-current collector-emitter voltage and
R, is collector-emitter on-state resistandg,, can be read directly from the specific IGBT
Data-sheet. In this thesis, it is considered WHail;sr = 2V andV, pipge = 1.7V
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The collector-emitter on-state resistarni¢g, is scaled by the converter rated current value
I..:.q- FOr bigger rated current device, the manufacture contatase between the collec-
tor and emitter will bigger. Therefore, it is considereddbaesistance values has inversely
proportional relation to the rated currehg,;.q. The expression of those value are [89]:

1.5
Rargpr = —= (A.3)
I?“ated\/§

1.04
Rd,Diode == (A-4)
L"ated\/§
The average current and the effective RMS current in Eqg.AoRIstbe calculated separately
for IGBT and diode. They can be expressed as follow:

Lovr1GBT = jamplitude(% + % cos ) (A.5)
I 1T = jgmplitude(% + % cos ) (A.6)
IavnDiode = Aamplitude(% - % COs @) (A.7)
Izms,mode = IAL%mplzfude(é - 3% cos ) (A.8)

wherefmphmde is the amplitude of phase current. It can be calculated fdgpaxiscurrent
iq andi,. m is the modulation index which can be understood as the \@lt@igization of the

converter. It can be calculate as: .
o 2Vamplitude (A 9)

e Upc
wheref/ammde is the amplitude of phase voltage. It can be also calculateddg-axiscurrent
iq andi, Eq.2.111.Upc = 1200V in our case.
The power factoros ¢ depends on the generator operating point and is calculated a

Pe ec
Cosp = 5= fec (A.10)

2 ‘/amplitude Iamplitude

The total conduction losses is:

Pcond = 6(Pcond,IGBT + Pcond,Diode) (All)

A.2 Switching losses

The average switching power losses is proportional to theentiand switching frequency.
The following equation can be used to approximately cateulhe average switching power
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losses [89]:

~

] .
Py = 6(f, By, ~2mplitude y (A.12)
v

where f, is the carrier PWM frequency which ¥ H z in this thesis.B,, is coefficient of the
components. It is assumed that, is constant and equals san.J. A1






Principle of particle swarm optimization

PSO algorithm is evolutionary computation technique whiets inspired by the social be-
havior of bird flocking and fish schooling [132]. It was traatsld in a simple way, the behavior
of a group of bees. Each group of bees, or each swarm is cooshpbseany particles moving
at each iteration in the search space. The displacementantiale is expressed as a function
bellow:

B =a e+ (B.1)

where#: represent the,, particle position in one iteration. The next position ofstipiarticle
is the sum of the local position and speed velocity vectbr'. This velocity vector is the
heart of the PSO algorithm. It drives the optimization psscand reflects both the own experi-
ence knowledge and the social experience knowledge froraltiparticles. The expression of

velocity vectors;' ™ is:

—t+1

U = w4 1o (Tppest, — T3) + 2o (Tgpest, — Ty) (B.2)

The velocity vector update equation in Eq.B.2 has three ntajomponents:

— w!: This component is sometimes referred tarestia. It let the particle has a tendency
to continue in the same direction it has been traveling. Tbhmponent can be scaled by
a constant as in the modified versions of PSO. It should bedrtbtd there is no inertia
weightw for the first version PSO. It serves to decreasing the oveealiching time.

— 11 (Tppest; — T4): This component is a linear attraction towards the bestiposi,..:,
ever found by a certain particle. It called @sgnitive component

— oca(Zgrest; — @%): The last component is a linear attraction towards the besitipn
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Tgest; fOUNd by any particle whose corresponding fitness valuedgytbbal best. This
part expresses the “cooperation” or “social knowledgetalted associal component

The coefficient; andc, are two random number in the intervél 1]. ¢, andy, are two
positive value calle@cceleration coefficientavhich will effect the speed of convergence. The
values ofw, ¢; andy, should be properly chosen to guarantee that the particéstities do
not grow to infinity.

In each iteration, every individual in the swarm is movea iatnew position where a new
fitness value is calculated. The fitness value is comparduetbest recorded position of both
the individual and the swarm. If a better position is fourirt the memory of better position
will be updated. This work will repeat until the algorithmashes a predefined stopping criteria
which, normally, is simply the maximum number of allowed atgons.



Analytical model validation by FEMM

C.1 Flux density, torque and inductance verification

In this section, three special machine design solutionghvare obtained by the two final
objectives €, rinan @Nd Fop; rinai2) Criteria and the lowest investment solution (“Traditibna
dimensioning generator”) are selected to verify the aradytmodel with Finite Element Anal-
ysis (FEA) method. The software Finite Element Method MaigsgFEMM) will be used
to realize the finite element analysis. This software is &ied easily interfaced with Matlab
through a toolbox available online. To reduce the compaatime, we simulate 2 pole pair
part of the complete generator. The three generator paeasnate shown in the Table. C.1.
Using those parameters, the generator geometer shape deavbein the software.

In FEMM, the number of conductor in one slot should be a integéue. Therefore, the
number of conductolN,,;,,; we obtained through optimization can’'t be applied to theusation.
The non-integer conductor number value is obtained wittaiseimption that the conductor are
connected in series. However, we can realize the generatiorcail windings connected in
parallel. The rated current for each parallel circuit Wil R.,;cs /74 Lseries IS the rated current
obtained with all conductor connected in seriesis the number of parallel winding circuit in
one phase. The number of conductor in one slot incregsenes. That means the surface of
each conductor will decreasén,, times as before when the conductors are connected in series.
The rated current also decrealsé, times in each conductor. Therefore, the current density
will not change. The copper volume will also not change. Hgetice loss of the copper is the
same like before. The total inductance of the generator efsiator is equal td/n, times
of the one parallel inductance. The total inductance catmn has the same principle as the
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Table C.1 — Parameters of the three generators.

Symbol Lowest cost| Foy; finaiz | Fobj, finail
Dratio 0.55 0.56 0.59
P 54 44 22
Ky 0.61 0.62 0.64
Ryo(m) 1.415 1.389 1.250
hyokeo(cm) 1.7 2.0 3.7
hsioto(cm) 6.4 8.6 20.8
ly(mm) 5.8 5.7 5.0
B (mim) 7.9 7.6 8.4
h(cm) 3.1 3.8 6.5
hyokei(cm) 1.5 1.8 3.3
histori(cm) 6.8 10.8 27.5
L(m) 0.517 0.625 1.04
Nyioto 3.62 3.45 4.17
Nyioti 4.56 4.16 5.83
Seonvo( MV A) 0.60 0.62 0.67
Seomei( MV A) 0.46 0.47 0.43
T/Mass(N.m/kg) 62.9 39.3 12.2
T/Volume(kN.m/m?3) 121.6 100.5 60.4

calculation of total resistance with many parallel circuit

Table. C.2 shows the number of conductor in one slot after ds galculation. As the
number of pole pairs of the three machine ate44 and22, the corresponding, 11 and11
parallel circuit can be used to obtained the some performasacthe all the conductor connected
in series. The EMF produced by each parallel circuit is etméhe EMF before we do post
calculation with all coil connected in series. The numbepafallel circuitn, should be a
integer value which can be calculated by the number of poies phvided with a multiple
number of 2. Because we need 2 pole pairs to have the integdvanwhslot with number of
slot per pole per phase = 1.25. Therefore, 2 pole pairs part of the machine is the smallest
unit part to evaluated the machine performance. For exgrfglenachine with 44 pole pairs,
we can have 22 (44/2) or 11 (44/(2*2)) parallel circuits.

Table C.2 — Series non-integer conductor number changedgentonductor number

Series Parallel No. of parallel circuit n,
LowestE,, Naoio | 3.62 | 3.45*9=31.05-32 9
clee | Ny | 4.56 | 4.56*9=41.04240 9
o N.oio | 3.45 | 3.45*11=37.95:38 11
obj,final2 Naow | 4.16 | 4.16*11=45.75:46 11
o Naoio | 417 | 4.17*11=45.8%46 11
0bj,finall Ngaoii | 5.83 | 5.83*11=64.13:64 11

Fig. C.1, Fig. C.2 and Fig. C.3 illustrated the simulation chtastics of the lowest energy
output machine, minimum cost pe¥/ h machine and maximum revenue machine respectively.
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Figure C.3 =, finai1 design solution

For each generator, the torque capability and no load airfigapdensity are shown. The
blue curve in the flux density figure is the FEA air gap densityien we use Fast Fourier
Transformation (FFT) to get the fundamental harmonic pdvictv showed in red curve. The
peak value of the fundamental harmonic flux density has afouni 7" difference between the
analytical calculation. The relative error are aroufidfor the three machines FEA air gap flux
density is always smaller than the analytical calculatie@thnd. The inner air gap flux density
is a little bigger than outer stator air gap flux density evegythave the same mechanical air
gap length/, and magnet thickneds,,. That is because the inner air gap Carter’s factor (see
Chapter 2) is a little smaller than that of outer stator. Tfogee the effective air gap length of
inner stator is smaller than that of outer stator. Smalliexcgife air gap length will result bigger
air gap flux density for the same magnet thickness.

In order to verify the torque capability of the generatoe tturrents are applied into the
phase winding in the simulation. The amplitude of the curfeninner and outer are equal to
ﬁ of the maximumg axiscurrent of inner and outer stator in analytical method. Bseame
need to keep the total phase current is the same as currentthédre is just one series circuit.
The maximumq axiscurrents are obtained when the machine is operated in rataditon.
We vary the initial phase angle of the two three phase curiidnee phase currents are balance
sinusoid current. From the torque variation figure in Fig.,Eif. C.2 and Fig. C.3, itis known
that the generator obtained maximum torque when the iphiake angle equal to100°. When
the initial phase angle is equal ta100°, the resultant armature flux linkage vectof(s before
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C.2. POST CALCULATION OF NON-INTEGER NUMBER OF CONDUCTOR PER SLZ0b

the magnet flux linkage. In vector current control, when theent vector is in the same phase
with EMF vector, the control method is called ZDC controbastgy (see Chapter 2). If we want
to increase the torque for other initial phase angle, thditudp of current should be increased.
For example, constant mutual flux control strategy. Theiobthtorques for the two machines
are little smaller than the analytical model. That may cdusgethe air gap flux density. The
flux density in FEA is already smaller than the analytical elodTherefore, the torques are
reasonable to be a little smaller than analytical model. éles, the relative error between FEA
and analytical model is acceptable.

The inductance difference between the analytical modelFd are also compared. The
results are shown in the Table. C.3. From the comparisonkiiasvn that the inductance will
not change after the post calculation witlparallel circuit for lowest energy machine and
parallel circuit for the other two. The relative error is eptable and hence it is considered that
the optimization analytical model is acceptable.

Symbol | Description | Analytical calculation | FEMM | Relative error
Lowest cost

L, Outer stator inductanceb.8mH 55mH | 5.1%

Ly Inner stator inductance 9.6mH 9.0mH | 6.2%
Fobj,finalZ

L, Outer stator inductance5.8mH 5."mH | 3.4%

L Inner stator inductance 9.7mH 9.4mH | 3.1%

Fobj finain

Ly, Outer stator inductancel0.5mH 10.1mH | 3.8%

L, Inner stator inductance 23.8mH 22.9mH | 3.8%

Table C.3 — Lowest COStryy;, inaiz @Nnd Fiy; ringin SOlUtiON inductance comparison between
analytical method and finite element method

The relative error of the inductance and torque for lowestgy output machine is bigger
than the other two machine. That is caused by the non-integsatuctor post calculation as
Table. C.2 shown. The machine is designed with double layediwy, therefore, even number
of conductor is needed. The lowest energy output machineiggsr winding error comparing
to the other two machine. In reality, this error can be desgdavith slightly changing the length
of the machine.

C.2 Post calculation of non-integer number of conductor per
slot

The optimization variable of number of conductor per $\gt; is non-integer in the opti-
mization process. It is assumed the phase winding are ctethatseries. It is impossible to
realize the machine with non-integer number of conductoeaility. However, this non-integer
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number of conductor can be post calculated and changed gerbigteger number with a cer-
tain number of parallel circuit. This changing will not leimb much changing of the generator
performance.

Taking Foy; rinai2 g€NEIator as a exampléVy,,, = 3.45 and Ny, = 4.16. Pole pair
number is 44. In order to realize the machine with winding eéniess, the best approach to
realize the machine i%/y,, = 4 and Ny,;; = 4. Even number is needed for double layer
machine. However, those value will lead 16%(0.55/3.45) error of voltage for outer stator
and4%(0.16/4.16). In the post calculation stage, using;,., = 38 (11 x 3.45 = 37.95) and
Naoi = 46 (11 x 4.16 = 45.75) to get the same voltage if the winding coil is connected with
11 parallel circuit rather than all in series. The paralletuits number depends on the number
of pole pair and it can be any integer value;pf wherelV is a even numbe(2, 4,6, ...). The
errors of the voltage af@1% (0.05/37.95) and0.5% (0.25/45.75) for outer and inner stator re-
spectively. Obviously, through connecting the winding argdlel, the voltage error is reduced.
If the optimization parameter varies with integer valueefghis no voltage error between series
and parallel winding machine. However, integer numbermozition will cause discontinues
Pareto front results or even can't find the solutions if threnteal voltage is fixed too small.
In bigger number of pole pair machine design, it will havedaignumber of slot when the
number of slot per pole per phase is not very small. Thereibedl slot has integer number
of conductors and they are connect in series, it will leadliggavalue of EMF and the number
of conductor in one slot is very small. Small number of conduwill lead the big conductor
cross section surface. In real machine design, the skinteffeéhe conductor will come out for
big conductor cross section surface.

Itis very important to note that it needs to assume that thisfiflifactor &, will not change.
Assuming the cross section surface of conductsy whenN,,;;, = 3.45 andS, whenNg,;, =
38. The relation betweef; and.S, is:

Sy =115, (C.1)

Fig. C.4 shows the illustration and comparison for non-iategpnductor post calculation
of outer stator. The power will not change. The current inhejarallel circuit isl—l1 of the
total current. Therefore, the current density will not ofparn the conductor. Because of the
total cross section surface and length of conductor dordhgk, the copper volume for one
phase will also not change. Consequently, the copper logidsevthe same as before the post
calculation because copper losses can also expressed as.J?V [133]. The inductance for
each parallel circuit is 11 times bigger than the inductdmefere post calculation. From the
inductance calculation section 2.2.1, in those equatitrespole pair and slot number will be
11 times smaller. It will lead 11 times bigger inductancewduwer, the total inductance of the
11 parallel circuit isl—l1 of each parallel inductance value. Therefore, the indwetamill not
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change.

One series circuit 189.75 turns
4 E " 345x88x 1.25)2

_— 44 pole pairs

(a) Original N1, = 3.45 in series

Each circuit 190 turns
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(b) After post calculationV,;,;, = 38 with 11 parallel circuits

Figure C.4 — Simple illustration and comparison for nongeteconductor post calculation
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Generator Simscape codes

D.1 DSCRPMG code

1 component DSPMG_jian

2% Double Stator Permanent Magnet Synchronous Machine

3% This block models a double stator permanent magnet synecbus motor. The
two stators are controlled in parallel.

4% Matlab version R2011b

5% 21/04/2015 Jian ZHANG.

6

7 parameters

8 nPolePairs = {44,'1"}; % Number of pole pairs

9 outer_pm_flux_linkage = {5.5,Wb’ }; % Outer stator permanent
magnet flux linkage

10 inner_pm_flux_linkage = {6.3,'Wb’ }; % Inner stator permanent
magnet flux linkage

1 Ldo = {0.0058, 'H' }; % Outer stator daxis inductance
, Ldo

12 Ldi = {0.0096, 'H'}; % Inner stator éaxis inductance
, Ldi

13 Lgo = {0.0058, 'H' }; % Outer stator gaxis inductance
, Lgo

14 Lgi = {0.0096, 'H'}; % Inner stator gaxis inductance
, Lqi

15 Rso = {0.039, 'Ohm'}; % Outer stator resistance per
phase, Rso

16 Rsi = {0.047, 'Ohm’}; % Inner stator resistance per

209
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[ATL
nao+ C Al
<Jwm
<] Theta nbot o M L -0
< Te
nco+ S e ® J‘
—u‘ nao- Universal Bridge T c
i+ o N sps Bl 2bc abc_mi] O
‘ A=l
nxic nyi+ c sps @ BBa®
\\”—u— nyi-

‘ nzi+ c M g 8C

sps c o)
Electrical Referencel Universal Bridgel

‘nzw—

Double Stator
Permanent Magnet
Synchronous Machine

Figure D.1 — Simscape DSCRPMG model connect with Simpowesyst

E} Block Parameters: Double Stator Permanent Magnet Synchronous Machine ‘ M

Double Stator Permanent Magnet Synchronous Machine
This block models a double stator permanent magnet synchronous motor. The two stators are controlled in
parallel.
View source for Double Stator
Permanent Magnet
Synchronous Machine
Parameters |
Number of pole pairs: 44 |
Oute_r stator permanent magnet 55 Wh -
flux linkage:
Inner stator permanent magnet 6.3 Wh .
flux linkage:
Outer stator d-axis inductance, 0.0058 a .
Ldo:
mner stator d-axis inductance, 0.0006 u =
Ldi: |
Outer stator q-axis inductance, 0.0058 H Tl
Lga:
Inr_mr stator g-axis inductance, 0.0006 -H .
Lagi:
Outer stator resistance per 0.039 ohm -
phase, Rso:
Inner statqr resistance per 0.047 ohm =
phase, Rsi:
Inertia, J: 1.3131e4 kg*m*2 -
Viscous damping, f: 0.5 m*s*N -
Initial outer currents, [ido ige]: [o0] A -
Initial outer currents, [idi igi]: [o0] A -
Initial rotor angle: ] deg - ‘
Initial rotor velocity: 7.96%2%pif60 rad/s -

[ ok ] | Cancel | | Help | Apply

Figure D.2 — DSCRPMG parameters setting mask
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phase, Rsi
J = {1.3131e4, 'kgxm"2'}; % Inertia , J
f = {0.5, 'Nxmxs’}; % Viscous damping, f
initial_outer_currents={[0 0], A’ }; % Initial outer currents ,
[ido igo]
initial _inner_currents={[0 0], A’ }; % Initial outer currents,
[idi iqi]
angular_position0={0’deg’}; %Initial rotor angle
angular_velocity0O={0,rad/s'}; %Ilnitial rotor velocity
end
parameters (Hidden=true)
shift 3ph = { [0,—2+pi/3,2+«pi/3], 'rad’ };
mat={[1/2, 1/2, 1/2], '1’};
end
inputs
TL = { 0, 'Nxm’ }; % TL: left
end
outputs

mechanical_velocity = { 0,’rad/s’ }; % wm: left

mechanical_angle = { 0, rad’
Electrical _torque = { 0,'N»m’ }; % Te:left

}; % Theta: left

nao+:right

nao—:left
nbo+:right
nbo—:left

nco+:right
nco—:left

nxi+:right
nxi—:left
nyi+:right
nyi—:left
nzi+:right
nzi—:left

end

nodes
vaop= foundation. electrical.electrical ;%
vaon= foundation.electrical.electrical ;%
vbop= foundation. electrical.electrical ;%
vbon= foundation. electrical.electrical ;%
vcop= foundation.electrical.electrical ;%
vcon= foundation. electrical.electrical ;%
vxip= foundation.electrical.electrical ;%
vxin= foundation.electrical.electrical ;%
vyip= foundation. electrical.electrical ;%
vyin= foundation. electrical.electrical ;%
vzip= foundation.electrical.electrical ;%
vzin= foundation.electrical.electrical ;%

end

variables

% Mechanical

angular_position = {0,'rad’}; % Rotor angle

angular_velocity= {0, 'rad/s’}; % Rotor

torque = {0, 'N*xm’}; % torque

angular velocity
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% Outer stator currents
iao = {0, 'A" }; % Phase
ibo = {0, 'A” }; % Phase
ico = {0, 'A’ }; % Phase
% Outer Stator voltages
vao = {0, V' }; % Phase
vbo = {0, V' }; % Phase
vco = {0, 'V' }; % Phase

% Inner stator currents
ixi = {0, A" }; % Phase
iyi = {0, A" }; % Phase
izi = {0, A" }; % Phase
% Inner Stator voltages
vxi = {0, 'V' }; % Phase
VYi {0, 'V’ }; % Phase
vzi {0, V' }; % Phase

% Outer stator currents
i_do = {0, 'A’"}; % Outer
i_qo {0, 'A"}; % Outer
i_0o {0, 'A’ }; % Outer
% Inner stator currents
i_di = {0, 'A"}; % Inner
i_qi = {0, 'A’}; % Inner
i_0i = {0, 'A"}; % Inner

end

function setup

through (iao ,vaop.i,vaon.i);
across(vao,vaop.v,vaon.v);
through (ibo ,vbop.i,vbon.i);
across (vbo,vbop.v,vbon.v);
through (ico ,vcop.i,vcon.i);
across (vco,vcop.v,vcon.v);

through (ixi ,vxip.i,vxin.i);
across (vxi,vxip.v,vxin.v);
through (iyi ,vyip.i,vyin.i);
across (vyi,vyip.v,vyin.v);
through (izi ,vzip.i,vzin.i);
across(vzi,vzip.v,vzin.v);

APPENDIX D. GENERATOR SIMSCAPE CODES

currents
currents b
currents c¢

voltages
voltages b
voltages ¢

currents
currents y
currents z

voltages
voltages vy
voltages z

d-axis current
g-axis current
0-axis current

d-axis current
g-axis current
O-axis current
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D.1. DSCRPMG CODE

i_do=initial_outer_currents (1);
i_qo=initial_outer_currents (2);
i_di=initial_inner_currents (1);
i_qgi=initial_inner_currents (2);
angular_position=angular_positionO;
angular_velocity=angular_velocity0;
end

equations

let

electrical _angle = nPolePaifrangular_position;
% Set up Park’s transform

213

abc2dq = (2/3)[cos(electrical_angle)cos(electrical_angle-2«pi

/3) cos(electrical_angle +2pi/3);

—sin(electrical _angle)-sin(electrical _angle-2x

pi/3) —sin(electrical _angle +2pi/3);
mat];

vdqO0o= abc2dg[vao vbo vco]’;
v_do=vdqgOo (1) ;
v_qo=vdqgOo (2);

vdqOi= abc2dg[vxi vyi vzi]’;
v_di=vdqOi (1) ;

v_qi=vdqOi(2);

% Outer stator Flux linkages

psi_do = i_doLdo + outer_pm_flux_linkage;
psi_go = i_qolLqo;

% Inner stator Flux linkages
psi_di
psi_qi = i_qixLqi;

i_dixLdi + inner_pm_flux_linkage;

%Outer stator current relationship

[ i_do; i_qgo ; i_Oo]== abc2dg[iao ibo ico]’;
iao+ibo+ico == 0;

%lnner stator current relationship

[ i_di; i_qgi ; i_0i]== abc2dg-[ixi iyi izi]’;
ixi+iyi+izi == 0;

% Electric to mechanical rotation
angular_velocity == angular_position.der;
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% Outer Electrical equations

v_do == i_dorRso + i_do.defLdo — nPolePairsangular_velocity
psi_qgo;

Vv_go == i_qorRso + i_go.defLqo + nPolePairsangular_velocity
psi_do;

% Inner Electrical equations

v_di == i_di*Rsi + i_di.derlLdi — nPolePairsangular_velocity
psi_qi;

v _qi == i_qi*Rsi + i_qi.derlLqgi + nPolePairsangular_velocity
psi_di;

% Mechanical equation

torque == 3/2 nPolePairs(i_qoxpsi_do — i_doxpsi_qo)+3/2
nPolePairs (i_qgixpsi_di — i_dixpsi_qi);

torque== TL+Xangular_velocity.der+fangular_velocity;

% Output ports

Electrical _torque==torque;

mechanical_velocity==angular_velocity; % wm

mechanical_angle==angular_position; % theta

end

end



Control parameters

E.1 Optimized DSCRPMG parameters (Generator choosing
from the Pareto front in Chater 3 with criteria F7y; fina2)

Symbol Description Value
VYpuo Outer stator magnet flux linkage5.51Wb
VYpui Inner stator magnet flux linkage 6.3Wb
Lo, Lgo Outer statodg-axisinductance | 5.8mH
Lgi, Ly Inner statodg-axisinductance | 9.6mH
Rewo Outer stator resistance 0.0392
Reyi Inner stator resistance 0.04792
P Pole pair 44
Controller parameters

Speed loop K, = 42486, K; = 2.6 x 107

Outer stator current loop K, = 14.5, K; = 100

Inner stator current loop K, = 24, K; = 120

Table E.1 — Optimized DSCRPMG parameters and relatively obbatrparameters which are
used to test the fault control.
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APPENDIX E. CONTROL PARAMETERS

E.2 Optimized PMSG parameters and corresponding con-

troller parameters (Generator choosing from the Pareto

front in Chater 3 with criteria  Flp; fina2)

Symbol

Description Value

(o

Magnet flux linkage| 6.1Wb

Lq, L,

dg-axisinductance | 4.2mH

RCU

Stator resistance | 0.01902

p

Pole pair 42

Controller parameters

Speed loop

K, = 17000, K; = 4.3 x 10°

Current loop

K,=21,K; =95

Table E.2 — Optimized PMSG parameters and relatively ctatrparameters which are used

to test the fault control.

E.3 Grid side control parameters and torque estimator pa-

rameters

DC-bus voltage

Vie = 1500V

DC-bus capacitor

C =130mF

Filter parameters

lf = 1mH, Tf == 001Q

Controller parameters

Outer energy looq

K, =700, K; = 250000

Inner power loop

K, = 7000, K; = 25 x 10°

Estimator parameters

Estimator

K,=15x10% K; = 8.4 x 10"

Table E.3 — Grid side control parameters and torque estimpat@ameter.
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Résumé

Les travaux présentés dans cette thése portent sur I'étude, le
dimensionnement optimisé et la commande d’'une chaine de conver-
sion d’énergie hydrolienne a base de machine synchrone a aimants
permanents a deux stators (DSCRPMG). Les concepts de turbines
hydroliennes, les projets existants et les structures électrotechniques
usuelles sont d’abord présentés. Un systeme d’entrainement direct
avec une turbine a pas fixe est retenu. Le modéle analytique de la
machine synchrone a deux stators est élaboré et différentes straté-
gies de commande sont testées (commande a facteur de puissance
unitaire, a flux constant ou a couple maximal). Une approche origi-
nale minimisant la fois les pertes de la machine mais aussi celles
du convertisseur est proposée conduisant a un meilleur rendement
sur I'ensemble de la plage de vitesse (zone MPPT et régime défluxé)
tout en respectant les contraintes de tenue en tension et thermiques
du systeme. Une optimisation multi-objectif de I'investissement et de
I’énergie extraite par 'ensemble de la chaine de conversion est réa-
lisée pour une durée d’exploitation de 20 ans avec prise en compte
des probabilités d’apparition de vitesse du courant marin. Il en ré-
sulte que la machine double stator donne une nette amélioration
du couple volumique en contrepartie d'une légére dégradation du
couple massique comparée a la machine synchrone classique. En-
fin 'accent est mis sur la commande de la chaine de conversion en
mode normal ou en mode défaut, en particulier le cas de I'ouverture
d'une phase du stator externe. Différentes stratégies sont étudiées
pour assurer une continuité de service et minimiser les ondulations
de couple montrant ainsi les possibilités offertes par la DSCRPMG.

Mots clés

Energie hydrolienne, machine synchrone a double
stator, optimisation multiobjectif, commande, mode
défluxé, continuité de service, tolérance aux défauts.

Abstract

The work presented in this thesis concerns the study of sizing,
optimization and control of double stator permanent magnet genera-
tor (DSCRPMG) system for tidal current energy application. Turbine
concepts, relative projects and usual chain of tidal energy conver-
sion are first presented. A direct drive system with fixed pitch tur-
bine is used. The analytical model of the DSCRPMG is developed
and different control strategies are tested (unity power factor control,
constant flux and maximum torque per ampere control). An original
approach minimizing both losses of the machine and the converter
is proposed, leading to improve the system efficiency over the whole
speed range (MPPT and flux weakening regions) taking into account
voltage and thermal constraints. A multi-objective optimization of
investment and energy extracted by the entire conversion chain is
performed for an operating period of 20 years, taking into account
the occurrence of the sea current speed probabilities. As a result,
the double stator machine gives a clear improvement in torque den-
sity despite a slight degradation of the mass torque compared to the
conventional single stator synchronous machine. Finally emphasis
is placed on the control of the conversion chain under normal mode
or fault conditions, particularly for open circuit fault of the outer sta-
tor. Different strategies are designed to ensure continuity of service
and minimize torque ripples, showing the possibilities offered by the
DSCRPMG.

Key Words

Tidal current energy, double stator permanent magnet
machine, control strategies, multi-objectives particle
swarm optimization, fault tolerant, torque ripple.
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