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Préambule

Ce document présente une partie des travaux derghque nous avons réalisés dans le
cadre de I'Institut d’Innovation Franco-Tailand#&§=T ou plus communément TFIl pour

Thai-French Innovation Institute).

Existant depuis 1990, cet institut comprend plusialépartements (Corrosion, Energie,
Métrologie, Productique, Soudure, Technologies t@amue et électrique) collaborant

chacun avec un ou plusieurs centres techniguesigarsités et plusieurs industriels.

Pour le département des Technologies électronitjééeetrique, c’est I'Institut National
Polytechnique de Lorraine (INPL) qui depuis uneatliz d’années nous apporte une aide en

parallele avec le support d’'industriels comme SithereT hailand Limited.

La collaboration avec I'INPL a permis au traverardProgramme d’Action Intégré (PAI
France-Thailande 2003-2005) du Ministere des AdfaiEtrangéeres francais et de son
homologue thailandais de développer la formationVidester et de Doctorat ainsi que la
recherche dans le domaine du génie électrique. idgré&mme Hubert Curien (PHC 2009-
2010) est actuellement destiné a développer deauxade recherche autour de la pile a

combustible.

Ayant assuré la direction du département des Tdobes électronique et électrique de
1994 a 1995 puis la direction de I'IFT (alors Clfpbur Centre d’Innovation Franco-
Thailandais avant de devenir Institut) de 1996 @82poccupe actuellement les fonctions de
doyen de la Faculty of Technical Education. Pentlautes ces années, je me suis investi dans
le développement d’enseignements et de travawecteerche dans le domaine des réseaux
électriques et de la qualité de I'énergie électiqDe manuscrit de thése présente les travaux

gue nous avons réalisés dans ce domaine

La collaboration et les travaux réalisés a I'llF&ffectuent en anglais ou en thailandais.
Cette thése a donc été rédigée en anglais et $ergrénanuscrit comporte un résumé étendu
en francais placé au début de la thése. Ce réseppnénd I'introduction et la conclusion de la
thése et décrit les quatre chapitres qui la compo$®e plus, dans le texte en anglais, les

figures et tables comportent toute une légendenglais et en francais.
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Preface

This document presents a part of the research werkave done within the frame of the
Thai-French Innovation Institute (TFIl) which iscited and supported by the King’s Monkut
University of Technology North Bangkok (KMUTNB).

Created in 1990, this institute contains differedgpartments (Corrosion, Energy,
Metrology, Automation, Welding, Electronic and Blétal Technology) which develop

collaboration with technical centers, universitesl industries.

The department of Electronic and Electrical Techgglhave close relationship for about
ten years with thénstitut National Polytechnique de Lorrai(NPL) and also with industries

such as Schneider Thailand Limited.

The collaboration with INPL gives us the possililib participate to two French-Thai
research programs. The first onePeogramme d’Action IntégréPAl France-Thailande
2003-2005) from the French and Thai Ministries ofdign Affairs has the goal to develop
Research and Master and Doctorate curriculum irctétal Engineering. The second one
within the Hubert Curienprogram (PHC 2009-2010) actually develops reseamntks in the
field of fuel cells. Former director of the depaetmh of Electronic and Electrical Technology
(1994-1995) and of the TFIl (1996-2008), | am altyudne Dean of the Faculty of Technical
Education of KMUTNB. During all these years | wawaolved in teaching and research on
electrical network and quality of electrical energyis thesis presents the works we have

done in this field.

The teaching and research work at TFIl are dorienglish or in Thai. It is why this thesis
is written in English. It is preceded by an extehdaimmary in French containing the
introduction and conclusion of the thesis and acuigson of the different chapters.

Furthermore all legends of figures and tables ath m English and in French.
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Résumeé de la these

Introduction

La qualité de la distribution d’énergie électriqetela stabilité des réseaux électriques est
un probleme de plus en plus important en raisoladeoissance du nombre de charges non
linéaires utilisées dans l'industrie [1]. La disimn des ondes de tension peut créer des
dysfonctionnements dans différents secteurs comm@tlustries utilisant des automates, les
systemes de communication, les aéroports ou lega@p Outre les perturbations sur les
charges alimentées, les systemes de puissance npeorder des harmoniques et les
interconnections a courant continu haute tensid®dHT) sont connues pour les perturbations

gu’elles apportent.

Les liaisons CCHT sont intéressantes d’'un pointvde économique, par rapport aux
connexions classiques en alternatif, pour des @oces importantes transitant sur de longues
distances [2], [3]. Un exemple récent de ce typmsthllation est la liaison CCHT
commencee en 1997 entre la Thailande et la Maldlsgagit d’'une liaison 300/600 MW
d’'une longueur de 110 km. Comme un convertisseupesent a chaque extrémité de la
liaison continue, de nombreux harmoniques sont rgéneers les deux réseaux alternatifs,

harmoniques qui nécessitent un traitement spéeifiqu

La solution la plus simple de réduction des harmoes consiste a utiliser un filtre passif.
Accordé sur certaines fréquences, celui-ci crée chemin basse impédance ou les
harmoniques sont piégés. Un filtre étant associéeagamme de fréquence, c’est un ensemble
de filtres qui est nécessaire pour éliminer lesnuaiques dans une gamme de fréquences

étendue.

BN

Une autre solution consiste a utiliser un filtraifacCelui-ci peut étre placé tant cote
continu qu’'alternatif [4]. Le premier filtre actifour liaison CCHT a été installé par Siemens
en 1998 dans le cadre d'une expérimentation ré&al@é Danemark [3]. Depuis plus de
quatorze filtres actifs pour station CCHT ont étstallés au niveau mondial et couvrent une

gamme de puissance de 0,6 a 22 MVA. Le principdilthe actif est de générer un jeu



d’harmoniques de méme amplitude mais opposés aumoméjues que I'on veut supprimer.
Les harmoniques devant étre générés par le fitttegnt évoluer dans le temps, le filtre actif
est un convertisseur de puissance controlé patedbsiques de type MLI (Modulation de
Largeur d’Impulsion) définies par des processewrmdriques comme les DSP (Digital
Signal Processeur), [5]. La structure et le coetrdés filtres actifs sont encore I'objet de
travaux de recherche et cette these détaille letittmement, le contréle de ces filtres actifs

et présente un prototype réalisé par I'auteur.

D’autres méthodes peuvent étre aussi utilisées @rmpar exemple les déphasages
introduits par des transformateurs. Le déphasagssicjue utilisé est le déphasage de 30°
introduit par les connexions en étoile et en triarg deux enroulements secondaires. Ce type
d’enroulements est en particulier utilisé dansreresseurs dodécaphasés qui réduisent de

facon importante les harmoniques injectés surdeag [6].

Cette these comporte quatre chapitres. Le prensercensacré a la production, au
transport et a la distribution de I'électricité Emailande.

Le deuxieme chapitre s’intéresse aux liaisons CCHTljaison 300/600 MW entre la

Thailande et la Malaisie permettant d'illustrertyee de dispositif.

Le troisieme chapitre concerne la qualité de I'§reeélectriqgue en termes d’harmoniques,
tant du coté des sources que des solutions que p&rt apporter. Les techniques de
déphasage ou de filtrage actif sont alors détailléamsi que des exemples de réalisation de

filtre actif.

Le quatrieme chapitre propose une méthode de nsadiéin des convertisseurs a indice
de pulsation élevé comme par exemple les redressledécaphasés utilisés dans les liaisons
CCHT. Cette méthode est basée sur une solutiorteedagprobleme d’état [7-8]. En utilisant
des propriétés de symétrie temporelle, I'étude @hctionnement sur une période peut se
réduire a I'étude de seulement deux séquencesndédonement. Le modéle ainsi développé
donne des informations sur le fonctionnement duésys tant dans le domaine fréquentiel

que temporel.



Chapitre 1 - Production, transport et distribution de

I’électricité en Thaillande

Le premier chapitre est consacré a la productionfransport et a la distribution de

I'électricité en Thailande.

La Thailande a suivi une évolution que I'on retr@wlans de nombreux pays. Dans les
annees soixante, les producteurs et distributeans regroupés dans une compagnie d’état,
seule capable de faire face aux énormes investesgemécessaires pour moderniser le réseau
et les moyens de production. L'une des originalitéda Thailande est d’avoir, des le début,
séparé les activités de production et de transgena distribution.

Durant ces dix dernieres années, ces compagnidisjyes sont I'objet de programmes de

privatisation, en particulier des moyens de produact

Comme dans de nombreux pays [9], les années 9udaetdéveloppement de reglements

concernant les harmoniques et le phénomene defflick
Marché de I'électricité en Thailande

La principale société en charge de la productiordwettransport de I'électricité en
Thailande est I'EGAT Hlectricity Generating Authority of Thailand, [10]). D’autres
producteurs vendent de I'électricité a 'TEGAT ehtselon leur taille qualifiés de producteurs
indépendants (Kdependent Power Producers, IPP) ou de petits producteurSr@ll Power
Producers, SPP). L’électricité produite est transportée lparéseau géré par 'lEGAT et est
distribuée par la MEAN]etropolitan Electricity Authority) dans la région de Bangkok et par
la PEA @rovincial Electricity Authority) dans les autres parties de la Thailande. Le réateh
I'électricité est dirigé par un organisme I'EPP@ngrgy Policy and Planning Office)
dépendant directement du Ministere de I'Energgufi ).

L'EGAT a été créée le ler mai 1969 sous la respmlitgadu Ministére de I'Energie et a
regroupé les activités de trois entreprises dgtatse partageaient précédemment le marcheé
de la production et du transport de I'électricit€A’ (Yanhee Electricity Authority), LA
(Lignite Authority) et NEA (Northeast Electricityughority).
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EGAT : Electricity Generating Authority of Thailand

PEA : Provincial Electricity Authority
MEA : Metropolitan Electricity Authority
IPP - Independent Power Producer
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EPPO : Energy Policy and Planning Office

Figure 1. Structure du marché de 1’¢électricité en Thailande [11].

Les missions de 'EGAT étaient d’'une part de généequérir et transmettre I'électricité
aux distributeurs MEA et PEA et d’autre part dermpooivoir la production et 'usage de
I'électricité sous toutes ses formes. A ce cahies dharges concernant I'électricité s’est
ajoutée la nécessité de promouvoir l'utilisation ldpnite, obligation liée a l'existence de
mines importantes dans le nord de la Thailande (Miale) et dont la production est destinée
majoritairement a I'alimentation de centrales thiguss.

L’ambition de I'EGAT était de devenir la principalentreprise de production et de

transport de I'électricité pour les pays de 'ASEAN

EGAT gere une capacité de production de pres de0@8MW pour une production
annuelle de 117 000 GWh59 % de cette capacité proviennent de centrgipargenant a

EGAT, le reste de producteurs privés ou des pay@ngo(figure Il). Un nouvel opérateur

L L’ASEAN est I'association des pays du sud-esttagia. Créée le 8 ao(it 1967 par I'Indonésie, ladisi#, les
Philippines, Singapour et la Thailande, elle arégginte par Brunei (1984), le Vietnam (1995), keok (1997),
la Birmanie (1997) et le Cambodge (1999). Cetteaation régionale couvre 4,5 millions de km?, qu&si par
une population de 500 millions d’habitants.

2 Année fiscale 2003, octobre 2002 — septembre 2003.

v



RATCH apparait sur cette figure. Il a été créé @d02ors de la privatisation de centrales de
production d’'EGAT.

15,794.56 MW.

AW,

3030 (58.98%)

15.000+

16.000-|

14.000 -

12.000-
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5.000 1,994 MW

o040 MW,
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EGAT RATCH Other IPPs SFP Foreign Purchase

Figure Il. Capacité de production d’électricitéaamil 2005 [11].

La capacité actuelle est suffisante et le maximuen la production (ou de la
consommation) qui a lieu entre mars et mai lordadeaison chaude est encore loin de la
capacité de production maximale (figure IllI). Ma&@gout, 'augmentation de la production
moyenne est de 6 a 7 % par an ce qui nécessiteudeaux investissements chaque année (la
capacité de production devrait étre de 35 000 MVEG@O, [11]).

Cette croissance a encouragé la Thailande a digseaccords de fourniture d’électricité
avec ses voisins. Des accords ont été ainsi sips4993 avec le Laos (possibilité de fournir
1 500 MW dés 2000 et 3 000 MW en 2006) et avedilia€(possibilité de fournir 1 500 MW
a I'horizon 2013 et 3000 MW en 2018). Avec d'aatpgays comme la Birmanie et le
Cambodge des accords de fourniture a moyen termétérsignés (au-dela de 2010) sachant

gu’entre temps, c’est la Thailande qui supplée manque d’électricité dans ces deux pays.
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Figure 11l. Maximum de production (en haut) et potion mensuelle (en b&g1L1].

La production est diversifiée mais essaie d’'utiliaa maximum les ressources locales :
gaz naturel, lignite et hydroélectricité qui sontaxigine de plus de 85 % de I'électricité
produite (figure IV). La production de base esteobie a l'aide de centrales thermiques
classiques, les ajustements étant réalisés a ldadeirbines a gaz, de barrages ou méme de
groupes diesel. Les principales centrales therrsigeent dispersées sur I'ensemble du

territoire en fonction des ressources et des bs®yrconsommation (figures V et V).

% Les nombres sur les courbes correspondent a dimsement par rapport a 'année précédente.

\
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Figure IV. Production par type d’énergie primaité].

La centrale de Bang Pakong située au sud de Barggtactuellement la plus moderne et
la plus importante de Thailande. Elle a une capaist production d'un peu moins de 4 000
MW. Son développement a accompagné la découvertgadenaturel dans le Golfe de
Thailande. Cette centrale est la vitrine de 'TEGAT.% de la production sont obtenus a l'aide
de générateurs utilisant de la vapeur, les autte8o3par des générateurs fonctionnant en
cycle combiné. Elle peut utiliser soit du gaz nekusoit du pétrole. Le refroidissement des
générateurs utilise de I'hydrogéne fabriqué sucalda capacité de production est de 45 m
par heure et cette unité alimente aussi les iasi@atis de refroidissement d’autres centrales de
la région de Bangkok. Un centre de formation déséirla Thailande et aux pays voisins est

attaché a cette centrale.

La capacité de production hydroélectrique repré&sérito de la capacité totale et concerne
des unités situées dans les régions ouest, nost-eti@ord-est de la Thailande. Ces unités
sont en général de petites puissances (entre @ W) a I'exception notable de la centrale
de pompage de 500 MW de Lam Takhong (province déhdda Ratchasima, nord-est de la
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Thailande) et du barrage « au fil de I'faude 136 MW de Pak Mun (province d’Ubon
Ratchathani, nord-est de la Thailande) et constuuita riviere Mun, un affluent du Mékong.

Bang Pakong
Mae Moh
South Bangkok
Wang Noi

Nam Phong
Nong Chok

Sai Noi

North Bangkok
Surat Thani
10. Lan Krabue
11. Ratchaburi

12. Mae Hong Son
13. Krabi

14. Surat Thani
15. Thap Sakae

©CoNoO~wWNE

& In service plants
#'. Cngoing and future projects

Figure V. Localisation des principales centraldsGAT [12].

Les énergies renouvelables sont assez peu repFésatans les capacités de production et
correspondent pour I'essentiel a des projets dexy@htation de 'EGAT :

- Réalisation d’'une centrale de 300 kW utilisant &égie géothermique qui est
opérationnelle depuis 1989 ;

- Installation de 70 kW de panneaux solaires surté® sn 2000 ;

- Installation de 6 éoliennes de 150 kW sur I'lleRtriket en 1996.

4 Utilisant la force du courant et non une chutead’e
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a) 3680 MW, Bang Prakong Power Plant, d) 71C MW, Nam Phong Power Plant,
Chachoengsao province Khon Kaen province

t) 2625 MW, Mae Moh Power Plant, €) 2024 MW, Wang Noi Power plant,
Lampang province Ayutthaya province

| = 1 # Il
¢} 2288 MW, South Bangkok Power f) 743.8 MW, Bhumibol Hydro Electric
Plant, Samut Prakan province Dam, Tak province

Figure VI. Centrales thermiques et barrage d’'EGAI] |

EGAT a la responsabilité du transport de I'éledgicLe réseau de plus de 28 000 km
recouvre I'ensemble du territoire national et pdssiois niveaux de tension 500 kV, 230 kV
et 115 kV. Le réseau est géré a partir d'un cemateonal de contréle situé a Bangkok et de
cing centres régionaux qui divisent le pays en doges (la capitale et les régions Sud,
Centre, Nord et Nord-Est).



Le réseau est interconnecté avec les pays voisassprincipales liaisons actuelles sont
avec le Laos (115 et 230 kV, [13]) et la Malaisi¢g, 132 kV et 300 kV en courant continu
haute tension, CCHT, [14-15]). Une ligne CCHT a &BUCest en projet avec la Chine [16].

EGAT délivre I'électricité qu’elle produit et la @duction des producteurs indépendants a
deux entreprises d'état qui réalisent la distritouti La premiére MEA (Metropolitan
Electricity Authority) est en charge de I'agglomtéa de Bangkok et utilise de I'ordre de 35
% de la production. La deuxieme PEA (Provincialciieity Authority) distribue dans les
différentes provinces thailandaises de l'ordre 8€¥® de la production. Ces entreprises de
distribution de I'électricité dépendent du Minigtede I'Intérieur et ont été créées en 1958
pour MEA et en 1960 pour PEA.

Lors de sa création, MEA produisait une partie ddedtricitt consommée dans
I'agglomération de Bangkok. Des 1961, cette actidié production a été transférée a Yanhee
Electricity Authority, 'une des trois entités atigine d’'EGAT. Depuis cette date, MEA ne
s’occupe plus que de la distribution. Le réseaupmte 13 stations ou arrivent les lignes
haute tension et comporte un maillage basé surs@@g-stations. Le principe utilisé pour la
distribution aux particuliers est I'existence déseau a 12 ou 24 kV sur lequel sont placés a
intervalles plus ou moins réguliers des transfoema sur lesquels sont connectés les
utilisateurs en 220-380 V.

PEA de son c6té s’occupe du reste de la Thailamitides 'ordre de 99 % de la surface du
pays. Depuis sa création, elle s’est attachée aemi@lectricité dans les zones rurales les
plus reculées et a joué et joue encore un réle fitapb dans la politique nationale de

développement.

A la suite des décisions gouvernementales de watain du marché de I'électricité
destinées a accroitre la participation des investis privés dans ce domaine, deux nouvelles

compagnies ont été creées en 1992 et 2000.

La premiére EGCO (Electricity Generating Public @amy) est née de la cession par
EGAT de la centrale de Rayong (1 200 MW) puis péard de celle de Khanon (750 MW).
EGAT est le principal actionnaire de cette sociggeparticipation étant passée de 40,7 % a

I'origine a 25,8 % aujourd’hui.



La deuxiéme RATCH (Ratchaburi Electricity Genergtinlolding Public Company)
Limited a regroupé les moyens de production dertevipce de Ratchaburi (de I'ordre de
4 000 MW) située au sud de Bangkok. EGAT possefrialihui 45 % de cette société.

by

A terme ce sont toutes les centrales de produajionont vocation a étre privatisées,
EGAT ne conservant que la tache dopérateur duatést de lien entre producteurs et

consommateurs d’électricité.
Qualité de I'électricité

Le développement de la consommation industrielld’estistence de consommateurs
risquant de polluer le réseau électrique ont cdridGIAT et les distributeurs MEA et PEA a
réfléchir aux problémes de la pollution du réseéni.conseil dédié a ce probleme a ainsi éte
creé en 1995. Celui-ci s’est inspiré des travauja d€alisés dans les autres pays

industrialisés.

C'est ainsi que différents documents ont été rédighs correspondent a des
recommandations diffusées aupres des clientsdadlstenir leurs réactions. Aujourd’hui ces

recommandations sont en train de devenir des normes

Les premiers documents officiels datent de 1998esuharmoniques [18] et la fluctuation

de la tension [19].

Pour les harmoniques, les recommandations soniséepls niveaux et concernent :

- Les niveaux de courant admissibles pour les hamuoesi ;
- Le taux de distorsion en tension ;

- Les équipements et en particulier les convertisssiatiques.

Les niveaux de courant admissibles en fonctionadig de I'harmonique sont définis dans
la table | et dépendent de la tension au poinadeardement. De méme, le taux de distorsion

harmonique en tension dépend du niveau de tenisible ().

Pour les équipements, les normes proposées dépeatmiérur puissance et de la tension
au point de raccordement. En monophaseé, les rafgéries dans les tables | et Il ne

s’appliquent pas pour les convertisseurs statiquesne dépassent pas une puissance de 5
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kVA en 220 V et 7,5 kVA en 415 V sous réserve derueluire que des harmoniques de rang
impair. En triphasé, la régulation dépend du nivdatension (table I11).

Voltage Rang de I'harmonique et courant limite.{4
(kV) 2 3 4 5 6 7 8 9 100 11 12 18 14 15 16 L7 |18 |19
0-400 48 | 34| 22| 56| 11| 40 9 8 7l 19 [ 16 b 5 5 6 4 6
11 et 12 13 8 6 10 4 8 3 3 3 7 2 q 2 P 4 p 1 1
22,24 et 33| 11 7 5 9 4 6 3 2 2 6 2 5 2 1 L p ik 1
69 88| 59| 43| 73 33 49 2B 16 16 49 16 K3 |1.6 1] 16| 1 1
115etapres 5 | 4 | 3| 4| 2| 3| 1| 1| 1| 3/ 1| 3 4 1 1 1 o ¢

Table I. Limites des courants harmoniques au piBntonnexion au réseau.

Distorsion en tension par rang
Voltage (kV) Distorsion totale en d’harmonique (%)
tension (%) Rang impair Rang pair
0-400 5 4 2
11,12,22 et 24 4 3 1,75
33 3 2 1
69 2,45 1,63 0,82
115 et aprés 15 1 0,5

Table II. Limites de la distorsion en tension ainpde connexion au réseau.

Convertisseur triphasé Gradateur triphasé
Voltage (kV) 3-pulse 6-pulse 12-pulse | 6 thyristors| 3 thyristors
(kVA) (kVA) (kVA) (kVA) 3 diodes (kVA)
0-400 8 12 - 14 10
1lletl2 85 130 250 150 100

Table Ill. Puissance maximale des convertisseufsmeiion du niveau de tension.

Ces limites correspondent a I'ensemble des cosgenirs connectés a un méme point de
raccordement et non a chaque convertisseur prigarnun. Dans le cas de plusieurs

convertisseurs, des facteurs de coincidence pemedie tenir compte du fait qu’ils ne
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fonctionnent pas toujours en méme temps ou quectesants absorbés ne sont pas
systématiquement en phase (table 1V). Au dela ddiggtes, le probléme doit étre résolu au
cas par cas et se pose differemment selon qued’@ffaire a une installation déja en

fonctionnement ou en projet.

Catégorie  Mode de commande du Facteur multiplicatif
convertisseur
1 Convertisseur non controlé 0,9
2 Convertisseur commandé 0,75

utilisé plusieurs fois par jouf

0,6 quand moins de 3

3 Convertisseur commandé . o,
convertisseurs sont utilisés

utilisé de temps en temps qu
causant des harmoniques au 0,5 pour plus de 4
démarrage convertisseurs

Table IV. Coefficient de pondération lors de lamexion au méme point de plusieurs

convertisseurs.

Pour les creux de tension, I'objectif de la direet[19] est d’éviter les creux de tension
susceptibles de géner les autres utilisateurs.oBsidere ainsi trois niveaux de fluctuation en
tension au point de connexion selon la valeur ikadate la fluctuation créée par la charge par

rapport a la puissance nominale du réseau expemé®/A :

- Si la fluctuation en valeur relative est infériedred,002, le dispositif considéré

peut étre connecté sans précaution au réseau ;

- Si la fluctuation relative est comprise entre 0,@020,03, le dispositif peut étre
connecté au réseau sous reéserve de ne pas défemssienites données sur la
figure VII. Sur cette figure, si la fluctuation agpit de fagon réguliére le terme
Psf vaut 1 et la limite est donnée par la courbe Bsda cas contraire, le Pst est

égal a 0,5 et la limite est donnée par la courbe 1.

courts (10 minutes).
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- Si la fluctuation relative est supérieure a 0,83]ispositif ne peut étre connecté et

doit étre amélioré.
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Figure VII. Fluctuation relative acceptée en foortdu nombre de fluctuations de tension par

unité de temps (seconde, minute, heure et jour).
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Plusieurs méthodes existent pour améliorer unegehar

- Améliorer son fonctionnement de fagcon a ne pag fainctionner en méme temps
plusieurs moteurs, ou limiter les variations de siem et la durée de
fonctionnement de certaines charges ;

- Améliorer les caractéristiques de la charge;
- Installer des équipements afin de limiter les oatiohs de tension.

L’annexe 1 donne un exemple de calcul dans le aas moteur électrique démarrant
quinze fois par heure.
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Chapitre 2 - Liaison CCHT Thailande — Malaisie

Le deuxieme chapitre s'intéresse aux liaisons aasdicontinu haute tension (CCHT). Le
principe de ces liaisons est tout d’abord décranavde détailler la liaison entre les réseaux
électrigues de Thailande et de Malaisie. Cettediadont la construction a été lancée en 1997
est opérationnelle depuis 2001. Premiere intercdoneentre deux pays de 'ASEAN celle-ci
représente une premiére dans le projet d'intégradies différents réseaux de cette région
(projet d’'unAsean Power Grid).

Dans la premiére partie de ce chapitre, les diffisréypes d’interconnexion sont décrits.
Ceux-ci different principalement par le nombre denrexions physiques entre les
convertisseurs placés aux deux extrémités de iEohiaCCHT et par I'existence ou non de
possibilités de conduction par le sol. Les figuwés et IX illustrent deux exemples de modes
de connexion dits unipolaire ou bipolaire, les @liéints modes de connexion envisageables

étant présentés dans le chapitre 2 dans les figuses2.168

=

V)

HvDC
Overhead line

] E

AC | ' AC
System 1 System 2

HvDC
~ Overhead Iineﬂ

= =

Figure VIII. Liaison bipolaire équilibrée.

La deuxieme partie du chapitre est ensuite consaaré&ontréle de la liaison CCHT [21],
contrble réalisé de facon indépendante sur les deuaxertisseurs placés aux extrémités et

assurant la liaison entre I'étage continu et chatesiréseaux alternatifs (figure X).

® Les figures 2.n sont des figures du chapitre 2géé&n anglais et se trouvent dans les pages 18 @u6
manuscrit.
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Figure IX. Structure bipolaire avec retour pardélers de I'ouverture d’'une des lignes

aériennes.
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Figure X. Schéma équivalent simplifié d’'une liaiSOEHT.

Les principaux objectifs de ce contréle sont, odtg¥iter tout probléme de commutation
pour le convertisseur fonctionnant en onduleurichéter d’une part le courant continu et
d’autre part la consommation de réactif. Cela $igmu’il s’agit d’avoir la tension continue
la plus importante possible (afin de limiter le nt) et I'angle de retard a 'amorcage le plus
faible possible (afin d'avoir la tension la plusagde et de limiter la consommation de
réactif). Le risque de dysfonctionnement du corisseur fonctionnant en onduleur est limité
en imposant I'angle de retard a I'amorcage. Celdene & imposer la tension du coté de

I'onduleur, le courant étant imposeé du coté forrot@nt en redresseur.

On aboutit ainsi a un mode de contréle (figure &l)I'on distingue deux trajectoires de
fonctionnement pour chacun des convertisseurs smorelant principalement a un
fonctionnement a angle de retard a 'amorcage idpasquel est adjoint un mode de
fonctionnement a courant constant en cas de déaraie de la tension sur I'un des réseaux

alternatifs. Les principales boucles de régulasont ensuite décrites, contréle du courant
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pour le convertisseur fonctionnant en redrességurg Xll) et contrdle de I'angle de retard a
I'amorcage pour celui fonctionnant en onduleuryfegXIIl).

Vg
A

I

Figure XI. Caractéristique simplifiée Vd-Id.
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Figure XII. Boucle de régulation du courant cotéresseur (contréle a courant constant).
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La troisiéme partie, la plus importante de ce dnepidécrit en détail la liaison CCHT
entre la Thailande et la Malaisie. Il s’agit totalibrd de rappeler I'historique de cette liaison
qui a fait suite a une premiéere connexion en aifrdes réseaux de ces deux pays. Des 1982,
une partie du réseau thailandais pouvait étre @sdlé reste du pays et alimentée par la
Malaisie (80 MW en 132/115 V, [25]).

L’augmentation des besoins d’échange a conduitrelégment a envisager une liaison
CCHT qui permettait des échanges plus importani$ ém assurant un fonctionnement
découplé des deux réseaux électriques. Celle-ch €€ congue de type bipolaire avec une
capacité de transfert de 60 a 600 MW. Elle fonct@actuellement selon un mode unipolaire
(figures 2.21 a 2.24), sa capacité de transfededlet étant limitée a 300 MW avec une

surcapacité de 450 MW pendant une dizaine de ngnute

Le schéma de ce dispositif est représenté sugladiXIV, les principales caractéristiques
de cette liaison CCHT étant détaillées dans laetabl
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230 kV EGAT E HVDC Station E HVDC/LVDC E HVDC Station E 275 kV TNB
AC System ! Khlong Ngae E Overhead line E Gurun ! AC System
Triple-tuned AC filters Triple-tuned AC filter

2x42 Mvar, 1x84 Mvar 2x60 Mvar
Tuned to 12/24/36 harmonics Tuned to 11/13/21 harmonics
—— 1 fi i I
—p— i
H I i -
I I
— =1 fi i (=1
HVDC pole 1
Smoothing reactor  overhead line  Smoothing reactor
Thyristor G\-l B = I 6 Thyristor
valves valves
Active Active
\g DC filter DC filter é‘E _Y
)
_?'_ _?'_
Converter | — _ | Converter
transformer 'II + : = ~ ' ' transformer
.--‘.---. -~--:-~-- : .---!---.
LT ' ' T s I thio. ' ' :_{,"\
IN a:. B S . HVDC pole 2- and |:.... ) ST
| N7 g W I LVDC PRI A o i |
ey H R -overhead lines o ' IR
e 65 0 S P
Shunt capacitor Shunt capacitor
3x84 Mvar 3x60 Mvar
I Rated DC power 300 MW 1
I Voltage 300 kV i
Current 1000 A

Figure XIV. Schéma de principe de la liaison CCHiTneode de fonctionnement unipolaire

[26].
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Caractéristiques de la liaison CCHT
Puissance nominale en mode de fonctionnement unipdie 300 MW
Puissance de surcharge (10 mn) 450 MW
Puissance minimale 30 MW
Courant continu nominal 1000 A
Courant de surcharge (10 mn) 1562 A
Courant minimal a 300 kV 100 A
Tension nominale 300 kv
Tension maximale 308 kv
Tension minimale 292 kv

Table V. Principales caractéristiques de la liai€@HT [23].

Une vingtaine de pages est ensuite consacréeesdaigtion des différents constituants de
cette ligne CCHT. Outre les données techniqguesspondant a ces différents éléments, de
nombreuses photos accompagnent ces données : hidticoeieillant le convertisseur AC-DC
(figure 2.26), disjoncteurs c6té alternatif (figuPe27), filtres accordés et capacitifs cote
alternatif (figure 2.27), transformateur triphasé&décaphasé (figures 2.31 et 2.32),
interrupteurs de puissance (figures 2.33 et 284&teme de refroidissement des interrupteurs
(figure 2.35), inductance de lissage (figure 2.J8)e de I'étage continu (figure 2.37),

disjoncteur de I'étage continu (figure 2.38) ehkga courant continu (figure 2.39).

La figure XV donne quelques exemples des photoseptées dans le chapitre 2. Il s'agit
ici du transformateur alimentant les redresseuwtaligé a partir de trois transformateurs
monophasés comportant chacun deux enroulementadsees. Le choix de cette structure
représentée sur la figure XVI a été effectué ertigpgour des raisons de difficulté de

transport d’une structure triphasée unique.

Les autres composants représentés sur la figuresofW d’'une part les interrupteurs ou
chaque valve est constituée par la mise en ser8dbyristors élémentaires et d’autre part

les éléments de filtrage des harmoniques placésddd alternatif que continu.
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b) Connexions des transformatelarss le hall
des redresseurs

|1
24

¢) Section des redresseurs

e) Filtre coté alternatif Fijtre c6té continu

EGAT site de Khlong Ngae, Songkla [25]
Figure XV. Quelques composants de la liaison CCHT.
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Figure XVI. Schéma de connexion des trois transé&bemrs monophaseés.

Le chapitre se termine par la présentation du dragre de contrdle du systeme (figure

2.40) sur lequel on retrouve les principes de basiais sur la figure XI.

Le bon fonctionnement de la commande du dispossifillustré par quelques résultats
expérimentaux (ou de simulation pour les dernipexmettant de montrer la réponse du
systeme a des échelons de courant entre 920 etALFfure 2.41), a des échelons de tension
entre 240 et 300 kV (figure 2.42) ou lors d’'un démage (figures 2.43 et 2.44).
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Chapitre 3 - Qualité de I'électricité et harmoniques

La qualité de I'électricité est I'objet du troisiénthapitre. Son amélioration passe par
I'élimination des harmoniques en traitant les sesra I'aide de solutions classiques basées
sur des déphasages introduits par des connexiohshideages de transformateur ou par des
filtres passifs ou a I'aide de méthodes plus sdighiges telle que I'utilisation de filtre actif.
Le filtre actif réalisé des 2003 par 'auteur (prendispositif réalisé en Thailande utilisant un

DSP) est détaillé dans ce chapitre.

La qualité de I'énergie électrique concerne lesrimseurs d’électricité, les utilisateurs et
les fabricants de tout dispositif devant étre cotimesur le réseau électrique. Au départ on
incluait sous ce terme de nombreux phénomeénest als creux ou des fluctuations de la
tension, aux harmoniques. Cette qualité de I'éeeddectrique est devenue problématique
avec le développement croissant des convertissgeirpuissance qui, en apportant une
souplesse de réglage de I'amplitude ou de la fadese ondes électriques, a partir du seul
aiguillage du courant entre des branches adjacedii@s convertisseur, induisent des
harmoniques dont le niveau peut étre important. gGbafamille de convertisseurs
(redresseurs commutés par le réseau, convertis§2QrBDC ou DC-AC a modulation,
cycloconvertisseurs...) apporte son lot d’harmoniqdest les rangs et les amplitudes
dépendent du mode de conversion réalisé et dasdinégs de commutation des interrupteurs.

Les conséquences des harmoniques sont connueke fageau électrique lui-méme, on
peut voir apparaitre des phénomeénes de résonamee,augmentation des pertes, un
vieillissement prématuré d’isolant, des interféesnavec la commande de dispositifs ou des
organes de sécurité... On peut aussi avoir des énearfes avec les systéemes de

communication ou de téléphonie.

Afin de quantifier les niveaux d’harmoniques, diffidts termes ont été définis : taux de
distorsion harmonique, facteur de créte, facteupwssance, coefficient de déclassement...,

termes faisant I'objet de normalisation au nivegermational.

Les méthodes permettant de réduire les harmonigaes de différentes natures. La
premiere méthode consiste a utiliser des déphasatyeduits par des couplages différents
d’enroulements de transformateurs. On réalise diesisystemes a indice de pulsation 12, 24
ou méme 48 en introduisant des déphasages resraetitv de 30°, 15° et 7,5°.
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La deuxieme méthode limite les harmoniques au mdgstiltres passifs accordés sur une
fréquence, plusieurs fréquences ou une gamme decinées. Ces filtres présentent aux
harmoniques que I'on veut supprimer des chemingildef impédance détournant ainsi les

harmoniques du réseau d’alimentation.

La troisieme méthode, plus récente, s'appuie sarad@vertisseurs statiqgues auxiliaires
que lI'on appelle filtre actif. L'utilisation de cwartisseurs permet de compenser globalement
les harmoniques et de faire face a toute moditicatiue a la charge alimentée. Pour cela des
techniques de modulation sont utilisées afin ddagter en temps réel a toute modification
des harmoniques que I'on désire compenser. Lestgtas de ces filtres actifs sont de nature
série, paralléle ou hybride selon que I'on se auetde supprimer les harmoniques ou bien de

compenser aussi le réactif.

L’auteur ayant au cours de ce travail de théseseeah filtre actif de structure parallele, la
modélisation d’un tel filtre est détaillée ainsiega structure de contréle utilisée. Ce filtre est
constitué d’'un onduleur a IGBT placé en parallélela charge non linéaire alimentée (figure
XVII).

Nonlinear
Load

Viy C, /= Voc

Figure XVII. Onduleur de tension utilisé commerél&ctif paralléle.

La méthode utilisée pour déterminer les référenlessharmoniques a compenser est dite

de la puissance réactive instantanée [42], latsireicdu systeme de contrdle comportant a la
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fois la détermination des références de couranamtes’opposer aux harmoniques et un

contréle de la tension aux bornes de la capacifétciactif.

Afin de vérifier le bon fonctionnement du filtre tdc différentes charges non linéaires
sont utilisées. La premiere est un redresseuras@ltlassique a diodes (figure XVIII). La
deuxieme comporte la premiére charge, a laquelk adjoint un redresseur monophasé placé
sur deux phases du réseau (figure XIX). On a alasis le premier cas une charge non

linéaire mais équilibrée alors que dans le deuxiéase cet équilibre est rompu.
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Figure XIX. Redresseur hexaphasé et redresseurphagé.

Des résultats de simulation permettent d’illusteeicalcul des courants dans le cas de

charges équilibrées (figures 3.17 et 3)18 déséquilibrées (figures 3.20 et 3.21). L'iefige

" Les figures 3.n sont des figures du chapitre 3gééén anglais et se trouvent dans les pages 622 &d
manuscrit.
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de la fréquence de coupure du filtre permettardaleul du spectre harmonique est ensuite
soulignée par différents résultats de simulatiohngentrent que le probleme est plus difficile
a résoudre lorsque la charge est désequilibréer€fg3.22 a 3.24). Le calcul de lI'inductance
et de la capacité du filtre actif en fonction desgmetres retenus comme la fréquence de

découpage ou I'ondulation de courant tolérée peduetéfinir les éléments qui le composent.

Les différents éléments du filtre actif définissd@sultats de simulation soulignent son
bon fonctionnement dans le cas de charges eéqusifégures 3.26 et 3.27) et déséquilibrées
(figures 3.28 et 3.29). La figure XX donne un exé&nges résultats de simulation présentés

au chapitre 3.

Vpc 800 I ! T T ! T

B00

i | | ; i | ;
0 !

o 0.02 0.04 0.06 0.08 0.1 012 0.14

Figure XX. Réponse du filtre a un échelon de chaygei . =12,5A (a =0).

Lmax

Le filtre actif ainsi dimensionné a été constridt,contrdle étant réalisé a partir d’'un
TMS320F243 (figures XXI et XXII). Les interrupteunsilisés sont des modules IGBT 1000
V - 50 A fonctionnant a une fréquence de découpaggenne de 25 kHz. Différents résultats
expérimentaux, formes d’'onde et analyses harmosjcgaulignent le bon comportement du
filtre. Deux types de charge équilibrée ont étémes pour les essais expérimentaux. Elles

sont toutes deux constituées de pont de dioddsalgs, I'étage continu étant pour la premiére

résistif (avec la possibilité de faire varier btataent la charge d&35Q a 45 Q) et pour la
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deuxieme de type L-C-R. Avec la premiere charggdst agi de montrer les capacités de
réagir a des variations importantes du courant ltlrge lors de variation brutale de la

résistance. Pour la deuxieme charge, pour lagleslléormes d’onde sont assez perturbées, il
a été montré la forte amélioration du THD en coucam passe d’une valeur proche de 60 % a
moins de 7 %.

%

TMS330F2 4348k

6-Switch 1GBT
Inverter

Figure XXI. Circuits de puissance et de contréldilike actif.

Figure XXIl. DSP TMS320F243 avec ses circuits aaxis (convertisseur digital-

analogique, détection de passage par zéro, comtrdéecourant et capteurs).
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Chapitre 4 - Modélisation des convertisseurs a inde de

pulsation éleve

Le quatrieme chapitre propose une méthode de nsadiéin des convertisseurs a indice
de pulsation élevé. Ces convertisseurs sont I'uee sblutions utilisées pour réduire les
harmoniques injectées sur le réseau. Cette solyiésente de nombreux avantages par

rapport aux techniques de filtrage passif ou &ctiparticulier en forte puissance.

Des logiciels de simulation classiques peuvent étitesés, comme Matlab/Simulink ou
SPICE, pour étudier le fonctionnement en régimempeent de tels convertisseurs. Les
durées des simulations sont souvent importanteslles-ci échouent parfois pour des raisons
de stabilité numérique. De plus, les méthodes aleuvs moyennes ne sont pas non plus d’'un

grand secours des lors que I'on s’intéresse augrabd’ harmoniques.

C’est donc une méthode de modélisation analytiquieegt proposée pour I'étude en
régime permanent de ces convertisseurs et qui pelendéterminer les différentes grandeurs
tant c6té continu qu’alternatif. Pour cela, on d¢dere le plus petit intervalle de temps sur
lequel apparaissent les séquences élémentairasndigohnement. Cette méthode a déja été
présentée pour I'étude d’'un onduleur [55] et d’edresseur [56]. Elle est ici généralisée a
I'étude d’'un convertisseur d’'indice de pulsation gmur lequel la largeur de lintervalle
d’étude sera réduite 209t/ p [7-8].

A partir de la résolution du probleme sur cet wvadle, les difféerentes grandeurs sont
ensuite définies sur une période. Pour les rednesseindice de pulsation p, sur l'intervalle
d’étude considére, le probleme se limite a I'étulte deux séquences élémentaires, une

séquence de commutation et une séquence ditecemtr@utations.

L'utilisation d’'une représentation complexe desngleurs triphasées permet d’obtenir
simplement les grandeurs coté alternatif a padifadrésolution du probléme sur l'intervalle

réduit.

Apres la définition de la transformation de grandduphasées définies en instantané en

grandeurs complexes :
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il est rappelé les différentes propriétés classigilen redresseur alimenté a partir d’un réseau
triphasé et présentant un indice de pulsation p :
- lindice de pulsation est un multiple de 3 ;
- les harmoniques c6té continu sont de pulsapdato ou w est la pulsation du
réseau triphasé ;
- les harmoniques c6té alternatif sont de r&igp+1. A partir de cette derniére

propriété, il est démontré que dans le plan congpléaute grandeur triphasée

connue sur un intervalle de largeidt/ p est obtenue sur l'intervalle suivant par

une rotation angulaire d20t/ p.

La modélisation d’'un convertisseur dodécaphas@r@ig<XIIl) est ensuite présentée en
utilisant la méthode proposée. La puissance deoldéiisation en complexe apparait dans un
premier temps lorsque le fonctionnement du redugssst supposé idéal (courant continu
constant et commutation instantanée). A partir dagrdmme de conduction des deux
redresseurs de la figure XXIV, on obtient aisénieatvaleurs des différents courants sur les

deux premiers intervalles élémentaires puis suetlzupériode.

N*P=v3.k-N it

K 2K 3K

K 2K X

N “Zi I“Zi

I'Z§ IllZi III'Z§

NSS=k- NP

Figure XXIIl. Schéma du redresseur dodécaphaseé.
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Figure XXIV. Diagramme de conduction des deux resle@rs.

On obtient ainsi sur I’intervall%o,g} suivant 'amorgage de l'interrupteur K

F=%Eﬂl—a)=—azti_ss ()
0 _ i I _al [nTS:i@"g[Tss

_1—a2:_ﬁaz 1- & J3

soit pour le courant primaire :

i_p:k[-l\/l—gtﬁ—maz—\/_?ﬂbﬂ:— koI a+ )

(Il
A — S L
= k[ﬁl+e’6jﬂss= KR/ 2++/ 30812 O

On remarque que la connaissance du courdnpermet d’obtenir les autres courants

(figure XXV). De son cote, le courant comple@econduit au calcul des courants primaires :

if:%me(ﬁ):ku%
ig=%tﬂae(azzi_p)=—km€1+%] (V)
i :%[Re(aﬁ) = kD[El+%j

XXXI



Im

|
ﬁ Re
3 ﬁ_D:i@]%[[ﬂTS
J3
g ISLD :_aZEHSS
= _ a-a

Figure XXV. Courants complexes sur I’intervaﬁ@,g]

R vy , T T f
On peut calculer de la méme facon le courdnsur l'intervalle [5’5} et en deduire

I'expression des courants primaires :

iP :ithe(F) = kEI[Q2+\/§)

Ne
ig=%me(a2[i_p)=—km@1+\/§) V)
ig :%[Re(aﬁ):—kﬂ
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La connaissance des courants suf™/éme de période permet de les calculer sur la
période en utilisant la relation suivante [55] :

{03 = -2aon) v

On obtient ainsi les courants représentés sugladiXXVI.

k[ll[ﬁ2+\/§)- =
k[l][@l+\/§)

kO

0.t

_k|:||—  —

—k[ll[@lh@)-
—k[ll[@2+\/§)- iP

Figure XXVI. Courant dans la phase 1 du primail@i@ine du temps correspond a

I'amorcage du thyristor K.

Dans un deuxieme temps, c’est la simulation du tfonnement de I'ensemble du
transformateur et des deux redresseurs qui esitedie sur un intervalle de 30° (I'indice de

pulsation est de 12). Deux séquences sont ainséliséds, une séquence de commutation et
une séquence entre commutations.

Pour la séquence de commutation (figure XXVII), amoutit au systeme d’équations
différentielles :

A, (VII)

XXXII



X, = i (VIIT)

1.y iy ¥

ve | == G, H R,

Figure XXVII. Schéma au secondaire lors de la comnatimn.

Ce systeme d’équations comporte sept variableatd’ét

i’°, le courant dans un des enroulements secondaicesemés par la
commutation ;

- Les deux composantes du courant primaire comp?éx

- i_, le courant dans l'inductance de I'étage continu ;

- V¢, latension aux bornes de la capacité de I'étagéru ;

- Les termes=™" et ™ qui permettent de faire entrer les termes soutte@sion
d’alimentation du réseau alternatif) dans le vecwétat et d’obtenir ainsi une

solution analytique simple de I'’équation différetia :
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X, (t) =e™) ¢ (t,) (IX)

ou t, est I'instant d’amorgage de I'interrupteuy.K

Pour la séquence entre commutations (figure XXVlibus les courants au secondaire
peuvent étre déduits du courant dans l'inductance.

IL
T
>

Figure XXVIIl. Schéma au secondaire en dehors desutations.

Le systeme d'équations différentielles ne compgiiegs que six variables d'état, le
couranti;®, étant maintenant liéia :

d
axz =A2X 2 (X)
ou :
_ I_p _
i,
X, = ve (X1)
g0
g ot
et:
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X, (t) =e**Hx, (t,) (X11)
ou t, est linstant de fin de commutation (instant dechige de l'interrupteur ¥, le vecteur
d'état initial Xz(tl) étant obtenu en supprimant I'élémefit du vecteur d’état final de la

séquence précédente :

X, (t,) =N, X, (t,) =N, @AIX () (X1
ou :
01 00 0O
001000
000100
N, = (XIV)
000010
000O0TO 01
000000

La résolution analytique des deux systemes d'égustidifférentielles nécessite de
connaitre les valeurs initiales des variables dutdée la séquence de commutation ainsi que

la durée de cette séquence. On a ainsi quatrerinesriiées par quatre relations :
- pour le courant primaire complexé, il suffit d’écrire que le courant a la fin de

lintervalle d’étude est déduit de sa valeur iddigpar une rotation dert/6

(redresseur dodécaphaseé) :

_ , 1
ip (to) @J% - Gl EEAZEé]_ZDj ch DNl Eélmc DXl( R)) (XV)
_ . 1
i°(t,) @ s - G, EeAZEém ") ON, 8" 0X( t)
ou :
G =1 0000
G,=[0 1000 @
- pour le courant dans l'inductance et la tension lzaes de la capacité, ce sont les
valeurs initiales et finales au niveau de l'intdieval’étude qui sont égales :
1
() =6, oy e gy il
L) (XVli)
Ve (to) :G4EeA2[é12[“ ) ON, e X ( )

ou:
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G,=[0 0100 @

(XVIII)
G,=[0 0 010 @
- la durée de la commutation est obtenue en écriyamtle thyristor K de la figure

XXVII se blogue lorsque le couranf, est égal au couramt. On a alors la relation

suivante :
|SD——[IRe SD Da] —D XIX
soit ;
M g™ X, (t,) =0 (XX)
ou:
1
Ml:[l 0 O —5 0 O 0} (XX1)

Ces relations définissent un systeme d’équatiomslimé@aires que I'on peut résoudre a
l'aide de la méthode de Raphson-Newton. Cette ndétmecessite le calcul d’'une fonction
jacobienne qui est effectué de facon analytiqueagirpdes relations entre grandeurs
inconnues.

Deux exemples de simulation, correspondant a degesande retard a l'amorcage
différents, sont ensuite présentés ou les diffésegrandeurs sur une période sont déduites
des calculs effectués sur l'intervalle élémentdiee30°. Les figures XXIX a XXXl illustrent
les résultats obtenus pour un angle de retardriofgage de 40°.
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Figure XXIX. Trajectoire du courant dans le plamgbexe poura =40°.
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Figure XXX. Tension et courant au primaire du tfanmmateur @ = 40°).
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Figure XXXI. Courants dans les enroulements sedoesldu transformateun(=40°).

La derniére partie du chapitre permet de montrer dgs grandeurs intégrales peuvent
aisément étre déduites de la solution analytiquemie sur I'intervalle de 30°. C’est le cas
des valeurs moyennes des grandeurs c6té contimmede courant moyen dans l'inductance
ou la tension moyenne aux bornes de la capacigst @ussi le cas des harmoniques co6té
alternatif qui s’obtiennent aisément, en dehorsadeomposante fondamentale pour laquelle
la matrice a inverser dans le processus d'intémratiavére singuliére et pour lequel le calcul
de la composante fondamentale est fait de fac@rdéuent différente.
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Conclusion

La principale compagnie en charge de la productibau transport de I'électricité en
Thailande est 'EGAT Hlectricity Generating Authority of Thailand). L'EGAT est une
société d'état dont la capacité de production edtoddre de 28 000 MW pour une production
annuelle de 117 000 GWh. Malgré tout cette sociétéournit que 59 % de la production. Le
reste vient de producteurs privés ou de pays érang

EGAT est aussi en charge du transport de I'éleridJn réseau d’'une longueur de
28 000 km couvre le pays et délivre une tensiorb@@, 230 ou 115 kV. Ce réseau est
interconnecté avec les pays voisins. Les principatmnexions sont avec le Laos (en 115 et
230 kV) et la Malaisie (en 115 et 132 kV et 300d&ev CCHT). Une connexion CCHT en 500

kV est en projet avec la Chine.

La réalisation de la liaison CCHT entre la Thaiked la Malaisie a commencé en 1997.
Cette liaison 300/600 kV permet un échange entgdeeaux des deux pays dans les deux
sens. Il s’agit d’'une liaison bipolaire dans soojgir mais seul la configuration unipolaire est
actuellement opérationnelle. Les convertisseurs pdéssance sont des convertisseurs
hexaphasés classiques mis en série afin de réalseonvertisseur dodécaphasé. Chaque
interrupteur comporte 48 thyristors en série, aait total de 576 thyristors pour le
convertisseur dodécaphasé. Malgré sa structureroeettisseur produit des harmoniques sur

le réseau alternatif.

Outre une description détaillée de cette liais@@HC, cette these a rappelé les trois
méthodes permettant de supprimer ces harmoniquesrémiére consiste a utiliser des
déphasages introduits par des connexions d’enramende transformateurs. La deuxieme
utilise les chemins a faible impédance de filtrassifs dédiés a des harmoniques patrticuliers.
La troisieme a l'aide de filtre actif injecte desucants destinés a annuler, au niveau du

réseau, les harmoniques produits par une sourcémnéaire.

Les filtres actifs sont créés a base de convedisswtique et utilisent un élément de
stockage d’énergie (une capacité dans le cas idattdn d’'un onduleur de tension) pour
générer les courants destinés a annuler les hagoemide la charge. Un exemple de filtre
développé au TFIl a été présenté et a permis lersad connexion en paralléle sur un

redresseur hexaphasé de réduire fortement le THiD@m@nt.
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Les fréquences nécessaires pour les commutatienederupteurs du filtre actif devant
étre assez importantes, en trés forte puissanceréfare utiliser, pour la suppression des
harmoniques de rang bas, les déphasages intropaitsles connexions d’enroulements
secondaires de transformateur. C’est le cas pangeepour la liaison CCHT Thailande -
Malaisie ou les convertisseurs sont de type dodesapet introduisent un indice de pulsation
12 sur I'étage continu. Dans ce cas, on a besain déphasage de 30° des formes d’onde,
déphasage obtenu en connectant en étoile le presmesulement secondaire d'un

transformateur et en triangle le second.

Afin d’étudier ce type de convertisseurs a indiee pllsation élevé, une meéthode de
modélisation originale a été développée. Cellesti lpasée sur une mise en équation
analytique du probléme sur un intervalle de larg2ur/ p ou p est l'indice de pulsation du
convertisseur. Cette méthode permet de détermiéeollition en régime permanent des
grandeurs tant c6té continu gu’alternatif a I'étthale la période de fonctionnement. Elle
autorise aussi un calcul simple de diverses grasdeuégrales, valeurs moyennes coté
continu et harmoniques coté alternatif, et perneesalligner I'impact de la commutation des

thyristors sur ces grandeurs moyennes ou spearesohiques.
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| ntroduction

The problems related to the quality and stabilityetectrical power system have been
taking importance due to the increasing numbers @owler rating of the highly nonlinear
load that are currently used in industries [1]. Bowystem distortion result in major losses
and hazards in many different activities, for exm@utomated manufacturing process
industries, communication systems, airports angitels. Beside the loads, the power system
configuration can also cause harmonics in the syst@d High Voltage Direct Current

(HVDC) interconnection is a clear example of that.

HVDC often has economic advantage for bulk transiors of electrical power between
long distance compared with the conventional A@dnaission [2], [3]. A recent example is
the Thailand-Malaysia HVDC interconnection systefnoll was begun in 1997. The system
is 300/600 MW grid interconnected and is 110 kngldBince a power electronic converter is
needed at each end of the transmission line, langeunt of harmonics is generated on both

side of the system. So that, some kind of harmamitigation for HYDC systems is needed.

The simplest harmonics mitigation is to use a pasBiter. The passive filter provides a
low impedance path for some certain harmonic fraqueso that, the harmonic is shorted-
circuit at the HVDC stationSince one set of passive filter suppress harmonig for a

certain frequency, multiple set of filter is neededeliminate a wide range of harmonics.

Another solution is to use an active filter. Theiafilter can be used both on DC and
AC side [4]. The first active AC side filter for HDC system was installed by Siemens in
1998 as a demonstration project at HYDC Convertatiéh in Denmark [3]. More than
fourteen active filters have been installed at HVBi@tion worldwide. The installed filter
ranges were from 0.6 to 22 MVA. The principle oé thctive filter is to generate an inverted
harmonic waveform and to inject it into the systentancel the existed harmonics. In order
to have an arbitrary inverted harmonic waveforne plower electronics devices and PWM
modulation is used. The control can be done by tBligbignal Processor (DSP) [5]. The
configuration and control scheme of the activeefilare still interested to many researchers.

More details of its operation, control and prota&yan be found in this thesis.
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Beside the mentioned method, the phase shiftingsfiobamer also can be used to suppress
harmonics. The most common phase shifting transon® Y/A which shifts the voltage
output for n/6 degrees. This kind of transformer can be usedotm the twelve-pulse

operation which significantly reduces AC side hanis [6].

This thesis is organized in four chapters, the Ghapter deals with the presentation of the
production, transmission and distribution systerelettricity in Thailand.

The second chapter provides information on baspedyof HVDC interconnection
systems which are installed in the world today. nmfhde 300/600 MW Thailand-Malaysia

HVDC interconnection project will be discussed asgample.

The third chapter is concerned with the presemtatib the power quality, especially
harmonics problems, harmonics sources, harmonfestefand the solutions to improve its
quality such as phase shifting and passive filtee active harmonic filter is one of the most
sophisticated solutions to harmonic problems, s, tthe detailed information and realized
example will be presented.

The fourth chapter presents an analytical basedhadetfor modelling multipulse
converters such as 12-pulse converter which apped¥DC interconnection. The model is
based on an exact analytical solution of the spatélem [7-8]. By using symmetrical
properties, the whole period operation can be redlucto two sequences; nevertheless, the
result model gives the full information both in 8rdomain and frequency domain.



Chapter 1

Production, Transmission and Distribution

of Electricity in Thailand

1.1. Introduction

This first chapter deals with the presentation bé tproduction, transmission and
distribution system of electricity in Thailand. Ththe efforts which are made to improve the

quality of the delivered energy are detailed.

Thailand has followed the evolution of many cowdri Producers and distributors are
regrouped in the 60s in state companies, the omds @ble to realize the huge investments
necessary to modernize the network and the meamodiiction. The originality of Thailand

is, from the beginning, the separation of the tagksroduction-transmission and distribution.

During the last ten years, these state companiesuader programs or projects of

privatization, particularly for the means of protan.

As in many countries [9], the 90s have seen theldpment of an explicit power quality

regulation regarding harmonics and flicker.

1.2. Electricity market in Thailand

1.2.1. Production, transmission and distribution system

The main company in charge of production and trassion of electricity in Thailand is
EGAT (Electricity Generating Authority of Thailan@10]). EGAT is a state company in
charge of production and transmission of electriaiithin the country. Other producers sell
electricity to EGAT and are independent producémdgpendent Power Producers, IPP) or

small producers (Small Power Producers, SPP). Bla$te produced electricity is carried by
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EGAT network before being delivered in the areaBaingkok by MEA (Metropolitan
Electricity Authority) or in the Thai provinces REA (Provincial Electricity Authority).

The market organisation is directed by EPPO (En@agjicy and Planning Office) under
the responsibility of the Ministry of Energy (Fib.1).

Generation

Transmission

Distribution
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USER

Source: EPPO o _ ) )
EGAT : Electricity Generating Authority of Thailand

PEA : Provincial Electricity Authority
MEA : Metropolitan Electricity Authority
IPP - Independent Power Producer
SPP  : Small Power Producer

EPPO : Energy Policy and Planning Office

Fig. 1.1. Electricity market in Thailand [11].

Figure 1.1. Structure du marché de 1’électricité en Thailande [11].

EGAT has been created the 1st may 1969 under #8pomsibility of the Ministry of
Energy and has regrouped the activity of threeestatnpanies which previously share the
production and distribution of electricity: YEA (Whee Electricity Authority), LA (Lignite
Authority) and NEA (Northeast Electricity Author)ty

Missions of EGAT were:

- To generate, acquire, transmit electric energy h® Metropolitan Electricity
Authority (MEA) and the Provincial Electricity (PBA
- To promote the production and use of electricity.



To these activities was added the necessity to pi®tihe use of lignite. This obligation
being justified by the existence of important lignmines in north of Thailand (Mae Moh)

which are mainly used to feed thermal power plants.

EGAT has the ambition to become the leading companyransmission and production
of Electricity in the ASEAN region.

1.2.2. Production of electricity

EGAT has a production capacity of about 28 000 My &n annual production of
117 000 GWhA 59 % of this capacity come from EGAT power plar@shers come from
private producers or foreign countries (Fig. 1R®)new operator RATCH appears on this
picture. It has been created in 2000 by the psea#iobn of EGAT power plants (see Section
1.2.5)).

The actual capacity is sufficient and the maximuitlee production (or of the
consumption) is between March and May during the deason. It is quite far from the
maximal capacity of the country (Fig. 1.3). Nevel#ss, an increase of 6 to 7% every year
necessitates constant new investments (the cap#Eqtsoduction must be of 35 000 MW in
2010, [11)).

This encourages Thailand to develop different mtsjevith the neighbouring countries. A
Memorandum of Understanding has been signed wits lia 1993 on the possibility to buy
1 500 MW in 2000 and 3 000 MW in 2006. Another ¢ras been signed with China (1 500
MW in 2013, 3 000 MW en 2018). With Myanmar and Gaatia the possibility to buy them
electricity will appear after 2010. Before, Thathresponds to the lack of electricity in these

two countries by selling them electricity.

! ASEAN means the Association of Southeast AsiarioNat ASEAN was established on 8 August 1967 in
Bangkok by the five original Member Countries, ndmeéndonesia, Malaysia, Philippines, Singapored an
Thailand. Brunei Darussalam joined on 8 JanuaB4l¥ietnam on 28 July 1995, Lao PDR and Myanmar on
23 July 1997, and Cambodia on 30 April 1999. Th&AN region has a population of about 500 milliorotal
area of 4.5 million square kilometers, a combinemsg domestic product of almost US$ 700 billiord artotal
trade of about US$ 850 billion.

2 Fiscal year 2003, October 2002 — September 2003.
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15,794.56 MW.

MWL

0 D6 (58.98%)
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12.000-
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p— (7.45%) A NI

(2.39%)
4,000

2.000

EGAT RATCH Other IPF: SFP Foreign Purchase

Fig. 1.2. Total installed capacity in April 2005L]1
Figure 1.2. Capacité de production d’électricitéagril 2005 [11].

Generation is based on diversified fuels with aipleasis on the utilization of indigenous
resources as natural gas, lignite and hydropowehveére at the origin of more than 85 % of

the produced electricity (Fig. 1.4).

Generally, thermal power plants provide base loadrgy while hydro power plants

perform peaking and backup functions.

The main thermal power plants are disseminatedotilér the country according to
resources and consumption needs (Fig. 1.5 and 1.6).

The Bang Pakong power plant, located in south afgRak, is actually the most modern
in Thailand. With a capacity of 4 000 MW it is thigygest power plant. Its development has
followed the discovery of natural gas in the GudlfTtailand. 70 % of the production of this
plant is coming from classical thermal plant, theeo 30 % coming from combined cycle
plant. It uses natural gas or petrol. The generaboting uses hydrogen produced in Bang
Pakong. The hydrogen production is of 4% per hour and is used for the cooling of other
plants of Bangkok area. A training centre providesvices to EGAT staff but also to
domestic industries and power utilities from neigiiting countries.

-6 -



MW, MW,
22,000 : " == — 1 22,000
March 30,2004 |

21,000 3 19,325.80 MW 21,000

20,000 1N —— o} e N e e 20,000

19 000 - 18,121.40 le 19,000

18,000 - 18,000

17.000 - +~ 17.000

16,000 16,000

15000 A= -t =g —— i — b % Tncrease - 15.000
i | — 2005 = 6.27

14,000 +-— o - T A — 2004 = 6.65 14,000
Pt | 2003 = 8.63

13,000 ' | == — == } i e 1 13,000

0 z2 4 6 3 10 12 114 16 18 20 22 24

Time (hours)

GWh
13,000 4

12,000 1
11,000 4
10,000 4
9,000

8,000 4

1.7%

3.5%
7,000 T T T T T T T

Source : EGAT

Dec Jan Feb May

| =#—z005 =#=2z004 =E—z003 =002

Jun Jul Aug

Fig. 1.3. Peak generation (top) and monthly geirdbottont) [11].

Figure 1.3. Maximum de production (en haut) et paiin mensuelle (en b&{1L1].

Sep

Menth

The hydroelectricity capacity represents 6 % oftthtal installed capacity and concerns

units located in west, north-west or north-easiTbéiland. Theses power plants are small

power ones (between 6 to 40 MW) except the 500 MiMped storage power plant of Lam
Takhong (Nakhom Ratchasima Province, north-eadthailand) and the 136 MW “run-of-

river’ ” dam of Pak Mun (d’Ubon Ratchathani Province,tharast of Thailand) built on the

Mun river before its confluence with the Mekong &iv

¥ Numbers on curves correspond to the increase diogoto the previous year.
* Les nombres sur les courbes correspondent admsement par rapport & I'année précédente.
® This plant utilizes the flow of water within thataral range of the river.
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Diezel
0.3%

Thai-Malavsia
Tranzmizsion

0.6%

Imported Coal 1.9%

Renewable Power
0.8%

Fig. 1.4. Generation classified by fuel types [11].
Figure 1.4. Production par type d’énergie prim@lrH.

Renewable energies are not well represented irgéineration capacities. They appear
mainly in testing projects of EGAT:
- Realisation of a 300 kW geothermal power plant Whscin operation since 1989 ;
- Installation in 2000 on 62 different sites of 70 ldf\solar cells;
- Installation of 150 kW wind turbine generator erukét Island in 1996 and EGAT
plant to install large wind turbine generation witipacity of 2250 kW (3 x 750
kW) in 2008.

1.2.3. Transmission of electricity

EGAT is responsible for the transmission of eledyi A 28 000 km network covers the
country with three voltage levels 500, 230 and BY5The national control centre is based in
Bangkok and controls the production (from EGAT atider producers) with the help of five
regional centres which divided the country in fe@nes: metropolitan, central, northeastern,

southern and northern regions.



Bang Pakong
Mae Moh
South Bangkok
Wang Noi

Nam Phong
Nong Chok

Sai Noi

North Bangkok
Surat Thani

10. Lan Krabue
11. Ratchaburi

12. Mae Hong Son
13. Krabi

14. Surat Thani
15. Thap Sakae

©CoNoOGORr~WNE

& In service plants
#'. Ongoing and future projects

Fig. 1.5. Main thermal EGAT power plants [12].
Figure 1.5. Principales centrales d’EGAT [12].

EGAT network is interconnected with the neighbograountries. The main connections
are with Laos (115 and 230 kV, [13]) and MalaydiaY and 132 kV, 300 kV in HVDC, [14-
15]). A 500 HVDC connection is in project betwedmailand and China [16].



a) 3680 MW, Bang Prakong Power Plant, d) 71C MW, Nam Phong Power Plant,
Chachoengsao province Khon Kaen province

t) 2625 MW, Mae Moh Power Plant, €) 2024 MW, Wang Noi Power plant,
Lampang province Ayutthaya province

| = 1 # Il
¢} 2288 MW, South Bangkok Power f) 743.8 MW, Bhumibol Hydro Electric
Plant, Samut Prakan province Dam, Tak province

Fig. 1.6. EGAT Thermal power plants and Hydro Eieddbam (from a to f, [12]).
Figure 1.6. Centrales thermiques et barrage d’'EGEAT.

1.2.4. Distribution of electricity

EGAT delivers the electricity produced to two statanpanies which are in charge of
distribution. The first one MEA (Metropolitan Elecity Authority) is based in Bangkok area
and uses about 35 % of the production. The secares &®®EA (Provincial Electricity
Authority) delivers the other 63 % to the differdiitai provinces.
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These companies depend on the Ministry of Intesimal have been created in 1958 for
MEA and 1960 for PEA.

At the beginning MEA produced a part of the eledyiwhich was delivered in Bangkok
area. In 1961, this activity was transferred to Pveen Electricity Authority, one of the three
companies regrouped to create EGAT. From that tiM&A is only in charged of
distribution. Its network contains 13 main stati@mesinected to EGAT network by HV lines
and 122 sub-stations. The distribution is based2wr 24 kV lines on which are placed at

intervals transformers on which are linked 220-880sumers.

PEA takes care of the other 99 % of the countrysaaand tries from its creation to
deliver electricity everywhere and had and had stiwadays an important role in the

development of the country.

1.2.5. Privatisation of the electricity market

Following governmental decisions to privatize tHecgicity market and to increase
private investments, two news companies were ateat2992 and 2000.

The first one EGCO (Electricity Generating Publien@pany) is born from the cession of
EGAT power plant of Rayong (1 200 MW) and lateKbianom (750 MW). EGAT is the first
shareholder of this society with at the origin atipgoation of 40.7 %, becoming today of
25.8 %.

The second one, RATCH (Ratchaburi Electricity Gatieg Holding Public Company)
Limited regroups the power plants of Ratchaburivproe (at least 4 000 MW) located in
south of Bangkok. EGAT owns nowadays 45 % of tbigety. The proportion between Thai
shareholders (EGAT, Banpu Public Company Limitede TSovernment Saving Bank, etc.)
and foreign shareholders is 86.23 %/13.7}71%.

In the medium term all the power plants will bevatized, EGAT becoming the network

manager and the link between producers and consumer

1.3. Quality of electricity

The development of industrial consumption and tppaation of polluting consumers
lead EGAT and the distributors MEA and PEA to thtokharmonics regulations concerning
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“Electricity Busines® and Industry. A council has been created in 1888 takes inspiration

to works previously done in different industriaucdries.

Today different documents have been produced. Tomyespond to advices for

consumers and they were published in order to ohbitir reactions. At a medium term, these

advices will become regulations.

The first written documents concern harmonics [@®d voltage fluctuation [19]. Written

in 1998, the given advices become regulationsialdoat written year.

1.3.1. Harmonic regulations

For harmonics, the regulations were made up folgvdifferent scopes:
- The acceptable limit of current harmonics and affamic current distortion;
- The acceptable limit of harmonic voltage distortion

- The use of non-linear load such as static convgrter

Harmonics current limits for electricity user dedeon the voltage level at the point of

common coupling (Table 1.1).

It is the case also for the harmonic voltage digtor(Table 1.2) which is defined by:

(1.1)

VZ+V72
THD(voItage)z\/ 23
Vl

Voltage Harmonic order and current limit (4

(kV) 2 3 4 5 6 7 8 9 100 11 12 13 14 15 16 17 |18 |19

0 -400 48 | 34| 22| 56| 11| 40 9 8 7 19 (¢ 16 b 5 5 6 4 6

11 and 12 13 8 6 10 4 8 3 3 3 7 2 6 2 p P P 1 1

22,24 and 33 11 7 5 9 4 6 3 2 2 6 2 5 2 1 L p L 1
69 88| 59| 43| 73 33 49 2B 16 16 49 16 43 |16 1|16 1 1

115 and over| 5 4 3 4 2 3 1 1 1 3 1 3 1 1 | 1 n N

Table 1.1. Harmonic current limits at the point ofranon coupling.

Table 1.1. Limites des courants harmoniques au pl@monnexion au réseau.

® “Electricity Business” means the production, preenent, transmission, distribution of electricity,control of
power system.
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Harmonic Voltage Distortion in each
Voltage (kV) Total Harmonic order (%)
Voltage Distortion Odd order Even order
(%)
0 - 400 5 4 2
11, 12,22 and 24 4 3 1.75
33 3 2 1
69 2.45 1.63 0.82
115 and over 1.5 1 0.5

Table 1.2. Harmonic voltage distortion limits ag {hoint of common coupling.

Table 1.2. Limites de la distorsion en tension aintpde connexion au réseau.

For equipments, the proposed regulations depenttienpower and of the voltage level

at the point of common coupling. For single-phaga@@ments, the rules defined in table 1.1.
and table 1.2. are not applied to static converdrsse power is under 5 kVA at 220 V and
under 7.5 kVA at 415 V if they do not cause evenrtmaic currents. If they cause both even
and odd harmonic currents, they will not be allowewd the mains. For three phase
equipments, it will depend on the voltage levell€al.3).

Three-phase converter Three-phase AC regulat
Voltage (kV) 3-pulse 6-pulse 12-pulse | 6-thyristors| 3 thyristors
(kVA) (kVA) (kVA) (kVA) 3 diodes (kVA)
0-400 8 12 - 14 10
11 and 12 85 130 250 150 100

Table 1.3. Maximum power of converter and AC retulaccording to the voltage level.

Table 1.3. Puissance maximale des convertisseumnetion du niveau de tension.

These limits correspond to all converters conneatetie point of common coupling and

not to each converter considered individually. he tcase of the presence of several
converters, coincidence factor can take into accthafact that the converters connected at

the same point are not operated always at the pan@d of the day and that the currents are

not always in phase (Table 1.4). The values givethis table is considered if no converter

causes harmonic more than 60 % of the total hamnounirent. If any converter causes

-13 -

or



harmonic current more than 60 %, a multiplicatiactér is equal to 1. The multipliers in
Table 1.4 will be used to consider the sum of hamcurrent which come from the

operation of many converters.

Group Type and operation of Multiplication factor
converter
1 Non-controlled converter 0.9
2 Firing angle converter used 0.75

many times each day

0.6 when no more than 3

3 Firing angle converter used
converters are used

in some period or which
causes harmonics at starting 0.5 when more of 4
converters are used

Table 1.4. Value of the multiplication factor févetcalculation of harmonic current.
Table 1.4. Coefficient appliqué lors de la connaxan méme point de plusieurs

convertisseurs.

1.3.2. Voltage fluctuation regulations[19]

The goal is to avoid voltage fluctuation and vo#tazag which can disturb other users. In
evaluating the voltage fluctuations, there aredlsteps depending on the level of fluctuation

at the point of common coupling:

- If the electric load causes voltage fluctuatiorsldgan 0.002 times of the rate kVA
power, it will be available to be directly connettéo the electrical network

without a detail investigation of the fluctuation;

- If the electric load causes voltage fluctuationwasin 0.002 to 0.03 times of
the rate kVA power, it will be available to be ditly connected to the electrical
network if the relative voltage fluctuation is und® not exceed a limited value

given in Fig. 1.7. If the voltage fluctuations appé a regular way the curve to be
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considered on that figure corresponds to & &L (curve 2). In the other case, a
Pst of 0.5 (curve 1) has to be considered,

- If the electric load causes fluctuation which does fit in Fig. 1.7, or which is
over 0.03 times of the rate kVA power, it is neegggo improve the system.
Different ways can be proposed to improve the syste

- Improving the load operation method to not havingngn machines working
simultaneously or controlling the voltage changerémp or limit the operating

time of particular loads;
- Improving the load characteristics;
- Installing voltage fluctuation limitation equipment

Annex 1 gives an example of calculating of the agét change for a motor which starts 15
times per hour.

" Short-term severity values, Pst is the value tduate the severity of flicker in short periods (hihutes)
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Fig. 1.7. Allowed relative voltage fluctuation acdmg to the number of voltage changes.
Figure 1.7. Fluctuation relative acceptée en famctdu nombre de fluctuations de tension.
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1.4. Conclusion

This chapter gives the opportunity to present tmgamisation of the production,
transmission and distribution system of electrigityThailand and its evolution. Then the

efforts which are made to improve the quality af tielivered energy are detailed.

The end of this chapter presents the policy actuddiveloped in Thailand in order to
improve the quality of electricity, in terms of hawnic and voltage fluctuation regulations for
Electricity Business and Industry. These regulaiprepared officially in the 90s must be

followed since 1998.
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Chapter 2

Thailand-Malaysia HVDC Interconnection

System

2.1. Introduction

The second chapter deals with the presentatioheobasic types of High Voltage Direct
Current (HVDC) interconnection systems which argtatied in the world today. The basics

of HVDC control is described with the combined stgatate V,-1 , characteristics of the

converters. More over, this chapter will details timain components of HVDC system by
using the 300/600 MW Thailand-Malaysia HVDC intarnection project as an example i.e.
the power circuit arrangements, AC switchyard, Al@rs, converter transformers, thyristor
converter valves, smoothing reactor, DC filter, B@itchyard and DC control system

respectively.

The Thailand-Malaysia HVDC interconnection systeritoves both countries bi-
directional control for the energy exchange, impmgv reliability and operating in
asynchronous mode. The construction of Thailand kfadaysia HVDC interconnection
project begun in 1997 and the commercial operatiaa started in September 1, 2001 [15].
The 300/600 MW Thailand — Malaysia HVDC intercontat system is the grid
interconnection between EGAT of Thailand and FBMalaysia.

This interconnection, which represents the firsissrborder DC link in the ASEAN
region, was an important step to the realizationthef ASEAN Power Grid which will

enhance the energy security and economic integrafithe region.

® Tenaga Nasional Berhad (TNB) is the largest dfggtrutility in Malaysia with more than RM67.0 bidn
(USD20.0 billion) in assets. The Company is listed the main board of Bursa Malaysia and employs
approximately 28,000 people. TNB’s core businessesin the generation, transmission and distriloutd
electricity. It has a total installed generatiopaeity of about 11,200 MW [26].
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2.2 Different types of HVDC system [20]

Due to the ongoing technical development of DC apant there is increasingly more
flexibility in the selection of DC converter confications. Basic DC power circuit
arrangements are introduced and discussed in ¢aisos. The main types of DC system
include back-to-back, monopolar and bipolar arefltyridescribed.

The main types of HVDC interconnection converteesdifferentiated by their DC circuit
arrangements. The current and the power flow aneraibed by the difference between two
controlled voltages. The current direction is fixedeaning that the current can flow one
direction only and the power direction is contrdllby means of the voltage polarity of
terminal voltages V,, andV,,) of the controlled voltage sources. The block chay (Fig.
2.1) and equivalent DC circuit (Fig. 2.2) are timadified representation of HVDC system,

whereR, is DC resistance of a DC transmission line system.

= 1
| =g ~J

DC
AC Transmission AC
System J.g_ Lines 3 System 2

= 1
[ == ~J

Fig. 2.1. Simplified block diagram of HVDC system.

Figure 2.1. Diagramme simplifié d’une liaison CCHT.

Ry

— 33—

10 = o

\

Fig. 2.2. Simplified equivalent DC circuits of HVD&ystem.

Figure 2.2. Schéma équivalent d’une liaison CCHT.
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2.2.1. Back to back converters

The expression Back to Back (Fig. 2.3) indicated the rectifier and inverter are located
in the same station. Back to Back converters ainialynased for power transmission between
adjacent AC grids which can not be synchronizeceyTtan also be used within a meshed

grid in order to achieve a defined power flow.

HVDC

AC g ; AC
System 1 E S'Z System 2

Fig. 2.3. Back to back converter link.

Figure 2.3. Liaison dos-a-dos.
2.2.2. Monopolar long distance transmission

In a common configuration, called monopole, notynased for very long distances and
in particular for very long sea cable transmissjoasreturn path with ground- or sea-
electrodes (Fig. 2.4) will be the most feasibleutioh. In many cases, existing infrastructure
or environmental constrains prevent the use oftreldes. In such cases, metallic return path

(Fig. 2.5) is used in spite of increased cost asdds.

\
\

HVDC
Overhead line

AC g } AC
System 1 E y System 2

Electrodes

e

Fig. 2.4 Monopolar transmission with ground retpath.

Figure 2.4. Liaison unipolaire avec retour parde s
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HVDC
Overhead line

N 2 VA = T

LVDC
__Overhead line _

= s

Fig. 2.5. Monopolar transmission with metallic retypath.

Figure 2.5. Liaison unipolaire avec retour par aaidur métallique.
2.2.3. Bipolar long distance transmission

A normal bipole is a combination of two poles widhcommon low voltage return path.

During a normal operation, the return path willyooarry a small unbalance current.

This configuration is used if the required transiue energy exceeds that of a single

pole. It is necessary to split the capacity on petes.

During maintenance or outages of one pole, it iit gbdssible to transmit part of the
power. With the power at least 50% of the transimissapacity can be utilized, limited by
the actual overload capacity of the remaining pole.

The advantages of a bipolar solution over a salutith two monopoles due to only one
common return path are cost reduction and loweselos The main disadvantage is that

unavailability of the return path will affect bopioles.
2.2.3.1 Bipolar transmission with ground return pah

This is a commonly used configuration for a bipdl@ansmission system as in Fig. 2.6.
The solution provides a high degree of flexibilityth respect to operation with reduced

capacity during contingencies or maintenance.
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HvDC
Overhead line

= ¥ 3

Electrodes
AC AC
System 1 System 2
HVDC
Overhead line

= =

Fig. 2.6. Bipolar balanced operation.

Figure 2.6. Liaison bipolaire équilibrée.

On a single pole fault or the overhead line out@gshown in Fig. 2.7, the current of the
faulty pole will be taken over by the ground retpath and the faulty pole will be isolated.

|_0CD HvVDC S °°—|

Overhead line

H —

Electrodes
AC ) ) AC

System 1 ﬂ—e—j /;9—6—“ System 2

HVDC
Overhead line

= =

Fig. 2.7. Bipolar transmission with ground retuperation (overhead line outage).
Figure 2.7. Liaison bipolaire avec retour par Ielss de I'ouverture d’une des lignes

aériennes.

Following a pole outage caused by the converterctirrent can be commutated from the
ground return path into a metallic return path (@) provided by the HVYDC conductor of
the faulty pole.
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S0 O—
HVDC
Overhead line

& ¥ B

AC ) Electrodes \};3 AC

System 1 O—B—j Le—e—o System 2
& v (3

HVDC
- Overhead Iineﬁ

= <

Fig. 2.8. Bipolar metallic return operation (coneemole outage)
Figure 2.8. Liaison bipolaire avec court-circuitdale défaut d’'un convertisseur.

2.2.3.2. Bipolar transmission with dedicated metalh return path for monopolar

operation

If there are restrictions even to temporary useleétrodes or if the transmission distance
is relatively short, a dedicated LVDC metallic mticonductor as shown in Fig. 2.9 can be

considered as an alternative to a ground returmwdh electrodes.

Pl

V7

HVDC
Overhead line
& ¥ 3
LVDC/Neutral
AC _ Overhead line AC
System 1 ? = = ? System 2
& ¥ 3
HVDC

Overhead line

= g~

Fig. 2.9. Bipolar balanced operation with monopaolaeration
Figure 2.9. Liaison bipolaire équilibrée avec retonipolaire.

2.2.3.3. Bipolar transmission without dedicated retrn path for monopolar operation

In this case, we have a scheme without electrodasdedicated metallic return path. The
currents flowing in the poles are essentially bedahfor bipolar operation but for monopolar
operation as shown in Fig. 2.10 will give the lowiegial cost.

Monopolar operation is possible by mean of bypagsgckes during a converter pole

outage as shown in Fig. 2.8, but not during an HWD@ductor outage.
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V)

HVvDC
Overhead line

AC | ' AC
System 1 System 2

HVvDC
~ Overhead Iineﬂ

= <

Fig. 2.10. Bipolar balanced operation without mavlapreturn path

Figure 2.10. Liaison bipolaire équilibrée sansuetmipolaire.
2.3. HVDC control [21]

Knowledge of the steady state DC voltage-curreatatteristics for the HVDC converter
is important for understanding the principle of wohof the HVDC system and the converter
operations in rectifier- and inverter-operating m®d Therefore this section provides an
explanation of the operating characteristics oflilsic three-phase converter used in HVDC

applications.

The object of the HVDC control is to provide thesided power transmission through the

converters which DC current and DC voltage arerotlet.

The main goals of the control are to:
- limit the DC current;
- maintain a maximum DC voltage to reduce losses;
- minimize reactive power consumption. This imglithat the converters will
operate at a low firing angle;

- prevent commutation failures at the inverteesid

2.3.1. Steady state/,-l , characteristics

To define the steady state characteristics letidendirst the case of the conventional 6-
pulse bridge converter. The theoretical analysis @onventional 6-pulse bridge converter
(Fig. 2.11) is examined based on the following egsiions: 1. The thyristors are ideal

switches; 2. The DC currem} is constanti( 4 = ).
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Fig. 2.11. 6-pulse bridge circuit.

Figure 2.11. Redresseur a indice de pulsation 6.

Because of the leakage inductance of the convesesformer (.), commutation of the

current between the thyristors does not take piastantaneously and an overlap period

appears.

The average DC output voltage of 6-pulse convedarbe written as [21-23]:

V=V [Bosa - R,
where:
V,= converter direct voltage
V,, = no-load converter voltage obtained with0°

a = delay or firing angle
3w L
T

S

R.= equivalent commutation resistanée, =

|,= DC current
One can also write the DC voltage as [21]:
V=V, Bos(a +u) + RO,

wherep is the commutation duratidn

2.1)

(2.2)

The HVDC system contains two converters, converteperating in a rectifier mode and

converter 2 in an inverter mode (Fig. 2.12) linkgcthe DC transmission line resistgy .

° See annex 2 for the detail of the calculatiorhef®C voltage.
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Rectifier Inverter
6-pulse —’_:_°— 6-pulse
Converter 1 A —— Converter 2

Iq

(a¥) ZIS- ViVai Vo
1

Fig. 2.12. Simplified circuit of HVDC system.

()

I——4

Figure 2.12. Schéma simplifié de la laison CCHT.

The voltage across that resistance is the differdmetween the voltages delivered by the
two converters (in fact the opposite for conveBerThis defines the current exchanges by the
converters:

R,0,=V,-V, (2.3)

For the rectifier, the control angle is the firiagglea and:

V,= V=V, dosa,-R[, (2.4)

For the inverter, one chooses as control anglexkiaction angley defines as:

Y, =T—0,—H, (2.5)

As the control angles are different one can write:
V,= V=V dosa -R[1, (2.6)
and: V,=-V,,=V, [6osy-R, 2.7)

2.3.2 12-pulse converters

The power converter unit consists of two three-pl&pulse converter bridges connected
in series to form a 12-pulse converter unit. Theolar configuration is shown in Fig. 2.13.

This does not change the basis of the control ddfpreviously.
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Fig. 2.13 Typical HVDC 12-pulse bridge power corgefor monopolar operation with two
units of three phase transformer.
Figure 2.13. Convertisseur dodécaphasé pour schaipalaire réalisé a I'aide de deux

transformateurs triphasés.
2.3.3. Basic HVDC control[21-24]

To prevent commutation failures on the inverteresigads to control the inverter in a
constant extinction angle mode (CEA mode). Then rdwdifier will have to control the
current (CCC, constant current control mode). As@sequence, the voltage is controlled by

the inverter side.

For both converters, the control strategy shows ¢amtrol modes (Fig. 2.14): alpha-min
(line AB) and constant current (line BC) for thetrger, gamma-min (line PQ) and constant
current (line QR) for the inverter. The operatirany for the DC link is the crossover point X
of the two characteristics (the voltages are supgphds have the same values on both sides of
the DC link).

The constant currents have not the same valuehforrdctifier and the inverter. This
current margin (at least of about 0.1 pu) allowh&ve no interaction between the rectifier
and inverter controls due to any current harmonitss control strategy called the “Current
Margin Method” is used in most HVDC systems. Anothdvantage is obvious if the voltage
decreases suddenly at the rectifier side. The tipgrpoint moves automatically to point Y of

Fig. 2.14 with the possibility to keep the maintpzfrthe power transmission.
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R C 4

Fig. 2.14. Simplified Vd-Id characteristics.
Figure 2.14. Caractéristique simplifiée Vd-Id.

Practically, the characteristic defines other ofiegazones (Fig. 2.15):

- for the rectifier, the Voltage Dependent Currenniti(VDCL) which corresponds
to the ability of the system to deliver a reduceenflow in case of a reduction of
the AC voltage due to some perturbation. In thieca current limit is introduced
to avoid discontinuous operating mode;

- for the inverter an alpha-min limit to guarantg thperation in the inverter mode;

- in the current margin zone, the slope of the dtarsstic is generally modified to
avoid multiple crossover with the rectifier chasaddtic.

Vd Omin limit rectifier
Inverter( CEA)
Omin invVerter
/ >
P>
VDCL Al
Idmin Idinv Idrec Id

Fig. 2.15. Completed Vd-Id characteristics.
Figure 2.15. Caractéristique Vd-ld complete.
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The principle of the different control loops used the EGAT-TNB HVDC

Interconnection will now be detailed.
2.3.3.1. Constant Current Control Loop (CCCL)

The rectifier is controlled to maintain the currdgtequal to its referenced valudg,,

(Fig. 2.16).
Current and
Ly Voltage sensors
—o
Trigger — A
Signal — lg
Master PI generator and_| — -
Power Control controller  distributor I
Pdref Idref amax

_.E—O_» > . Rectifier \VA
T - _ o Trigger
Signal I1

conditioner

J

A

-
-

Fig. 2.16. Control structure of the rectifier cumr¢CCC, constant current control).

Figure 2.16. Boucle de régulation du courant cétisgsseur (contrdle a courant constant).

The actual current is measured by the current seifishe control error Al =1, 1 4) IS

positive (resp. negative), the rectifier firing &g must decrease (resp. increase). Here a

high gain current controller assures a perfectrobof the power.

The firing angle will be as small as possible. Beatly, a minimum value of 5° is
imposed by the thyristors.

2.3.3.2. Gamma control loop

The Gamma control loop controls the firing anglaraf inverter (Fig. 2.17). It contains in
fact three loops:
- the first one, for the gamma angle (CEA, ConstagtinEtion angle Control);
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- the second one for the current margin method;
- the third one for the voltage control (CVC, Constdaltage Control).

Current and

| Lqg Signal generator Pl
Vo ta_ge\/%nsor Yy and distributor controller
A - Trigger Ymax Vret
L, — | e O«
Iy N\ o ¥ Al
Il
Min — Ymay - Id
Min ref
A\Y — select Inverter X < P
“ Trigger select fa— | — —¥
Y: =
B S} - J-L Ymay Vdrel
_— —] [ - —(
Ymin A
T L ¥
Signal Ry
conditioner : 5

Fig. 2.17. Gamma control loop of the inverter.

Figure 2.17. Contrble de I'angle gamma c6té onduleu

y is obtained from the measurement of the thyristorent and voltage. Gamma value is

a time interval which is initiated from the instarftanode current zero until the zero crossing
of thyristor voltage is reached. From the gammaieslof all 12 thyristors, the minimum

value is selected and then used in the gamma ¢oodm

The current margin is subtracted from the curreférence during normal operation, so
that the inverter will operate at a firing angletadmined by the inverter voltadg, ., or
minimum extinction angle control. If there is a tagle decrease at the rectifier AC bus, the
firing angle at the rectifier is no more availalite maintain the current. In this case, the
inverter will take over the current control, by degsing the firing angle at the inverter to

reduce the inverter voltagé,, in order to keep the current referehgg, .
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With the chosen control concept, the inverter lmsadjust the voltage. The rectifier
voltage value required by the voltage controllethat inverter side must include the voltage

drop due to the DC line resistance:

Vicay=Vat | 4R 4 (2.8)

From the three control loops, the minimum valueyok used to control the firing of the

thyristors.
2.3.3.3 Voltage Dependent Current Limit (VDCL)

A voltage dependent current limit function is addedimit the referenced currengé at
low voltage. The VDCL has a function to reduce B current during inverter end faults,
DC line faults or AC system faults. This additioriahction assists the system on recovery
after faults. Typically, the VDCL is applied instaneously when the DC voltage falls below
a defined level and is released with a ramp reter@rsignal with a given time constant to
enable a rapid recovery after the fault clearafite basis of the control with the VDCL

function is represented in Fig. 2.18.

. R
Rectifier 4 Inverter
i | )
Trigger -V Trigger
d
y & |Veve Vel 2 ko N\
Il I
1 | i
Min
select
T
| |
CCC CcvC CCC CEA
Y Y ) Y
VDCL Min
select
A ? \
Vg | dref Vdref Al Vet

Fig. 2.18. Control system loops with VDCL function.

Figure 2.18. Boucle de régulation avec limitatiencdurant.
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2.4. EGAT-TNB HVDC interconnection project

2.4.1. Purpose of the interconnection

The concept of interconnecting the electric powatiorks of Thailand and Malaysia was
first conceived in the early seventies. The firgdeiconnection resulted in the construction of
a 80 MW 132/115 AC interconnection in 1982 [25] efhiallowed a section of the Thailand
power network to be isolated from the rest of teemork and to be connected to and supplied
from the Malaysian power network. Further co-ogeratn this area between both countries
has now resulted in the implementation of the 300/6MW EGAT/TNB HVDC

Interconnection Project.

The EGAT-TNB 300/600 MW HVDC interconnection prdjeestablishes an
interconnection from Khlong Ngae in the southerrt p& Thailand to Gurun in the northern
part of Malaysia as shown in Fig. 2.19. The DC @mtion allows both countries to be
asynchronously operated while still obtaining thendfits of interconnection. The inter-
connection consists of converter stations at KhiNigge and Gurun linked by a 110 km long
(approximately 24 km on the Thai border and 86 kmtlee Malaysian border) 300 kV DC
line with three conductors between the stations.

Initially, the converter station is configured asn@nopolar converter with a power
transfer capacity of 300 MW. Provision has alsonbeade for adding a second 300 MW pole
in the future to extend the system into a bipotarfiguration with a total transfer capability
of 600 MW.

The complete line transmission line suitable fa Bipolar interconnection is installed at
the initial phase. The addition of a reliable iotarnection to the previously lightly connected
AC systems will increase efficiency and the powansmission capacity between and within
the countries. Surplus power produced by IPP’s mdaysia could be exported to Thailand

and similarly surplus power from Thailand couldexported to Malaysia.

The one hour time difference between the two coesmtxs well as a diversity of peak load
of several hours means that the interconnectionbeansed effectively to support the peak
loads in both countries by reversing the directadnpower flow as required during peak
periods. When utilized in this way, there will bitlé net exchange of energy. The
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interconnection will also permit the power systamone country to provide support to the
other country during emergency conditions.

Fig. 2.19. Location map of Khlong Ngae and Gurun.
Figure 2.19. Localisation de Khlong Ngae et Gurun.

The monopole has a short time (10 minutes) capwyldlitransmit 450 MW. This overload
capability together with the capability of fast pemwreversal will allow the link to be used to

reduce the total amount of spinning reserve disigaten the two countries.

An AC interconnection to Malaysia was considered, kduring certain operating
conditions, it was found difficult to maintain symonism of the two AC systems and to
control the flow of power. An HVDC system, however well suited for interconnection of
the AC networks of the two countries. The EGAT-TNB/DC Interconnection Project
allows full bi-directional control of power interahge as well as improving reliability and
dynamic performance of both AC systems.

The automatic reactive power controllers at the veder stations also allow
independently controlling the reactive power exgehetween the converter stations and the

connected AC systems or voltage control at the edawbuses.

The reinforcement of EGAT’s existing AC transmissgystem involves the construction

of the transmission activities as shown in Fig022& 230 kV AC substation at Khlong Ngae
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has to be built and it was necessary to reinfdneesubstation of the area (Hat Yai 2 and Ya
La 2) and the lines between Khlong Ngae and thghteiring substations.

“Thung|Song

Substation
THAILAND
Hat Yai 2

Khlong Ngae
verter Station

/_-/“\\
al’ N« .
- \es Yala?2 Q
Guryn -
Copverter Station’
Scale ‘L‘",/'

oot MALAYSIA

Fig. 2.20. Location map of converter stations aloiig Ngae and Gurun.

Figure 2.20. Localisation des stations de convard®mKhlong Ngae et de Gurun.
2.4.2. HVDC power circuit configurations

The EGAT-TNB HVDC interconnection system was des@jiio be bipolar system in
order to transfer power from 60-600 MW. Howevertlre first stage it is a monopolar
configuration with metallic return and it can betemded into a bipolar configuration later.
The DC transmission lines was installed with thceaductors namely two pole conductors
and a neutral (metallic) return conductor betwedan Ngae and Gurun stations. Each
converter station can be both rectifier and invediation depending on the direction of

transferring power.

With the monopolar operation, the EGAT-TNB HVDC t®m will have the possibility to
operate in four different modes namely:

- Monopolar operation Mode 1 as shown in Fig. 2.2¥Di€ overhead line 1 is the

high voltage pole with the parallel connection o¥/[BIC overhead line 2 and

LVDC overhead line (neutral line) as the returrhgat
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Monopolar operation Mode 2 as shown in Fig. 2.22Di& overhead line 1 is the
high voltage pole with only neutral line return fpat

Monopolar operation Mode 3 as shown in Fig. 2.28D& overhead line 1 is the
high voltage pole with only HVDC overhead line 2tlas return path;

Monopolar operation Mode 4 as shown in Fig. 2.24Di& overhead line 2 is the

high voltage pole with neutral return path.

P |

VY

HVDC
Overhead line

LVDC/Neutral
AC Overhead line

AC
System 2

b
L

o>
[}
ocoeoeopeoee
:
Last

HVDC
H Overhead line

XL LX)
.
bJ
S

[}

[ ]
cedeca
(]

[ ]

[}

Fig. 2.21. Monopolar operation Mode 1.
Figure 2.21. Mode de fonctionnement unipolaird n°®
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Fig. 2.22. Monopolar operation Mode 2.
Figure 2.22. Mode de fonctionnement unipolair@ n®
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Fig. 2.23. Monopolar operation Mode 3.
Figure 2.23. Mode de fonctionnement unipolair&n®
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Fig. 2.24. Monopolar operation Mode 4.

Figure 2.24. Mode de fonctionnement unipolairé n®

The first operation mode (Fig. 2.21) is normallyedisfor EGAT-TNB HVDC, by
connecting the high voltage pole to the first cartdu(HVDC overhead line 1) and the low
voltage pole is the parallel connection of the higitage pole (HVDC overhead line 2), the
neutral line being directly grounded at the Khldwgge station in order to reduce losses. The
Khlomg Ngae and Gurun single line diagram for alithonopolar operation is shown in Fig.
2.25 [26].

The DC monopolar converter station is currentlyaddg of transmitting a full rated power
of 300 MW (300 kV, 1000 A) in either direction up & maximum ambient temperature of
39° C. The DC transmission line also permits a 10-t@sdoverload of 450 MW of power
once per day. According to the agreement, both E@Ad TNB agreed to initially generate
and deliver 30 MW power as an obligatory energgnable the continuous operation of the
HVDC interconnection. Commercial energy is the ggesold and purchased at any time
request by either utility.
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Fig. 2.25. DC single line diagram for initial morad@r operation [26].

Figure 2.25. Schéma de principe de I'installatiomede de fonctionnement unipolaire [26].
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2.5. Main system rating data of Khlong Ngae conveer station

The Khlong Ngae (province of Songkla) ConvertettiStais the terminal in Thailand of
the HVDC transmission scheme interconnecting tleetetal systems of the countries of

Thailand and Malaysia.

The HVDC converter station is initially designeddazonstructed for monopolar operation
with the option of future expansion to bipolar cgém. The system is capable of bi-
directional power transfer at any level from 30 M@/300 MW in the monopolar stage (60
MW — 600 MW bipolar). An overload capability is mrporated in the design, which allows
for a short time (up to 10 minutes) power transfeup to 450 MW on one pole.

The main DC rating data is summarized in Tablea?d the main AC data is summarized
in Table 2.2.

DC Rating Data of the HVYDC System

Rated DC Power - Monopolar Operation 300 MW
Rated 10 Minute Overload 450 MwW
Minimum DC Power 30 MW
Rated DC Current 1000 A
Rated 10 Minute Overload 1562 A
Minimum DC Current at 300 kV 100 A
Rated DC Voltage 300 kv
Maximum DC Voltage 308 kv
Minimum DC Voltage 292 kv
Reduced DC Voltage Operation 210 kv

Table 2.1. Main DC rating data of the HVDC syst&8][
Table 2.1. Principales caractéristiques de ladmiSCHT [23].
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Khlong Ngae AC System Data
Nominal System Voltage 230 kv
Normal Maximum Voltage 240 kv
Normal Minimum Voltage 218 kv
Extreme Maximum Voltage 253 kv
Extreme Minimum Voltage 210 kv
Maximum Short Circuit Level (at X/R=15) 16000 MVA
Minimum Short Circuit Level (at X/R=4.3) 1220 MVA
Nominal Frequency 50.0 Hz
Maximum Frequency (for rating) 51.0 Hz
Minimum Frequency (for rating) 49.0 Hz

Table 2.2. AC system data [23].
Table 2.2. Caractéristique du réseau altern2dff. [

2.6. Description of main components of Khlong Ngaeonverter station

The Khlong Ngae Converter Station can be dividdd ohfferent areas concerning the
converter building, the AC side (AC switchyard, Alfers and shunt capacitors aodnverter
transformer), the thyristors and the DC side (smiogtreactor, DC filter, DC switchyard and

DC transmission line). These different parts ofstegion will be described hereafter.
2.6.1. Converter building

The converter building as shown in Fig. 2.26 cdssi$ one valve hall, control equipment
room, communication room, cooling equipment roord ather facilities associated with the
thyristor converters. The valve hall contains hpggwer equipments, the thyristor converter
valves, protection and auxiliary systems associatghd thyristor converter values are also
installed in this hall.

The converter transformers are located next to dhweverter building and the valve

winding bushings project directly into the valvdlha
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a) Converter building b) 300 kv, 300 MW DC Tramission line

EGAT: Khlong Ngae, Songkla [25]
Fig. 2.26. HVDC converter station and 300 kV - 38%/ DC transmission line.
Figure 2.26. Station de conversion CCHT et liaisontinue 300 kV - 300 MW.

2.6.2. AC switchyard

The 230 kV AC switchyard as shown in Fig. 2.27 esigned to ultimately have twelve
breaker-and-a-half bays. Six breaker-and-a-halklmnnected to two high voltage busbars
were installed initially along with the first potef the HVDC system. Of these six breaker
bays, two do not contain the full complement otuit breakers. These two bays will be
completed when the second pole of the HVDC systédhbevinstalled. Three double-circuits,
230 kV overhead transmission lines terminatinghe AC switchyard of the Khlong Ngae

converter station were installed for the monopstage.
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¢) 230 kV, AC transmission line f) Discomtiag switches

EGAT: Khlong Ngae, Songkla [25]
Fig. 2.27. AC switch yards at Khlong Ngae station.
Figure 2.27. Disjoncteur c6té alternatif a la statie Khlong Ngae.

2.6.2.1. High voltage AC circuit breakers and disamection switches

The circuit breakers as shown in Fig. 2.2%skd in the AC switchyard are Sfype
circuit breakers. On both side of each circuit kegaare motorized disconnected switches.
The circuit breakers are adequately rated to haheleequirements for converter transformer
and AC filter and shunt capacitor switching. Breakeised for switching converter

transformers are equipped with pre-insertion resssand breakers used for switching AC
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filters and shunt capacitors are equipped with fpom wave closing relays to minimize
transients during breaker closing.

2.6.2.2 High voltage AC measuring devices

For the most part, capacitor voltage transformeesused for AC voltage measurement
(Fig. 2.27-e). Inductive voltage transformers aosvéver, used for certain functions where
the accuracy and phase shift of the signal undamstent conditions is of importance.
Inductive transformers are used for the synchrogizignals and for the bus voltage signals

for the reactive power controller.

Discharge potential transformers are used in coatioin with the 42 Mvar triple tuned
filter sub-banks to rapidly discharge the filtensdaallow them to be reconnected within

seconds after disconnection.

High voltage AC current measurements, for the npzst, are made by post current
transformers located throughout the switchyard edev transformer primary and secondary
currents are made using current transformers bt the bushings of the transformer. As
well, some smaller current transformers used inAkefilter and capacitor sub-banks are

mounted on stand-off insulators.
2.6.2.3. AC side surge arresters

Gapless zinc-oxide surge arresters are instaltekedb the converter transformer line side
bushing to limit overvoltages on both the primandaecondary sides of the transformer,
taking into account the switching over voltagesisfarred from the AC side to the valve side
of the converter transformers. Gapless zinc-oxigtgies arresters are connected to the main
busbars of the AC filter banks. These arresterteptdahe AC filters against lighting surges.
Additionally, gapless zinc-oxide surge arresters eonnected to the AC filter and shunt
capacitor sub-banks to limit transient over voleagsat may occur during recovery from AC
faults. Arresters are also connected across thetomsawithin the AC filters to limit

energization voltages across the reactors.
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2.6.3. AC filters and shunt capacitors

The AC filters and shunt capacitors as shown in Eig8 are divided into two banks, each
of which is connected to the main 230 kV high vgétdusbars. Connected to one bank is one
42 Mvar triple-tuned filter sub-bank (224" and 36" harmonics) and two 84 Mvar shunt
capacitor sub-banks. Connected to the other bamkoae 42 Mvar triple-tuned filter sub-
bank, one84 Mvar triple-tuned filter sub-bank and one 84 Mshaunt capacitor sub-bank.
Provision has been made for the addition of onetiaddl 84 Mvar triple-tuned filter sub-
bank, which is required to meet the harmonic perforce requirements of the complete
bipolar HVDC scheme.

a) AC filters and shunt capacitors b) Triple-tunag filter

EGAT: Khlong Ngae, Songkla [25]
Fig. 2.28. AC filters and shunt capacitors (a)cGit diagram of Triple-Tuned AC Filter (b)
[23].
Figure 2.28. Filtres alternatifs et capacités shiga) ; schéma des filtres alternatifs accordés

sur trois fréquences (b) [23].

The AC filters are used to limit the level of hamovoltage distortion on the AC bus due
to the harmonic currents resulting from convergeeration. The filters also limit the amount
of harmonic current which will flow into the AC ggsn by providing a low impedance shunt
path for the harmonic current flow. The filters alprovide reactive power generation
capacity at fundamental frequency, which is usedowerall var/voltage controlThe

following AC filter and reactive power sub-banke @rovided as shown in Table. 2.3.
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Type Description Quantity
A 42 Mvar triple-tuned filter 2
B 84 Mvar triple-tuned filter 1
C 84 Mvar shunt capacitor bank 3

Table 2.3. Provided AC filter and reactive powen-fanks [23].
Table 2.3. Différents filtres alternatifs et bawepacitifs [23].

The Reactive Power Controller (RPC) which is paft tbe DC Station Control
automatically switches the filter and shunt camaditanks. The RPC switches the filters and
shunt capacitors in a first on, first off mannecading to a certain criteria. The switching
criteria and hierarchy is as follows:

- AC busbar voltage within scheduled range;
- Correct combination of sub-banks connected to aehibarmonic filtering
performance;

- Total station reactive power within scheduled range

Under normal operating conditions, with all sub4mravailable, the reactive power
elements are switched in 42 Mvar steps. Switchire Dype B or a Type C element is always
done in a binary manner with a Type A filter to ntain the 42 Mvar step size. When no type
A elements are available and in conditions whenching of the type A element would result
in the filter requirements not being met, switchioigreactive power elements in 84 Mvar

steps is permitted.

Potential transformers are provided for rapidlycterging the Type A filters, allowing
them to be reconnected approximately 5 seconds ladiag disconnected. The Type B filter
and the Type C capacitor bank do not have a faddit rapid discharge and require 5 minutes

to discharge before they can be reconnected.

2.6.4. Converter transformer

The converter transformer connects the AC networthé converter valves and provides
the voltage matching between the AC system andctheverter valve group. Another

important function of the converter transformerstasprovide the necessary reactance for
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limiting the thyristor current in the event of aufa The converter transformers also provide
the means of regulating the valve winding voltdgeway of an on-load tap changer.

The typical arrangements of transformer for 12 @ualsnverter are as following:
- 6-units of a 1-phase, 2-windings transformer;

- 2-units of 3-phase, 2-windings transformer;

- 3-units of a 1-phase, 3-windings transformer.

The three difference circuit configurations arevghan Fig. 2.29, Fig. 2.3@nd Fig. 2.31.
Three phase transformers are the most economichlhbue the largest weight for
transportation and highest cost for a spare umgl& phase three winding transformers (Fig.
2.31) were chosen for Khlong Ngae Converter Statienthese are the most economical

transformers whose shipping weight does not exadleded transportation limits.

Three of single phase three windings transformezscannected together to form a three
phases transformer bank. The high voltage line ingslof the transformers are connected in
a star configuration with the star point solidlypgnded. One set of secondary windings from
the three transformers is also connected in astatguration while the other set is connected

in a delta configuration.

L ~ K~ I~
Lo Bg ?g. N Ix Ix
= Eé EL ~ I~ I~
T
L /A L AZA N I~ Ix

Fig. 2.29. Six units of a single phase, two winditgnsformer.

Figure 2.29. Six transformateurs monophasés a eetoulements.
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Fig. 2.30. Two units of three phases, two winditrgasformer.
Figure 2.30. Deux transformateur triphasés a devsutements.
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Fig. 2.31. Three units of a single phase, threalings transformer.

Figure 2.31. Trois transformateurs monophasésigsiérooulements.

The converter transformers are an integral pathefAC-DC conversion process. They
provide the reactance necessary to limit the ttorisommutation current and provide a
means to regulate the valve winding voltage, by wfgn on-load tap changer, necessary to

maintain efficient converter operating conditions.

The transformers are located adjacent to the cteweuilding (Fig. 2.32). The valve

winding bushings project into the valve hall witinedt connections to the converter valves.
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The converter transformers have on-load tap changed are Oil Natural Air Force
(ONAFlO) design. The main data of EGAT converter transtarm summarized in Table 2.4.

a) Converter transformer station b) Converter transformeside valve hall
station

EGAT: Khlong Ngae, Songkla [25]
Fig. 2.32. Converter transformers (a) and valvedimig bushings inside valve hall (b).

Figure 2.32. Transformateurs alimentant le conssetir (a) et connexions (b).
2.6.5. Thyristor converter valves

The thyristor converter valves for HVDC transmissgystems as shown in Fig. 2.33 and
Fig. 2.34 are complex structures made up of mangseonnected thyristors. The EGAT-
TNB thyristor converters have 48 thyristors conadcin series in each valve. The series
connected thyristors are arranged in a hierardgicdcending fashion in the following
groupings to make up the complete valve structure:

- Thyristor level,

- Valve section (12 thyristors levels);

- Modular unit (2 valve sections);

- Valve (2 modular units consist of 48 thyristors gected in series);
- Multiple Valve Unit (4 valves).

19 ONAF/ONAN/OFAF, are the cooling combination systeesign for the converter transformer. ONAF is a
non-forced oil, forced air design.
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Main data of EGAT Converter Transformers
a Continuous Rating (without redundant cooling) MVA 116/58/58
Rated power (line/star/delta)
b No Load Voltage Ratio
line/star/delta kV 230N3/122.244/3/122.24
Tolerance % 0.5
c Superimposed Voltages to Ground
Valve side (star), DC + AC kVpeak 342
Valve side (delta), DC + AC kVpeak 177
d Winding Group YnynOd1
e Tap changer range
Step size % 1
Nominal tap no. 6 (230.0/122.24 kV)
Highest tap no. 22 (240/(0.9x122.24 kV)
Lowest tap no. 1(218.5/122.24 kV)
f Impedance (based on rated secondary MVA,
nominal tap)
Line side — valve side (star) % 11
Line side — valve side (delta) % 11
g Cooling arrangement ONAF

Table 2.4. Main data of EGAT converter transforfi2a.

Table 2.4. Principales caractéristiques des tramsfteurs alimentant le convertisseur [23].

The complete thyristor converter is made up ofdhmaultiple valve units (MVU), one
MVU for each phase. Each individual thyristor legehsists of:
- The thyristor;
- The heat sinks for the thyristor;
- Parallel connected components for proper gradingaifage and control and
protection of the individual thyristors;
- The Thyristor electronics (TE) which includes thatigg and protection and

monitoring systems.

Twelve thyristor levels are arranged into a valeetion. Four reactor modules consist of
saturable steel cores wound around the conductbeacapsulated are placed at one end of a
valve section. Two valve sections compose one naodulit. When the valve sections are put
together to form a modular unit, the four valvectees of each valve section are placed at

opposite ends of the completed modular unit.
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¢) RC snubber circuits ) Grading capacitors
EGAT: Khlong Ngae, Songkla [25]
Fig. 2.33. Thyristor Levels and valve Sections viRli snubber circuits and saturable
reactors.
Figure 2.33. Thyristors et valves (12 thyristorssérie) avec circuits RC et inductances

saturables.
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b) Valve tower d) Insulator structure

EGAT: Khlong Ngae, Songkla [25]
Fig. 2.34. Valve section, valve tower and valvegsuairrester.

Figure 2.34. Valves, tour et limiteur de surtension

The term valve is used to describe the series atiomeof sufficient modular units needed
to make up one arm of one phase of a three phasdsé-Graetz bridge. A 3-phase Graetz
bridge consists of six valves, two in each phase §-pulse Graetz bridges are required for
twelve pulse operation. Therefore 12 valves arevigea in each pole of an HVDC

transmission system with one valve group per pbhe individual valves are arranged into
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valve towers (Fig. 2.34-b) on a per phase basisr alves are needed in each phase and are
arranged in a single unit known as a multiple valwvet (MVU). The complete thyristor

converter is made up of three multiple valve units.

The main data of thyristor converter are summarinethble 2.5.

Main Data of Thyristor Converter

Steady State Operation Unit 100% Vdc 70% Vdc
DC — power for 12- pulse group at rectifier | MW 300 210
DC - voltage for 12 pulse group at rectifier | kV 300 210
DC — current for 12-pulse group A 1000 1000
Voltage between valve terminals kv 122.24 0.9*12242
Delay angle, rectifier ° el 15.0 39.6
Commutation angle, rectifier °el 16.1 10.0
Extinction angle, inverter ° el 19.6 43.4
Commutation angle, inverter °el 14.1 9.4
Number of thyristors in each complete valve 48
Number of thyristors in the complete 12-pulse convéer 576
Snubber circuit 1.6 mF / 45 ohms
Valve reactor (unsaturated/saturated) 16 * 0.5/0.0nH = 8.0/0.32 mH
Max. power loss of the 12-pulse group for the headxchanger unit kw 1254
Max. power loss of the 12-pulse group dissipatedtim the air kw 20

Table 2.5. Main data of the thyristor converter][23
Table 2.5. Caractéristiques du convertisseur astuoys [23].

2.6.5.1. Valve surge arresters

The valve surge arrester is an integral part of vhlwe design, having characteristics
selected to meet the overall converter performaifite gapless zinc-oxide valve surge
arresters are connected across each individuakyvallke valve surge arresters protect the
valves against overvoltages caused by switchingesucoming from the AC system through
the converter transformer as well as from groundi$ebetween the converter transformer line

and valve bushings.

The valve group surge arrester protects the 12emadsverter group against overvoltages
resulting from events on the AC and DC sides. Hrigster is also a gapless zinc-oxide

arrester. The valve and valve group surge arreatersiounted on the valve structure.
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2.6.5.2. Valve cooling system

The components of the thyristor valves are wat@letb using deionized water. Forced
cooling of the thyristor valves is necessary beeanisthe high current density of HVDC
thyristor valves. This high current density resuttdarge amounts of heat being generated in
the components of the thyristor valves, which waesult in a rapid failure if the heat were
not removed.

The valve cooling system (Fig. 2.35) uses a pumgitculate the water through the
thyristor valves and the cooling units. The coolvater enters and leaves the thyristor valves
from the top of each valve structure. From the @bphe structure, two main water supply

pipes are run to each multiple value unit (MVU).

b) Valve cooling system a-Station d) Valve cooling systerStation

EGAT: Khlong Ngae, Songkla [25]
Fig. 2.35. Valve cooling or coolant distributiorsggms.
Figure 2.35. Systéme de refroidissement des valves.
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The ion exchangers are used to keep the condyctwithe cooling water below 0.5
puS/cm. The ion exchangers are located in the vaba@ing rooms inside the converter

building.

The cooling circuit is operated with an open expams$ank and therefore it contains free
oxygen. The metallic materials, which are in contaith the cooling medium, are alloys
which develop a passivation layer under exposumxy@en. This passivation layer protects

the metals from further corrosion.
2.6.6. Smoothing reactor

The smoothing reactor (Fig. 2.36) is an air-coreactor located immediately outside of
the converter building and connected in series éetwthe thyristor converter and the high

voltage DC bus.

EGAT: Khlong Ngae, Songkla [25]
Fig. 2.36. Smoothing reactor (100 mH, 300 kV, 18600
Figure 2.36. Inductance de lissage (100 mH, 3001020 A).

The reactor is air cooled via natural convectiomo8thing reactors serve the following
functions in an HVDC system namely:
- To reduce the incidence of commutation failurenverters caused by dips in the
AC voltage at the converter bus;
- To prevent consequent commutation failure irenters by reducing the rate of rise
of direct current in the bridge when the directtageé of another series connected

bridge collapses;
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- To smooth the ripple in the direct current inartb prevent the current becoming
discontinuous at light loads;

- To decrease the harmonic voltages and curreriteiDC line;

- To limit the crest current in the rectifier dwea short circuit on the DC line;

- To limit the current in the thyristor valves dugi the converter bypass pair
operation, due to the discharge of shunt capa@taircthe DC line.

The main data of the smoothing reactor is summaiizd able 2.6.

Main Data of Smoothing Reactor

Type Air Core, Outdoor
Inductance (between no-load and maximum steady mH 100

state dc current)

Tolerance % 5

Nominal direct voltage kv 300

Maximum direct voltage kv 308

Nominal dc current at maximum ambient temperature | A 1000

Short-time current, 15 ms Apeak 6000

Insulation class type F

Table 2.6. Main data of the smoothing reactor [23].

Table 2.6. Caractéristiques de l'inductance dejeq23].
2.6.7. DC filter

The HVDC conversion process creates voltage hamsoom the DC side. The DC side
harmonic voltages superimposed on the DC voltagdyme harmonic currents that enter into
the DC line. The amplitude of these currents deper the inductance of the smoothing
reactor and the impedance of the DC filter. Theaemnic currents may give rise to
interference in the frequency range from 50 thros@®0 Hz which may cause interference to
voice frequency telephone circuits close to the ID@. DC filters are used to reduce the
harmonic current flow on the HVDC transmission Imeproviding a low impedance path to

the harmonic currents (Fig. 37):

- The DC filter is connected between the highagdt DC bus and the neutral bus
just outside the DC smoothing reactor;

- The DC filter consists of two separate filtexpassive filter and an active filter;
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- The passive DC filter is a double tuned filtened to the lRand 24 harmonics;

- An active DC filter is a device that injects hamc currents into the DC line with
the same magnitude but opposite polarity as thedaic current generated by the
HVDC converter. The net result is that very lowrhanic currents enter the DC
line and very low telephone interference is gerelat

- The active filter operates in the frequency rafige the @ to the 48 harmonic.

Gapless zinc-oxide surge arresters are connectedsathe DC filter to protect the DC
filter against overvoltages that may occur tran$yeduring transferred switching surges with

a subsequent DC bus fault to ground.

The main data of the components of the DC filtersarmmarized in Tables 2.7 and 2.8.

|
I
I
:
.:_/
I
i
I

a

| Passive
: DC Filter

—_—

L2 T C2!  Active
L__E——_1__ | DCFilter

a) DC filter b) Passive and active DC filters

EGAT: Khlong Ngae, Songkla [25]
Fig. 2.37. DC filter (a) and DC filter circuit diegm (b) [23].
Figure 2.37. Filtre continu (a) et schéma du fi{ts[23].
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EGAT-TNB Passive DC Filter Components

Capacitors unit C1 Cc2
Nominal capacitance mF 1.0 2.0
Tolerance of nominal capacitance % 0.5 +1.0
Maximum dc voltage kv 308 -
Sum of harmonic voltages kV rms 14.0 6.3
Total voltage kV peak 328 8.9
RSS of harmonic currents A 35.0 37.4
Arithmetic sum of harmonic currents A 54.8 61.4

Table 2.7. Main data of passive DC capacitor coreptsfor DC filter [23].
Table 2.7. Caractéristiques des capacités du &iéité continu [23].
EGAT-TNB Passive DC Filter Components
Reactors unit L1 L2

Nominal inductance mH 35.18 17.59
Tolerance of nominal capacitance % +0.5 +1.0
Quality factor - 150 150
At the frequency Hz 600 1200
Tolerance of nominal inductance % +1.0 0+1.0
Maximum dc voltage kv - -
Sum of harmonic voltages kV rms 10.2 6.3
Total voltage kV peak 14.4 8.9
Sum of harmonic currents A 35.0 66.9
Total current A 35.0 66.9

Table 2.8. Main data of passive DC reactor comptsien DC filter [23].

Table 2.8. Caractéristiques des inductance de filité continu [23].
2.6.8. DC switchyard

The DC switchyard as shown in Fig. 2.38 is usedcaanect the HVDC converter
equipment to the overhead DC transmission linetartie DC filter. The switching devices
in the DC switchyard are arranged so that the H\Wo6verter equipment can be connected

to the DC transmission lines in the following cagpifiations as shown in Table 2.9.
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a) Disconnecting switches

b) PLC (power Line Car}iéne trap and
coupling

EGAT: Khlong Ngae, Songkla [25]

Fig. 2.38. DC switchyard with disconnecting switslaad PLC line trap and coupling.

Figure 3.38. Connecteurs coté continu et dispo§i#fL (Courant Porteur en Ligne).

Monopolar stage

Configuration/Mode HVDC Line LVDC Return line
1 Line 1 Line 2 and Neutral Line
2 Line 1 Neutral Line
3 Line 1 Line 2
4 Line 2 Neutral Line

Table 2.9. Connected configurations or mode of ae@ns of the HVDC converter to the DC

transmission lines in the monopolar system [23].

Table 2.9. Modes de fonctionnement et de conned@la liaison CCHT en configuration

When the system is extended to a bipolar systetitiadal DC switching devices will be
added as well as a second DC filter. Provisiondess made for future expansion of the DC
switchyard toaccommodate this additional equipment. In the hkipslystem, the following
configurations as shown in Table 2.10 will be pblesfor connecting the HVDC converter

unipolaire [23].

equipment to the DC transmission lines:
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Bipolar Stage
Configuration/Mode HVDC Line LVDC Return line

1 Line 1 (monopolar operation) Line 2 & Neutral Line
2 Line 1 (monopolar operation) Neutral Line

3 Line 1 (monopolar operation) Line 2

4 Line 2 (monopolar operation) Neutral Line

5 Line 2 (monopolar operation) Line 1

6 Line 2 (monopolar operation) Line 1 & Neutral Line
7 Line 1 & Line 2 (bipolar operation) Neutral Line

Table 2.10. Connected configurations of the HVD@waster to the DC transmission lines in
the bipolar system [23].
Table 2.10. Modes de fonctionnement et de conned@olia liaison CCHT en configuration
bipolaire [23].

2.6.9. DC transmission Line
Transmission line with measuring devices and swdoth are illustrated on Fig. 2.39.
2.6.9.1. DC disconnected switches

Motorized disconnected switches are used in thes@itchyard as shown in Fig. 2.39-b
to connect and isolate the HVDC converter equipnernhe overhead DC transmission line
as well as for connecting and isolating the DCefdt The disconnected switches can be
operated remotely from the DC initiation and monitg system located in the control room.
For maintenance and testing purposes, the discosnéches can be operated locally at the

device themselves.
2.6.9.2. Hybrid-optical DC current measuring systentFig. 2.39-a)

The direct current measured value is an importa@ntty required to control and to
protect HVDC systems. The hybrid-optical DC currergasuring systems provided uses an
ohmic shunt, which is series integrated into thedCuit. The voltage drop across the shunt,
which is proportional to the DC current, is meaduaad digitized by an electronic circuit
which is located at high voltage potential. The suead signal is transmitted as a serial
telegram via a fibre optic link to ground potentidleasuring systems are provided to measure

the DC line and neutral line currents as well ashigh and low voltage side pole current.
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a) DC measuring devices b) Monopolar systemQ 3/, 300 MW
DC transmission line

c¢) DC switchyard

EGAT: Khlong Ngae, Songkla [25]
Fig. 2.39. 300 kV, 300 MW DC transmission line witieasuring devices and switchyard.
Figure 2.39. Ligne continue 300 kV, 300 MW avednmsients de mesure et de connexion.

2.6.9.3. High voltage DC bus surge arrester

A gapless zinc-oxide surge arrester is connecteldetdigh voltage DC bus to protect the

converter station against overvoltages coming ftioenDC side.
2.6.9.4. PLC equipment and DC side PLC filter

The Power line carrier (PLC) system on the DC luses pole-to-pole coupling as the
normal mode of transmission in a push-pull arrang@nto achieve balanced signal injection
and the lowest loss propagation of the signal akbegline. A PLC filter is located between
the converter transformer and the main AC busbErese are two stage filters using series

wavetraps with shunt connected PLC coupling capexiand associated tuning units. In
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addition to the PLC equipment, it is necessaryrtwvide DC side PLC frequency filters to
reduce the noise conducted into the DC line froentlyristor valves.

2.7. EGAT-TNB HVDC Control System

2.7.1. Hierarchical structure of control[24], [27]

The control systems for the HVDC system are orgahimto a hierarchic structure in
order to enhance independent operation of poledltlaa future pole 2 of the bipole. In the
hierarchic structure, all of the DC system contaod protection equipment is organized.
There are four system level functions namely:

- The system control function;
- The station level function;
- The bipole-and the pole- level functions;

- The converter level function.

The system control functions coordinate the opemadif the HVDC transmission system.
Input for the system control level comes from bsiidition controls and from operators at one

control location. Generated orders are sent to bt@ition controls.

The station level functions generate outputs fotcdwng sequences to change the main
DC circuit connections to the transmission line aedtral conductors and for switching AC

filters and shunt capacitors as required for rgaghower control.

For EGAT and TNB system, the bipole level functicare integrated in the pole level
function. This function is used to measure DC \g@tand DC current, and information from
the system control functions concerning orderedesysjuantities. The bipole and pole level
functions transmit orders to the converter continlgrder to achieve a desired voltage and

current or power level in the DC system.

The converter level control functions are impleneentusing measured values of the
commutating voltages, the DC current, the DC vdateggether with status of the valves. The

firing pulses to the valves are the primary outgithe converter unit control functions.
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2.7.2. Basic operating modes

The HVDC system is designed to accommodate thedagierating modes of dc control
used on the EGAT-TNB system are as foll@#4]:

Power control (P-mode);

Current control (I-mode);

Minimum extinction angle control (CEA) or commtiten margin angle control;
DC voltage control;

Voltage dependent current limit (VDCL);
Converter unit firing control,

Tap changer control,

Maximum and minimum current limits;
Reduced pole voltage operation;
Direction of pole power transfer;

Power reversal,

Open line test mode.

The fast closed loop controls are used for HVYDGidmaission systems together with

slower supplementary controls. The control systemthe EGAT-TNB system normally

works with:

Fast closed loop pole DC current control to oarfiring of rectifier valves;

Fast closed loop pole DC voltage (rectifier ecaitrol to control firing of inverter
valves;

Slower converter transformer tap changer cordtoéctifier end to maintain firing
angle within pre-determined limits;

Slower converter transformer tap changer con#éolinverter end to maintain
extinction angle within pre-determined limits;

Bipole power controller to adjust current refereth setting to the rectifier pole

current controls to a calculated value so as tainlthe requested power transfer.

The designed convertéf -l ;, characteristics for the EGAT-TNB system are girefig.

2.40. The EGAT-TNB system normally operates with téctifier controlling current and the

inverter controlling rectifier side DC voltage. Tharrent reference in the local station must

be coordinated with the current reference senhéorémote station via telecommunications.
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At the normal operating point (=1 p.u.), the inverter is operated as the voltage comrad
control the rectifier DC voltageM; =V 4, +1 ;R ;) so that the terminal voltage at the rectifier

is always maintained. Current marginl€0.1 p.u) compensation controls are provided to

decrease the inverter current reference to leintherter takes over current control in order to
minimize the power reduction, if there is a voltadgcrease at the rectifier AC bus. The

VDCL is used with thd , . -limit at 0.2 p.u. and at steady state operatiba,delay angle and

dmin

extinction angle are shown in Table 2.11.

Vq(p.u.
(p ) Nominal tab a = 50
T e —
............... Inverter
V4 controller (1.05 p.u.) Vg controller
R ~
T ........... - / V - ymin
0 | | . { Operating point
Operating point at | atly=1p.u.
-T- 4= 0.7 p.u.
0.6 + / «— lger=1 p.u.
4 Al
L < Imarg =01 p.u.
1 VDCL //
0.2 —+
| | ' ' |
1 | | I I !
02 0.4 0.6 08 L0 14(p.u.)

Fig. 2.40. EGAT-TNB operatiny,-l , characteristics with inverter and rectifigr

control [23].

Figure 2.40. Caracterisqué,-l , avec controle de la tension, au niveau onduleur et

redresseur [23].
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Delay or Firing angle and Extinction angle at Steag State Operation

Steady State Operation Unit 100% Vdc 70% Vdc

Rectifier

Delay or firing angle, o, (minimum) °el 5.0 5.0

Delay or firing angle, o, (nominal) °el 15.0 39.6

Commutation angle, U, °el. 16.1 10.0
Inverter

Extinction angle, .., (minimum) ° el 15.0to 18.0 15.0to 18.0

Extinction angle, v, (nominal) °el. 19.6 43.4

Commutation angle, U, ,, °el. 14.1 9.4

Table 2.11. Delay and extinction angles at stesalg ®peration [23].

Table 2.11. Angles d’amorgage et d’extinction egimé permanent [23].

2.7.3. Current and voltage step response tests

Tests were conducted to determine the dynamic nsgpof the rectifier current controls
at each station, by applying step or pulse cunmrefierences with 0.08 p.u. (920 A to 1000 A)
and a width of 300 ms. The result of the curreep sesponse test is shown in Fig. 2.41. The

response time to the 0.08 p.u. step current reeraras 15 ms which was lower than the 30

ms specified maximum and the response was well ddmp
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Fig. 2.41. Dynamic response of the current aftEaremce step from 920 to 1000 A [14].
Figure 2.41. Réponse a des échelons de référenmeudant entre 920 et 1000 A [14].
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The voltage step response tests were conducteentortstrate that the voltage control at
the inverter achieved a good response to voltagagegs. The response time criterion for the
voltage test was not specified. The test was caeduay applying step voltage reference with
0.2 p.u. (300 kV to 240 kV and vice versa). Thepoese of the inverter control to the step
changes was very smoothly in both directions withmeershoot as shown in Fig. 2.42. The
controls are designed to respond very fast duhegnegative step. The voltage decreasing at
the inverter causes immediate increased in cuutiitthe current controls at the rectifier can
respond. In the positive direction the response neasly linear with a ramp rate 0.4 kV per
ms. This slower response is necessary to avoidaacehof firing angle overshoot which
would result in a commutation failure as the ganaiidne inverter is increased to bring up the
DC voltage.
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Fig. 2.42. Dynamic response of the voltage refexdram 240 to 300 kV [14].
Figure 2.42. Réponse a des échelons de référeneagien entre 240 et 300 kV [14].

2.7.4. Starting procedure [24]

The HVDC system assumed to be in the block st@iusng the block status, there is no
DC current and DC voltage in the system. For tlseilts, firing angles are set at 160 degree
of both stations. Once the converters are stat@dlatecond, each of Pl controllers would set
the firing angles at 90 degree of both sides ireotd start at low voltage level. In normal
operation, the system is started at minimum pow@rMBN. The first step, the current
reference of the rectifier is equal to 100 A, wlihke voltage reference of the inverter station
is equal to 300 kV.
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The PI current controller adjusts the convertendirangle until the current controlled
error is equal zero. At the inverter station, th€ foltage controller normally controls the
rectifier DC voltage to the rated value, 300 kV.

The result from the real recoding signal is showirig. 2.43. The transient response
as shown in Fig. 2.44 was simulated by ATRfter receiving the starting command, the DC
referenced currenglsis increased to 300 A for 100 ms in order to inwerbuilding up of DC
current and DC voltage. Then the DC line curremistrolled by adjusting the DC voltage of
the rectifier terminal to maintain at 100 A € 28.91 degree). At the inverter station, the DC
voltage of inverter terminal is also controllednaintain at 300 kVdo = 152.6 degree) and
100 A at DC current line. However the current amitage fluctuation problems did not
happen in the real system because the filters dbri¢h Nage and Gurun stations were

installed to minimize the effect of switching tréergs during starting process.

..............................................
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Fig. 2.43. Starting of the system, recording sidrah field testing.

Figure 2.43. Démarrage du systéme, résultats erpataux.

1 Alternative Transients Program (ATP) is a progrsystem for digital simulation of transient phenomei
electromagnetic as well as electromechanical nawfith this digital program, complex networks ar@htrol
systems of arbitrary structure can be simulated,ef@ample the simulation of a 12-pulse HVDC corsert
station used by EGAT.
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Fig. 2.44. Starting of the system, results from AsiiAulation program.

Figure 2.44. Démarrage du systeme, résultats ddation du logiciel ATP.

-67 -



2.8. Conclusion

The HVDC interconnection system marks another ssfakcooperation effort between
Thailand and Malaysia in future building up mutaakrgy security. The project will not only
benefit the two nations, but also all ASEAN cowdrias a whole. As the first cross-border
DC link in the region, the Thailand — Malaysia HVD@terconnection system has been
included in the ASEAN Interconnection Master Plandy as part of the ASEAN Power
Grid. The success of the Thailand — Malaysia irienection will greatly help accelerate the
integration of the ASEAN power networks (Fig. 2.4@)ich will significantly enhance the
region’s sustainability and security of energy dupior the benefit of the people of all
countries in the region.

PROPOSED ASEAN POWER GRID

e, #
P F

. C - i e B
A Natural Gas Fields g o "__'H# -
14 Electricity Interconnection Projects
* Peninsular Malaysia - Singapore = Sarawak - 5abah - Brunei
* Thailand - Peninsular Malaysia = Thailand - Lac PDR
* Sarawak - Peninsular Malaysia * Lao PDR - Cambodia
# Sumatra - Peninsular Malaysia = Thailand - Myanmar
* Batam - Bintan - Singapore - Johor * Vietnam - Cambaodia
= Sarawak - West Kalimantan * Lao PDR - Vietnam
= Philippines - Sabah = Thailand - Cambodia

Fig. 2.45. Asean Power Interconnection Projects.
Figure 2.45. Projets d’interconnexion au niveaupies de I’ASEAN.
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Chapter 3

Power Quality and Harmonics

3.1. Introduction

The third chapter is concerned with the presemntatd the power quality especially
harmonics problems, harmonics sources, harmoniestefand the solutions to improve this
guality such as phase shifting- and passive fillee active harmonic filter is one of the most
sophisticated solutions to harmonic problems. @, fim this chapter will also be detailed a
realized exampfé of an active harmonic filter i.e. power circuitdanontrol circuit and the

experimental results.
3.2. Power quality

Power quality is a problem that involves the pradgcand supplying electric utilities,
including end users equipments and manufacturinghmas. The power quality problem is
become a growing problem which is facing the uditnow and the future due to the rapid
development of the power electronics technologye fower switching semiconductor
devices are increasingly used in modern indusw@gblications that have increased the
occurrence of unbalanced currents, unacceptabladmic levels and low power factor in

power distribution and transmission systems.

The term power quality relates to the amplitudegfrency and distortion of the electrical
supply. While the utility provides a supply, whibhas the amplitude and frequency within the
controlled limits, it is the consumers and theiuipgqents that distort both the voltage and

current waveforms.

Power quality can be roughly broken into categoae$ollows [28-29]:

2 The first 3-phase active harmonic filter employD§P that has been developed in Thailand since.2003
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- Steady-state voltage magnitude and frequency;
- Voltage sags;

- Grounding;

- Harmonics;

- Voltage fluctuations and flicker;

- Transients;

- Monitoring and measurement.
3.3. Harmonics

In most cases, power electronics equipments arsidened to be the cause of harmonics.
While power electronic loads such as AC-DC and DC-Ebnverters produce harmonics
because of the nonlinear relationship between thtage and current across the power
electronic devices, harmonics are also producedl layge variety of conventional equipments
such as electrical machines and transformers. Haon@re currents, usually in multiples of
the fundamental frequency of supply. For examptea &0 Hz supply, the™sharmonic is 250
Hz, 7" harmonic is 350 Hz, etc. These are called intbgemonics that is exact multiples of

the supply frequency.

Any alternating current flow through any circuitaty frequency will produce a voltage
drop at the same frequency. Harmonic currents, lwiie produced by power electronic
loads, will produce voltage drops in the power sypmpedance at those same harmonic
frequencies. Because of this interrelationship betw current flow and voltage drop,
harmonic currents generated at any location waéladt in the supply circuit.

3.3.1. Harmonics sour ces

The main sources of voltage and current harmonitsnthe power system are classified
into two categories as follows [28]:
- Classical harmonics sources, and

- Static converter or Power electronics harmonicscasl
3.3.1.1. Classical harmonics sour ces

Prior to the development of static converter plaotver system harmonic distortion was
primarily associated with the design and operatbrelectric machines and transformers.
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Indeed the principal harmonic source present irsjfs¢em in earlier day was the magnetizing
current of the power transformers. Electric poweneyators provided the main secondary
source since their practical economic design requihat some departure from the ideal

sinusoidal wave shape must be accepted.

Modern transformers and rotating machines undemabrsteady state operating
conditions do not of themselves cause significastodion in the network. However, during
transient disturbance and when operating outsidgr thormal state range, they can
considerably increase their harmonic contributidme classical harmonics sources are
presented as follows:

- Transformer magnetization nonlinearities (magmedj current harmonics,
symmetrical over excitation, inrush current harnesnDC magnetization);

- Rotating machine harmonics (MMF distribution dfrde phase winding, slot
harmonics, voltage harmonics produced by synchnawachine, voltage
harmonics produced by induction motor);

- Distortion caused by arc-furnaces;

- Fluorescent lighting harmonics.

All these devices will cause harmonic currentdadavf and some devices directly produce

voltage harmonics.
3.3.1.2. Static converter harmonics sources

The derivation of the harmonic currents producedstatic power converters requires
accurate information of the AC voltage waveformstte converter terminals, converter
configuration, type of control, AC system impedameel DC circuit parameters. However,
the introduction of so many factors at the outsetid obscure the basic principles involved.
It is probably more appropriate to start by assesthie effect of the control philosophy and
converter configuration under idealized AC and B&tem conditions and then to introduce
the other factor one by one. Static converter harmsources are presented as follows:

- Line commutated converter (AC-DC converter);

- Pulse width modulated converter (DC-DC and DC-AQwasters) i.e. switched-
mode power supplies, uninterruptible power suppieadjustable speed drives;

- Cycloconverter;

- Static Var compensator.
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3.3.2 Harmonics effects

Harmonics are specifically identified as a potdnpiawer quality problem within the

power system and interference with communicati@gs. [
3.3.2.1 Harmonic effects within the power system

Once the harmonic sources and their magnitudescliaaaly defined, they must be
interpreted in terms of their effect on system aqdipment operation. Individual elements of
the power system must be examined for their seitgitto harmonics as a basic for

recommendations on the allowable levels.
The main effects of voltage and current harmonidkiwthe power system are:

- Amplification of harmonics levels resulting fraseries and parallel resonance;

- Reduction of efficiency of power generation, samssion, and utilization;

- Aging of the insulation of electrical plant conm@mts and thus shortening of their
useful life;

- Plant mal-operation;

- Effects of resonance on system behaviour (oveihgg overheating and failure of
power factor correction capacitors caused by resmadue to interaction of
capacitors with harmonics);

- Effects of harmonics on rotating machines (ovating from harmonics losses,
harmonics torque or pulsation torque);

- Effect of harmonics on static power plant (ovadimg and overheating of
distribution transformers and neutral conductors);

- Harmonic interference with ripple control system;

- Harmonics interference with power system protec{ispurious operation of fuse,
circuit breakers and other protective equipment);

- Effect of harmonics on consumer equipments (malion and failure of
electronic equipments namely: radio, televisioreneers, fluorescent and mercury
arc lighting, computers, converter equipments);

- Effect of harmonic on power measurements (exeessieasurement errors in
metering equipment);

- Effect of harmonic distortion on power factor;
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- Damage and disruption to standby generators a@sdcated AVR (Automatic
Voltage Regulator);
- Voltage glitches in computers workstation systeassilting in lost data. Excessive

flicker on visual display units (VDUS).
3.3.2.2. Harmonic interference with communications

Noise in the form of Electromagnetic interference communication circuits and
telephone systems degrades the transmission qaalitycan interfere with signaling. At low
levels noise causes annoyance; at higher leveldrédmsmission quality is degraded and
results in loss of information; in extreme cases@&aan render a communication circuit

unusable.

The signal to noise ratio, commonly used in comrmation circuits as a measure of the
quality of transmission, must be used with cautahen considering power system
interference because of the relative power levefwer (MW) and communication circuits
(mW). Due to the large difference in power levedspall unbalanced audio frequency
components within the power network may easily poadconsiderable noise voltage levels

when coupled into a metallic communication circuit.
3.3.3. Power quality indices

The problems with harmonics have lead to the deweénmt of a number of indices to
define acceptable levels of a harmonic distortionAC applications, different measures of

harmonics level are given. In most cases, ther¢har¢otal harmonic distortigitHD), crest
factor (F.), power factor P and cosg, derating factor(K) and telephone harmonic form

factor (THFF). These indices are defined as follows [30-31].

3.3.3.1. Total harmonic distortion

The total harmonic distorsion (THD) is a value usedquantify harmonics at a given

measurement point and defined by following equati@l and 3.2):

00

2h
THD, ==2—100% (3.1)

1
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where THD; is the total harmonic distortion with respecttie fundamental and,, h, ,...h,

are the RMS value of each harmonic order

THD, is the total harmonic distortion with respecttte RMS value of the signal defined

as:

00

2.h,

THD, =1=2—-[100% (3.2)

[>n
n=1

THD, is used in Europe, which means that in the eldtsystem with high levels of

harmonic disturbances, the total harmonic distortitay be greater than the fundamental i.e.

THD, >100%.THD must be normally as low as possible, pradycalcurrent THD less than

10% to 15% is an acceptable level [30]. Two THDuesal must be taken into account, THD
for the voltage and THDOor the current. THDis caused by the load, whereas Tibcurs at
the source and is a consequence of a high lewalroént harmonics.

3.3.3.2. Crest factor

The ratio between the peak voltage and the RMSgelis the crest factor JF This
indicates the distortion of the signal and it ified as follows:

Vv
== 3.3
2=y (3.3)

rms

For a sinusoidal signal, the crest facteig=v/2 . In distorted signal, the crest factor can
be as high as 4 [30].

3.3.3.3. Power factor and cos ¢

The power factor andosp are often thought to be the same. Their valuesdanetical

only when the current and voltage waveforms aressiial.

The power factor Pis defined as follows:

P
P=" 3.4
FTS (3.4)

where Pis the active power in W and S the apparent pow&fA.
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and:

— h1 3.5
cosp = S, (3.5)

where B, is the fundamental of active power in W afg the fundamental of apparent

power in VA.

3.3.3.4. Derating factor

The low voltage transformers are particularly sevesito harmonic currents which are the
major sources of additional temperature rise amdkmtown. When a transformer operates at
rated load, the rated power and heat losses arelagdd by assuming that a transformer will
supply linear loads without harmonic current. Theating factor K relates to transformer
derating and is used to calculate the maximum p@wailable at the transformer output when
there are harmonics as shown in equation 3.6:

|
S L (3.6)

I rms \/E

For example, if the current measurements at thenskecy winding of a 1000 kVA
transformer produced a derating factor of 1.2, d@fee, the maximum power that the

transformer can supply is 833.33 kVA.

CENELEC" provides the definition for the derating factotfire document HD428.4 S1:

S

= the harmonic order

where:

s = the total RMS current, including distortion
|,= the RMS value of ordem harmonic current

n = the RMS value of the fundamental current (50 Hz)

13 CENELEC, theEuropean Committee for Electrotechnical Standardization, was created in 1973 as a result
of the merger of two previous European organizati®@ENELCOM and CENEL. Nowadays, CENELEC is a
non-profit technical organization set up under Beiglaw and composed of the National Electrotednic
Committees of 30 European countries. In additioNaional Committees from neighbouring countries ar
participating in CENELEC work with an Affiliate gtss.
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N = the maximum harmonic order taken in to account

g= constant that depends on the type of transformieding and the

frequency of distribution system, q is generallya&do 1.7 [30].
e= the ratio between losses due to the fundamenthti@se caused by a DC

current, e is generally equal to 0.3 [30].
3.3.3.5. Telephone harmonic for m factor

The telephone harmonic form factor (THFF) is dedias follows:

1 n=50

THFF=—0|> (K, [P, DV, ) (3.8)
h1 ¥ n=1
where: n= the harmonic order

V,,= the RMS value of the fundamental voltage
V, = the RMS value of order n harmonic voltage
P = (Psophometric weightifigof order n harmonic)/1000

_ nb0

and: n S —
800

3.4. Har monics mitigation methods

3.4.1. Phase shifting

A phase shift transformer is the most common ueecteate the phase shift of two
power supplies. For example 30 degree is obtained¢dmnecting two 6-pulse converter
bridges in series to create a 12-pulse convertar,ekample with 2 units of 3-phase
transformers Y/Y , Y/A) as shown in Fig. 3.1. With this solution for i@ste 24-pulse
operation is achieved by means of 4 units of 3-phassformers with 15 degree phase shifts

and 48-pulse operation required 8 units of 3-pli@seformers with 7.5 degree phase shifts.

The 12-pulse converter configuration consist of t@epulse converters in series

connection fed from 2 units of 3-phase transformégth the equal fundamental voltage and

4 Psophometric weightingA noise weightingestablished by the International Consultative Cottemi for
Telephony (CCIFwhich became CCIT&nd, more recently, ITUJT A statistical approach is used to evaluate
the limits for harmonic currents in AC power lingbe goal being to prevent excessive telephoneenois
interference voltages in subscriber cables in rarahs. The analysis is based on a Monte Carlolaiiow
which takes into account the effect of the expenitalkprobability distributions of the relevant paeters.
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phase shifted by 30 degree. The transformer commeleas effectively eliminated the 6-pulse

harmonics.
‘ A
AIA N I~ Ix
L, Va1
Lo '
» N~ v
A
A/ N~ I Ix
Va2
N I~ Ix

Fig. 3.1. Twelve-pulse bridge circuit with 2 units3-phase transformers.

Figure 3.1. Redresseur dodécaphasé réalisé agmadigux transformateurs triphases.
3.4.2. Passivefilters

The purpose of a harmonic filter is to reduce tineplgude of one or more fixed
frequency current or voltage. In general harmofilesrs are shunt filters because there are
connected in parallel with the power system by mliog shunt paths of low impedance to
ground for current at one or more harmonic freqiend-or the power applications, shunt
filters are always more economical than seriesr8lin term of the power rating, sizes and

costs of the components.

Shunt filters are designed in three basic categ@sefollows [28-29]:
- Single-tuned filters;
- Multiple- or double-tuned filters;

- Damped filters.

The single tuned filter as shown in Fig. 3.2-a.s&ies circuit of RLC tuned to the

frequency of one harmonic, normally for a lower reugeristic harmonic i.e5™ harmonic.
The multiple or double-tuned filter is a transfotioa of two single-tuned filters as shown in

Fig. 3.2-b into double-tuned filter in Fig. 3.2-ened to frequency of two harmonics i.e.

5" and 7" harmonics.
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a) Single-tuned shunt filter b) Two single-tuned shunt c) Double-tuned filters,
filters transformed from b)

Fig. 3.2. Single-tuned and double-tuned harmottier§.

Figure 3.2. Filtres harmoniques centrés sur ungeox fréquences.

The damped filter provides low impedance for a widege of frequencies. There are
fundamentally 4-types of damped filters as showiq 3.3:

- The first order filter (Fig. 3.3-a) requires aga capacitor and has excessive loss at
the fundamental frequency;

- The second order filter (Fig. 3.3-b) provides best filtering performance but has
high loss at the fundamental frequency;

- The third order filter (Fig. 3.3-c) has lower $o0at the fundamental frequency as
compared with the second order filters. The rabhdgC, is very small compared
with C; because of the increased impedance at that fregumused by capacitor
Ca;

- The C-type filter (Fig. 3.3-d) lies in betweeretbecond order and third order. The
reduction in fundamental frequency loss is an athge of the C-type filter

becaus€, andL are series tuned at that frequency.
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a) First order b) Second order ¢) Third order d) C-type

Fig. 3.3. High-pass damped filters.

Figure 3.3. Filtres amortis.
3.4.3. Activefilters

The active filters are dynamic and adjustable smhgtto power quality problems. The
active filters are able to compensate current anthge harmonics, reactive power, suppress

flicker, to improve voltage balance in 3-phase meknand to regulate terminal voltage.

The advantage of active filtering is that it autticelly adapts to changes in the network
and load fluctuations. They can compensate forraéyarmonic orders and are not affected
by major changes in network characteristics, elating the risk of resonance between the

filter and network impedance.

The active filters are developed with PWM-curreatirge or -voltage source inverters.
The active filter topology is mostly the PWM voleagource inverter which is lighter, cheaper
and expandable to multilevel structure, to imprageperformance for high power rating
compensation with lower switching frequencies. PWM-voltage source inverter has to be
connected to the AC mains through coupling reacacdsan electrolytic capacitor keep a DC
voltage constant and ripple free.

The active filters can be classified based on tipe tof a converter, topology, control
structure and compensation characteristics. Thesifieation is based on the topology such as
shunt active filter (Fig. 3.4), series active fil{&ig. 3.5) and hybrid active filter (Fig. 3.6),
[32-34].
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Fig. 3.4. Shunt active filter with PWM-voltage soearnverter.
Figure 3.4. Onduleur de tension a MLI pour filtatifaparalléle.

LD
Voo L i
@M > ZlE Ro
AC source

Non-linear load

L,
JG Activefilter

I
— Ci

Fig. 3.5. Series active filter with PWM-voltage soelinverter.

Figure 3.5. Onduleur de tension a MLI pour filttisérie.
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Non-linear load

AC source .
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Shunt active
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filter
Serlf}elstz;:tlve —lﬁ} I
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Fig. 3.6. Hybrid active filter with PWM-voltage s@e inverter.
Figure 3.6. Onduleur de tension a MLI pour filtatibhybride.

The shunt active filters are widely used to comp&nsurrent harmonics, reactive power
and unbalanced load current. The series acti\ar fdtconnected in series with the AC mains
through a coupling transformer to eliminate voltidgemonics and to balance and control the
terminal voltage of the load. The hybrid activeeiilis a combination of series active filter and
passive shunt filter. This filter can be used fbe ttompensation of high power system
because the rated power of the filter is reducée: Fassive LC filter is used to compensate

lower order current harmonics and reactive power.

The active filters can compensate specific powealityjuproblems therefore the selection
of shunt, series and hybrid active filters to immgower quality depends on the source of
the problem.

3.5. Shunt activefilter astest system

The shunt active filter is a six-switch voltage smmuinverter (VSI) connected in parallel at
the point of common coupling of the system as shawnFig. 3.7 [35-36]. The DC

capacitolC, acts as an energy source which provides the reaptiwers for the non linear

load. This filter is applicable to any type of niomlar load. Moreover, with appropriate control

structure, the active filter can also compensatgthwer factor of the load.
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Nonlinear
Load

Fig. 3.7. Power circuit of the shunt active filteith six-switch VSI.

Figure 3.7. Onduleur de tension utilisé commedfilictif paralléle.

The shunt active filter operates as a current sohycinjecting the compensating currents

I, with the same amount of harmonic componetgenerated by the load but 180 degree
phase shifts. Therefore the harmonic currents aoedain the load current are cancelled and
the line currentl, remains sinusoidal. The line currdptis shown in Fig. 3.8 is:

i =i +i, (3.9)

Ly

Jl@s ~=C,

Fig. 3.8. Single line diagram of the shunt actilterf.

Figure 3.8. Schéma monophasé du filtre actif paleall

The current from a nonlinear load is:

i =i, +i, (3.10)
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where:

i,= line currents from AC power supply

i, = nonlinear load currents

I, = fundamental component of a nonlinear load cuirren
I, = harmonic components generated by a nonlinear load

I, = compensating currents generated by the actite fil

The compensating current from the active filter is:
-y, (3.11)
therefore:

=1y (3.12)
3.5.1. Mathematical model of the shunt activefilter

In Fig. 3.6 it is assumed that there is no line inductandes (0) and the 3-phase system

is balanced. The instantaneous voltages of thea3ghystem are expressed as:

v_(t) =2V coswt (3.13)
v, (t) =2V cosw t—%") (3.14)
v_(t) =~/2[V_cost t+2?") (3.15)

where V, is the effective value of the line voltage.

The voltage differential equations of the shunivactilter are as follows [37-38]:

L e =y_—f o, (3.16)

dt
L, O'Iftb =v, —f, I (3.17)
L, c:ft =v, -, . (3.18)
and: C, ‘(;';C=fan‘Jfa+fbmfb+fCﬁjfc (3.19)

where:
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C, = DC capacitance of the active filter
Is 14, 1= INput currents of the active filter in phase aaibd ¢
o , : 1 2
f,. T, f .= switching functions which have the valués;0, i§’ 15
S,,S, ,S= switching status of the positive DC bus switcimesach branch,

o{o, 3

In this case, the switching functions can be oletifrom following equations that used
with the 2-level voltage source inverter [39-40]:

f,=5 25,75, 8 (3.20)
f,=3(-5,+ 2057 5. (3.21)
fo=5(-5,-5,+ 208 (3.22)

The set of equations 3.16 to 3.19 in fixed refeeeframe @,b,c-axi¥ «o,p-axis) are
transformed into the rotating reference frgohg-axis)oy using coordinate transformation

(Clarke’s and Park’s transformation) and the tramsftion matrix is equal to [41]:

X, (3.23)

21 21
coswt cosp +— cosf +— )| X
{Xd}:g o t—) % t— )
3 —-sinwt —sin@t—%n) —sin(ot+2—;) X,

Xq

where x,and x, are the vectors in d- and g-axis and representdhiage, the current or the

switching function. In this case, the equationghmrotating reference frame are:

L, c;ftd =V +QIL, [, ~f ¥ o (3.24)
di
L, E-ld—ft‘*:vsq ~ WL, @y —f M o (3.25)
Y/ 3
C dlic =_2E(fd [y +f, @) (3.26)

where:

Vi V= Voltage of the 3-phase system in d- and g-axis
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i, 1= active filter current in d- and g-axis
f,, f,= switching function in d- and g-axis

w= angular velocity of the 3-phase system
In case of the balanced 3-phase system, the vodtaugations 3.13 to 3.15 on the rotating

reference frame are as follows:
Vsd = \/E B/S (327)
and: Ve, =0 (3.28)

Therefore, equations 3.16 and 3.17 can be written a

L, G‘%:\/z_m/smmfqu = (3.29)
¥ o (3.30)

The system variables i.q,ii;g and \pc are directly controlled by the patterns of switghi

function of the six-switch inverter as shown in thathematic model, Fig. 3.9.

¢ V2,
d 7] '
at = L,
VDC
S, e forY @ e
Switching |_& || C
So Functions| f dq u .
? Eq. 3.20 —fb> ¢
! Fo 30 Fa{abog-
- Ifq

1
f, L "?

Fig. 3.9. Mathematical model of the shunt actiVterfi

Figure 3.9. Modéle mathématique du filtre actifghiate.
3.5.2. Harmonic currents and power compensation

In the balanced 3-phase system, the correspondingdf series for the nonlinear load

currents in phasg band c in the frequency domain are:
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ia(t) = V2 1, mos(wt_¢l)+'§° ligne 1y L€OS((6NE 10 £ 6, 4 (3.31)

i, (t) =210, E&os(wt— —¢1)+Z«/_2DI(6ml)[bos((6rt 10 +2;T FOemy  (3.32)

(1) = V2 1, Bosts 2= 0,)+ 3. 200, (DOS(6 16+ Y00y (339)

n=1
The orders of the characteristic harmonic curréoi® equations 3.31 to 3.33 aém* 1.
For the integer values afi(1, 2, 3...), the harmonics of ordéfnh+1 (7, 13, 19...) are the
positive sequences and the harmonics of oéder 1(5, 11, 17...) are the negative sequences.
In this case, all non-characteristics harmonicszieeo sequence- and triple- harmonics are not
considered. The load currents are also transfoimtedhe rotating reference frame by using
transformation matrix from equation 3.23:

2 (3.34)

ILb
—-sinwt —sin(cot—%n) —sin(nt+2—;) i

i coswt  cosE t_2_n) CO%p £ 20 ) ia
|:Ld:| 3 3 .

Iiq

Therefore, equations 3.31 to 3.33 can be written as

() =210 cos¢1+z{fzmw COS(BD £ ¢ g 3 FV T fgy 1 COS(ED 1 (5, f (3.35)
i (D) =2 [nlsimpl+§{J§D(Gm)sin(6not—¢(m oy 2, ysin6w €6, 1)}) (3.36)

The load currents of d- and g-axis contain the &mental component of the current and

harmonic currents i.e.:

Iy =g H oL (3.37)

and: g =gt (3.38)
where:

i, = V210, [Gost, (3.39)

i =—V21,8ing, (3.40)

iy = Z{\/_ 061, B0S(6M0 = g, 1) F v 2Ll g, ,ICOS(BR £ (5, 1)}) (3.41)

n=1
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n=oo

and: gy = > (V2 g BINEROt=G (5 )=V 201 g, ,BINEMO E0 (g, ) (3.42)

n=1

All the harmonics components generated by the &madcompensated by the active filter
which has current references for the current cofdap as follows:

aret = =1 Lan (3.43)

ifqref =-l Lgh (344)

The instantaneous reactive power theory [42] iSiegor the power factor compensation

on the rotating reference frame as follows:

p(t) =gE(vd O+ v, [1,) (3.45)

3 , .
and: q(t) ZEE(V" Xig+V,Xiy) (3.46)

According to the vector product as shown in Fid.03the instantaneous reactive power

can also express as:

() = 2 TV, 0, +v,fT,) (3.47)

Putting equations 3.27, 3.28, 3.37, and 3.38 iratgns 3.45 and 3.47:

p, (1) ZSB/_ZEVS% (3.48)

q(t) A |

; g-axis
V., X| A Y/
d q iq/y

ld\ v,
~—

quidy d —axis

Fig. 3.10. Vector diagram of instantaneous reagimeer.

Figure 3.10. Diagramme vectoriel de la puissanaetiée instantanée.
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q, (t) =§E~l/_2EVSEﬂLq (3.49)

Therefore, the powers consumed by the nonlinear ¢aa be written as:
p () =P+ (1) (3.50)
q. () =0Q+7q () (3.51)
where:

P = effective power generated by the fundamental corapti
Q= reactive power generated by the fundamental coemnuo, ,
p, (t)= instantaneous effective power generated by hacrmamponents

g, (t)= instantaneous reactive power generated by hamoomponents

The instantaneous effective- and reactive powercarmapensated by the active filter

which supply the instantaneous powgr(t)and g, (t) with the same amount of the harmonic

power generated by the nonlinear load and 180 dqgrase shifts
pe () =-1 (1) (3.52)
g (1) =-8 (1) (3.53)

Therefore, the effective power at the 3-phase syste
p.()=p O+ O=P+Rp ()-p ()=F (3.54)
From equation 3.48, the effective power from thedfamental component is:

3
p.() =3 20V, (3.55)

From equation 3.39, one obtains:
p. (t) :ga/_zwsa/iulmsosq;l = 3V Jco® . (3.56)
and the reactive power at the 3-phase system is:

9,()=a. (M+q (=9 ()-q O=C (3.57)

From equation 3.56 is shown that only the effecpegver generated by the fundamental
component is supplied by the 3-phase power systeghegoint of common coupling. In this

case, the current references from equations 3.43a&d can be written as:
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grer = =1 ian =1 a1 L (3.58)

ifqref =-i Lgh — - Lq (359)

Where i, is obtained by using a low-pass filter and witle thverse transformation

matrix applied to equations 3.58 and 3.59. Theerumreferences on the fixed reference frame

are shown in Fig. 3.11. The inverse transformatarix is:

i cosw t -sinw t
faref |
e | = | COS@E2T)  -sing t-20) |ih. 4 (3.60)
i 3 3 Ifqref

feref

cos t+2?n) -sin t+2€n )

ot l U|

) i i v | aret
i dq | ' )l \ 3DC [
—Pp g fbref
. M H _._»

I Ld1 I fdref

ILb ILdk Ifcref
— P abe \ "? ™ dg \|—»

Fig. 3.11. Block diagram of estimated current refiges on the fixed reference frame.

Figure 3.11. Diagramme de calcul des courantsféeerdce dans le référentiel fixe.
3.5.3. Control system of the activefilters

The control system of the active filter as showkign 3.12 consists of two main parts:
- Harmonic current compensation control,
- DC voltage control at the DC bus of the actilterf.
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Fig. 3.12. Structure of voltage-current cascaddrobeystem of the active harmonic filter.

Figure 3.12. Contréle en cascade de la tension ebdrant du filtre actif a structure parallele.

3.5.3.1. Harmonic current compensation control

The current control loop is a minor loop of the B@tage control system. The hysteresis
controllers [43] were applied to control the comgeing harmonic currents. The current

control loops are independently controlled fromheather. The current controlled deviation

(for exampleD,, =i,-i,) IS compared with optimized hysteresis band ofdbetroller in

order to get an appropriated switch position andidasimultaneous operation of branch

switches. The current controlled deviation normalyould not exceed two time of the

hysteresis band. The current control structur@asve in Fig. 3.13.
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Fig. 3.13. Structure of harmonic currents contystem with hysteresis controllers.

Figure 3.13. Contréle par hystérésis des harmosigeecourants.

3.5.3.2. DC voltage control

The voltage control is a major loop of the conspstem. In order to avoid a steady state
error but with constant controlled voltage at th€ [Dapacitor, this can be achieved by
conventional Pl-controller. The effect of DC voleagpple at DC capacitor is reduced by the
referenced low-pass filter fopdrer before the summation of the referenced currggitsiand
the fundamental component. Therefore, the capaditarging current is in phase with the AC
input voltage of active filter (unity power factorfhe mathematic model of this controlled

system can be derived under these assumptiongd(®.= i ., aNd V() = Vierer-

The charging current and power of DC capacitor are:
i(t)=C, G‘% (3.61)

and:
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dvc (t dv,c (t
p.0 = v.ore, el = v, e Hocl) 362

The instantaneous power (from equation 3.45) atirtpet of the active filter can be
expressed as [36]:

3
pf (t) = E Hvd Eﬂfd + Vq [ﬂfq) (363)
sincev, = 0,v, =v20V, andiy, = ip(t) :
3
Py (=2 3204 e (1) (3.64)

For ideal inverter, power losses are neglected:thu

pf (t) = pc (t)
dvoe(®) _ 3 J20v, 0 (3.65)
dt 2 Q D\/I:)Cref

From equation 3.65 one defines the transfer func

F(S) =Voc®) 1 (3.66)
l DC(S) TDC[S5
whereT. is the time constant of the controlled systemingef by:
TDC 2 éf wDCref (367)

=3 5 o
3.5.3.3. PI-controller design for the DC voltage control loop

The DC voltage control loop as shown in Fig. 3ddesigned by using the symmetrical
optimum (SO) or pole placing method to obtain thémum parameters of Pl-controller i.e.

optimum gainK , and integrating time/reset timeg'T, .
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Fig. 3.14. Voltage control loop with Pl-controller.

Figure 3.14. Régulation de la tension avec un odlatr PI.
From Fig. 3.14, the open loop transfer functionhaf control system with Pl-controller is:

Fe)=kde2tly 1 g1 (3.68)
TS T.[5+1 T.0<

where:

K= proportional gain of Pl-controller
T. = integrating time of Pl-controller
T, = reset time of Pl-controller, where:
T, = KT, (3.69)
T, = time constant of the low-pass filter

T, = time constant of DC voltage controlled system

The transfer function with double integrator beceme
Ko DTn[SB+1 _

F(S)= =
- (5) T M,[8 T,.[5+1

| (S)ne° (3.70)

This system can only be stabilized with> T ., otherwiseg, < - for all frequencies.

At the crossover frequency:
1

W= = 3.71
N .

then the phase margin has the maximum value:
@ =tan™ a tant L (3.72)

a
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For a specified phase margn the normalization parameter a can be obtained:fro

e
= |To _1¥sing (3.73)
T- cosy,
From equation 3.70, the cross over frequency besome
1 (3.74)

Wy ="
a(g ) .

Therefore, the reset time of the Pl-controlleresedmined by the assumed phase margin:
T, =a’ (@), (3.75)
The stability condition at the cross-over frequerscy

RGay)| =1 (3.76)

Therefore, the Pl-controller gaidis evaluated from:

Lec (3.77)

K,==
"a T,

The transfer function of the closed loop contratsyn is:

R(a) aq+1l
R (@) = : =
1+F +ad +ag+
5(0) d +ad +aq (3.78)
_ ag+1l
@+1)(d +(@1)g+l
where the normalization of the complex frequency is
q =S all [k (3.79)
Wd

The poles of the DC voltage control loop from eguaB.78 can be calculated as follows:

-1
e, [y (250
1,
-1
a-1
-——
2

= -1

2

(5 e e
2

1

2,3
=

or:

q
q

q =
q j

2,3
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with: 9 =cos'D =cos (a?lj (3.82)

and: a=2[cosy +1=21D+ (3.83)

where D is the damping ratio of the closed loop contradtegn andd is an angle of the

complex conjugate pair of poleg , refer to the real axis as shown in Fig. 3.15.

Im(q)

Re(q)

-

Fig. 3.15. Polesy, ;as a function of the normalization parameter a.

Figure 3.15. Poles, , en fonction du parametre normalisé a.

For the periodic response,df= 45’is specified, therefore:

a= 2[-»*/?E +1=2.41. (3.84)

From equations 3.74 and 3.76, the reset time amploptional gain of Pl-controller can be
obtained from:

T, = (2.414F 00T, (3.85)

and:
K, = 1 T
Te

- 3.86
2.414 ( )
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3.5.4. Activefilter power circuit study and design

The study of operation of the active filter wasemsential element to design the power-
and control circuits of the active filter. Condii®and constraints at different operating points
of nonlinear loads were considered in order toiabsatimal designed values of power circuit
components such as boost inductange®C capacitance {@&s well as the optimal cutoff or
break frequency of the low-pass filter. The designstudy was done by using
Matlab/Simulink to simulate the designed activeefilwith different operating conditions

which are briefly described as follows.
3.5.4.1. Analysis of balanced and unbalanced nonlinear load

The 6-pulse bridge controlled converter as showrFign 3.16 is a typical balanced
nonlinear load which is widely used in industripplcations. The AC input currents or load

currents at firing angler = 0degree are illustrated in Fig. 3.17 and Fig. 3.18.

Lo i,
2’0 g T G
v, . ,YIT,&\ iJ_a O A A
Ve —+ Lo
N sb@ ,T_m .:Lb U RD
Ve vt s e
® ,
O A As

Fig. 3.16. Typical 6-pulse bridge controlled cortger

Figure 3.16. Redresseur controlé d’indice de pigsd (ou hexaphasé).
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Fig. 3.17. Load currents at firing angbe= 0 degree.

Figure 3.17. Courant de charge pour un angle @edétl’amorcager =0.

ILd

0
0155 016 0.165 017 0.175 0.18 0,185 0.19 0195

1 1 1
0155 016 0.165 0.17 0175 0.18 0.185 0.19 0.195

Fig. 3.18. Load currents on the rotating referename at firing angler =0degree.
Figure 3.18. Courants de charge dans le référdntiehant, pour un angle de retard a

'amorcagea =0.
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The corresponding Fourier series for the AC curmemqthase a, b, and c in the frequency
domain are given by equations 3.31, 3.32, and 8s3®ell as by equations 3.35 and 3.36 on

the rotating reference frame.
The 6-pulse bridge converter with its 1-phase fiectfor electronic control circuit as

shown in Fig.3.19 is an example for unbalancedineal load.

In this case, the corresponding Fourier seriesafllitional unbalanced load current,’

I"Lp and i are expressed as the equations 3.87, 3.88, ada8.@ell as equations 3.90 and

3.91 on the rotating reference frame [37].

The currents equations on fixed or stationary eefee frame are [37]:

. , T, o~ T '
ILa = \/E D]lmos(a) t+€ +¢1 ) +Z_1\/_2D|(2n+1)|]co{ (2 n+1m5() t+é ) ¢(2n+1)} (387)
i, = -t (3.88)
and: i.=0 (3.89)
Ly ip
e g g WG
Vo |_S a'iLg_E I I
Y L, p |i
Neot 1%
VSC Q+ PUSCN I:C
) >

I~ I IS

Fig. 3.19. 6-pulse bridge controlled converter wlitphase diode bridge rectifier.
Figure 3.19. Redresseur hexaphasé et redresseopimase.

The additional unbalanced load currents on theostaty- and rotating reference frame

are shown in Fig. 3.20 and 3.21 respectively.
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0155 016 0.165 0.17 0.175 0.18 0.185 0.19 0.195
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B IJ | | | 1 | 1 1
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20
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Lc
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%.15'5 016 0.165 0.17 0.175 018 0.185 0.19 0.195

Fig. 3.20. Additional unbalanced load current om skationary reference frame.
Figure 3.20. Courants réels de la charge désénmtelib

-5
0.155 016 0.165 0.7 0.175 0.18 0.185 0.19 0.195

D.155 D16 0.165 0.7 0.175 0.18 0.185 0.19 0.185

Fig. 3.21. Additional unbalanced load current om iibtating reference frame.

Figure 3.21. Courants dans le référentiel tourdaria charge déséquilibrée.
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On the rotating reference frame, the additionalalanticed load currents are:

, \/_Ell , 20 T,

Z <2“”> cos{2 i t+§)+¢zzn+l)} (3.90)

n=1

+ Z (2n+l) [¢o S{ (2 n+ ZD(‘J t+— )-¢(2n+l)}

and:
. 200 . ., 2O . T
ito=- Lxsing. - Lsin(w t+— +p.
Lq \/:—)’ ¢1 \/é ( 6 +¢1)
Z <2“”’ sin{2 nE(wt+’—g)+¢zzn+l)} (3.91)
n=1
\/_

n=1

Jg“m @nn{(2n+2)ucu t+~)+¢<2n+1)}

3.5.4.2. Low-passfilter on therotating reference frame

The harmonic contents of balanced load currentsratating reference frame from
equations 3.35 and 3.36 show that the minimum haierfeequency is 300 H6,) and 100

Hz(20,) in case of unbalanced load currents from equat®88 and 3.91. Therefore, the

fundamental component of load current is obtained by using d"4rder Butterworth filter.
The frequency response of Butterworth filter is wimmic characteristic which has
consistently decreased of the magnitude to thegghah frequency. The results of this study
are illustrated as shown in Fig. 3.22, Fig. 3.2®%] kig. 3.24.

In case of the balanced nonlinear load as showhign 3.22 and 3.23, the dynamic
response of low —pass filter at the cutoff freqyeot100 Hz was well performed as well as
in the steady state operation. For the unbalanoatinear load, the 100 Hz cutoff frequency
was insufficient to filter all harmonic frequencidhe reducing of cutoff frequency can solve
this harmonic problem but the result is a decredske dynamic response of the filter system

as shown in Fig. 3.24.
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Fig. 3.22. Load currentggiand |; of 6-pulse bridge controlled converter with difat cutoff
frequencies (f= 100 Hz, 150 Hz, and 200 Hzw@t 0 degree).
Figure 3.22. Courantsgiet i1 du redresseur hexaphasé pour différentes frégaetece
coupure (f = 100 Hz, 150 Hz et 200 Ha,= 0°).

| <0 ! | T T | . T |
Ld ia =30
i | S sy S
D 1 i 1 i I i i
0 002 0.04 0.06 0.08 0.1 012 0.14 016 0.8 02
I a0 I T T | I I T T
Ld1 fp =200Hz :
[1] B e Lisp
a ] A i i ' i
0 0.02 0.04 0.06 0.08 01 012 0.14 0.16 0.18 0.2
i 20 T I T I T T I T I
Ld1 fp =150Hz; : '
L e L FrmT TS w4 -t o S e e T e
D | 1 1 f | I i i i i
0 0.0z 0.04 0.06 0.08 0.1 012 0.14 016 018 02
i 20 T | T T T T I T T
Ld1 fp =100Hz: i 5
1] SO rremenas /\_r e :
0 | i i | i A | i i
0 ooz 0.04 0.06 0.08 0.1 012 0.14 0.16 018 0.2

Fig. 3.23. Load currents, andi , of 6-pulse bridge controlled converter with differeutoff

frequencies (f= 100 Hz, 150 Hz, and 200 Hzat= 30 degree).
Figure 3.23. Courantsgiet i1 du redresseur hexaphasé pour différentes fregeelece
coupure (f = 100 Hz, 150 Hz et 200 Ha,= 30°).
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Fig. 3.24. Load currents,jj of 1-phase bridge rectifier with different cutéiéquencies
(fo=20 Hz, 50 Hz, and 100 Hz).
Figure 3.24. Courantsd'du redresseur monophasé pour différentes fréqaateeoupure
(fo =20 Hz, 50 Hz et 100 Hz).

3.5.4.3. Boost inductance and capacitor voltage

The inductanck, in the active filter circuit is a boost inductanteprovide a capacitor

voltage that is greater than the peak of the limltage. Therefore, the inductance is related to

the rate of rise of its current and the switchiregtiency of IGBT. For the maximum rate of
rise of the currentd, , has to be considered for the design and from esu=8.16, 3.17 and

3.18, the approximation of the maximum inductarscgiven by [44]:

Lfmaxl:-d% = Vs_f a,b,cmaw D( (392)
2 Livsi
g |]/DCref_ 2 D/ssm emax

L fmax = . (3.93)

dlfrefmax
dt
where:
[
%: the maximum rate of change of the referencedeatirr
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2 . : Lo :
— Ve = the maximum voltage at the maximum switching fiorc
a,b,c

o
3

At ot=0 (V,=0) with the maximum switching frequencywinax in this case equation

(3.92) becomes:

[ 2

Lf % = i§ |N/DCref (394)

where:
Ai = hysteresis band of the current controller
Therefore:
f swmax = L - 1poce (3.95)
2[At 3 LA

Lf - }G VDCref - (396)

3 f (A

SWmax
As can be seen, the inductance is inversely prmpatt to the hysteresis band and the

switching frequency but less effected by the cdpacioltage. The capacitor voltage is not
allowed to exceed the blocking voltage of the swirtg transistors and not less than the peak

voltage of the line voltage i.e.:

VDCref 3 \/E B/sab (397)

The maximum switching frequencywinax as a function of boost inductance firom
equation 3.95 is shown in Fig. 3.25. The followidgsigned parameters are given i.e.

di
S 2325 KAJS 8l 01 = 90, gy, =100 kHZandAi=125 A.
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Fig. 3.25. Maximum switching frequency as a funetod boost inductance at different
referenced capacitor voltages.
Figure 3.25. Fréquence de découpage maximale etidarde I'inductance du filtre pour

différentes valeurs de référence de la tensionait#pa

From equation 3.54, the instantaneous power oathige filter system can be written as [45-

46]:

1 d . . .
p.(M)-p. (D =n (1) +§ (1 E'd—t (2 +ip +ig) (3.98)
where:

1 o o . . .
—, G(?—t(lfa+|fb+ i 2) = the instantaneous power at boost inductancesdsga, b,c

2

PO=R-PR OFOLE (¢ +f +F) (3.99)

In steady state operation, the effective powerhi@ B-phase systems s equal td°.

Therefore:

PO =R O3 0L B T2 +i2+12) (3.100)
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The capacitor voltage and current can be definma:fr

Voc(t) = Vet Vic(t) (3.101)

inc(t)=1Ipoc + TDC (t) (3.102)
and the capacitor power is:

Pc (1) = Vpe () Hpe(t) (3.103)

where:

= the average value of the capacitor voltage
Vo= the capacitor voltage ripple

oc = the capacitor charging current

oc = the capacitor current ripple

In steady state operatiomclis equal to zero ané,. is neglected when it compares to

Vpc. From equations 3.101 and 3.102, the capacitoepoan be written as:

Pe () = VocOpe(t) = py (1) (3.104)
Therefore:

Voclpe=-P, (t)-ziL El—(l +i gt ) (3.105)

g _ bL (t) 1 Lf d -2 -2

o= - O (124024 3.106

DC VDC 2 VDC dt( fa fb ft‘) ( )

The capacitor voltage ripple can be derived from:

Voo () = Ci ety (3.107)

Putting equation 3.106 in equation 3.107:

1 1L oy
V. =- P () dt-=B—— O +i2 +i2) (3.108)
DC Cf D/Dc q‘ L 2 Cf D/DC f fb f

From equation 3.48, the capacitor voltage ripplehanrotating reference frarte axis)

IS:
oo =5 B i, (-2 Bt~ i id i) (3.109)
2 C V. 2 GV,
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When the energy storage in the inductdngs not considered, the capacitor voltage
ripple is approximately:

o =320

v i 4()dt 3.110
oc 2waDcEjm() (3.110)

From equation 3.110, the capacitor voltage ripgledirectly proportional to the load
current j4 of d-axis(equation 3.35) and inversely proportional to thparitance Cand the

average value of the capacitor voltageV

3.5.4.4. Simulation of the activefilter

The simulation of balanced nonlinear load has beeame dwith the designed system
parameters shown in Table 3.1 and are given or3E2§.and Fig. 3.27.

Activefilter parameters

Vi L, A C f i

p Lmax

a =0, 60 degreeg 650 V| 2.2 mH| 1.25 A| 470yF | 100 Hz| 12.5 A

Table 3.1. Designed parameters of the active filter
Table 3.1. Parameétres de dimensionnement du &itttié
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0 0.02 0.04 0.06 0.08 0.1 012 0.14

Fig. 3.26. Response of the active filter to a $oeyal i.e.i, =i .., =12.5A (a =0degree).

Lmax

=12,5A (a =0).

Figure 3.26. Réponse du filtre a un échelon degehigy = i

Lmax

0.095 0.1 0.105 0.1 0.115 0.12 0.125 0.13 0135

” i i I i i I I
oss 0.1 0.105 0.11 0.115 0.12 0.125 0.13 0.135

Fig. 3.27. Compensating curregtand line current) (a =60degree).

Figure 3.27. Courant de compensatigm®i courant de ligned(a = 60°).
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For the unbalance nonlinear load with the samegdesi parameters from Table 3.1 the
system is simulated in order to verify the desigithe low-pass filter at 100 Hz- and 50 Hz

cutoff frequencies. The results of these simulatiare illustrated in Fig. 3.28 and 3.29.

20
ILa’ILb’ILc

Far ool g

Y PR

. 1 |
0.055 0.08 0.0B85 007 0075 0.08 0.085 0.09 0.025

Fig. 3.28. Response of the active filter for analahced load (cutoff frequency = 100 Hz).
Figure 3.28. Réponse du filter actif pour une chatgséquilibrée {§,pure= 100 Hz).

The simulated results in Fig. 3.28 and 3.29 aeedlrrents drawn by the rectifier load,
the active filter currents and the currents supplby the source. At the 50 Hz cutoff
frequency, the line currents are in phase with lthe voltage at the point of common

coupling. Therefore, the load presents at PCC &y power factor.
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Fig. 3.29. Response of the active filter for analahced load (cutoff frequency = 50 Hz).
Figure 3.29. Réponse du filtre actif pour une chatgséquilibrée {§,pure= 50 Hz).

3.5.5 Test results [47]
3.5.5.1 Test system

The hardware of the constructed active filter cstgsof two main circuits the power
circuit and the control circuits built of:
- Digital signal processor;
- Zero-crossing detector;
- Digital to Analog converter;
- Hysteresis current controller;

- Voltage and current sensors.

The power circuit consists of 6-switch topology (YSAC inductors (2.2 mH) and DC
capacitor (100QuF, 800 V). The IGBT modules with the rate of 100050 A were used as
switches and operate at the average switching émguof 25 kHz. The power circuit of the
tested active filter is shown in Fig. 3.30.

The TMS320F243 [48-49] was used for the controdwit of the 3-phase shunt active

filter to compute and generate the compensated draos) currents, and also to generate the
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reference current signal for the hysteresis curcentroller. An estimation method of the line
inductances and the maximum switching frequencybieen used to build the power circuit

of the active filter. The control circuits are showm Fig. 3.31.

TMS330F2434
DSP || - R oo
6!Switehi1GBT
Inverter

Fig. 3.30. Power and control circuits of the acfilter.
Figure 3.30. Circuits de puissance et de contralélie actif.

Fig. 3.31. TMS320F243 DSP with digital to analogwerter, zero detection circuit, current
controller and sensors.
Figure 3.31. DSP TMS320F243 avec ses circuits iaings (convertisseur digital-analogique,
détection de passage par zéro, controlleur de sbatazapteurs).

- 110 -



3.5.5.2 Steady state and transient perfor mance of the activefilter

The first results correspond to a 3-phase dioddgbrrectifier with resistive load as a test

load presented on Fig. 3.32.

U_.

Y, i i XXX ZR
Sa@+ ;sa =_La 4SQ
N Vsb@+ st :!Lb
\Y/ | I
S e 900
N N N
Ifa Lf R,
I L fa +
Bt Y =V,
I' L fb ~—T > YDC
fp PO Vf -
4 C
Sk %%@ S &

Fig. 3.32. 3-phase diode bridge rectifier with presistive load.
Figure 3.32. Pont de diodes triphasé débitant sercharge résistive.

Fig. 3.33, Fig. 3.34 and Fig. 3.35 illustrate difflet current waveforms of the whole
system. The current of nonlinear load is shown in Fig. 3.33 which is distorted by the

harmonic componentg, = -, where i, is the compensating currents generated by theeactiv
filter (Fig. 3.34). Therefore, the line currentfmoAC power supplhyi.is only the fundamental

current of nonlinear load currentwhich is in phase with the phase voltage (Fig. 8.35
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Vsa : 200 V/Div iLa :10 A/Div

Fig. 3.33. Input voltage and current waveforms-phase diode bridge converter.
Figure 3.33. Tension d’alimentation et courant ab&ar le redresseur a diodes.

e

ifa . 10 A/Div isa . 10 A/Div

Fig. 3.34. Active filter currentd and line current supplied by the source.
Figure 3.34. Courankidu filtre actif et courant de ligng,idélivré par la source.
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V& @ 200 V/Div isa . 10 A/Div

Fig. 3.35. Line currentjin phase with its line voltagey
Figure 3.35. Courant de ligng et tension simplegy

The harmonic components are cancelled by the cosapieg currents generated by the
active filter. This is is shown in Fig. 3.36 whexee presented the harmonic spectrumsf i

ifa and ga.

The transient response of the capacitor voltage(Fig. 3.37) is optimized by using the

pole placing method but the overshoot is high @tengh the response is well damped.

i 15 T T T T T T T T T
La
10
- i T P I L i i i
200 400 60D 800 1000 1200 1400 1600 1800 2000
i 15 T T T T T T T T T
fa
{[1]] SESPPRTI [T fernsssnnssenndinssaninon Feremrnnerssassahebnsannrnetsid freversnninon Fornrrnerrrnmnnsherrrnnnnssssnsfunsnansnsnren -
B I S S SN SO RS SR S - §
0 - I l o [ EA—— | -l I L I
200 400 600 800 1000 1200 1400 1600 1600 2000

I 15 T T T T T T T T
s 10 3
5 = "
i i i i I i i i i
200 400 600 800 1000 1200 1400 1600 1800 2000

Frequency (Hz)

Fig. 3.36. Harmonic spectrums of load curregtactive filter current;d and line currentj

Figure 3.36. Spectres harmoniques des courantsadgei,, du filtre k, et de ligned,
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To eliminate the overshoot which is caused by thadlterm of the PIl-controller,
corresponding lag term should be inserted intorédierence of the voltage controller. The
transient response of nonlinear load currgptine currentd, load currentsy and {41 by the
step change of resistive load are shown in Fig8 ar8l Fig. 3.39 respectively.

VDC

Ifa-

Vpc : 200 V/Div ita: 5 A/Div t : 100 ms/Div

Fig. 3.37. Transient response of the capacitolageltyc and compensating curregtfor the
starting of operation at the initial voltage of 560

Figure 3.37. Réponse de la tension capagi¢éev courant délivré par le filtrg iau démarrage

pour une tension initiale de 560 V.

A L

a

Sample Rate = 1.00MSa/s I
iLa: 10 A/Div isa: 10 A/Div t : 20 mS/Div

Fig. 3.38. Transient response of the nonlinear madent i, and line currentj by the step
change of the resistive load fra3b Qto45 Q.
Figure 3.38. Courant de chargglors d’un échelon de charge résistive {35 Q a 45 Q).
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iLg: 3A/DIv t : 5mSDiv

Fig. 3.39. Transient response of the load currgrihb step change of the resistive load
from135 Q to 45 Q before and after the low-pass filter with 100 hiodf frequency.

Figure 3.39. Réponse lors d’'un échelon de chagjstiée (del35Q a 45 Q), avant et

apres le filtre pour une fréquence de coupure @eHD

The experimental results in terms of power, poveetdr and THPfor the line currents
were measured and evaluated. The power factor BIild fbr the line currents were improved

by the active filter as shown in Table 3.2.

Experimental results with resistive load as a leesd
Test conditions Apparent Active | P.F. | THD| THD | THD
Power Power Isa isb isc
(kVA) (kW) (%) | (%) | (%)
Without the active filter 6.334 6.072 0.9%7 29/439.66| 29.54
With the active filter 6.313 6.250 099 3.10 3.19 .28

Table 3.2. Comparison of the test results whendbeload is connected without- and with-
the active filters.
Table 3.2. Comparaison des résultats obtenus saasttif et avec filtre actif.

The second results correspond to a 3-phase diodigebwith LC filter and resistive load

as a test load presented on Fig. 3.40.
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Fig. 3.40. 3-phase diode bridge with LC-filter Isaas test load for the active filter.
Figure 3.40. Pont de diodes triphasé débitant sercharge L-C-R.

Fig. 3.41 shows the distorted current waveform8-phase nonlinear loag,j i, and |
which is caused by 3-phase diode bridge with L&ifiand resistive load. The harmonic

components are cancelled by the compensating ¢srgenerated by the active filter which is
shown in Fig. 3.42, Fig. 3.43 and 3.44 for the ents in phase a, b, and c. The harmonic
spectrums of the currents ir and i are shown in Fig. 3.45, 3.46 and 3.47 respectively
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0 0.005 0.0 0.015 0.02 0.025 003 00358 0.04 0.045 0.05

Fig. 3.41. Load current waveforms of the 3-phaselelibridge with LC-filter load.
Figure 3.41. Courants de phase du pont de diogidsge debitant sur une charge L-C-R.

Fig. 3.42. Load current4, active filter current:4 and line currentjof phase a.

Figure 3.42. Courants de chargg du filtre actif }, et de ligned, pour la phase a.
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o 0,005 0.0 0.015 002 0.025 0.03 0.03s 0.04 0.045 0ns

o 0.005 0.0 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Fig. 3.43. Load currenty, active filter currents and line currentj of phase b.
Figure 3.43. Courants de chargg du filtre actif {, et de ligned, pour la phase b.

.
R
[

1 1 | 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Fig. 3.44. Load currentd, active filter currenti and line currentg of phase c.
Figure 3.44. Courants de chargg du filtre actif j. et de ligned. pour la phase c.
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Fig. 3.45. Harmonic spectrums of load curregtactive filter current;d and line currentj

Figure 3.45. Spectres harmoniques des courardkatge i, du filtre actif , et de ligned,

200 400 GO0 800 1000 1200 1400 1600 1800 2000
T 1 |_ T 1
L — I 1 I
1000 1200 1400 1600 1800 2000
I T T I' T T
| B .
0 ] | | ] ] | | ] |
200 400 GO0 800 1000 1200 1400 1600 1800 2000

Frequency (Hz)

Fig. 3.46 Harmonic spectrums of load curreptactive filter currents and line current.

Figure 3.46. Spectres harmoniques des courardkatge i, du filtre actif i, et de ligned,
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Fig. 3.47 Harmonic spectrums of load curregtactive filter current;d and line currents.

Figure 3.47. Spectres harmoniques des courardkatge i, du filtre actif . et de ligned.

Fig. 3.48 shows 3-phase line currents supplied K&y sdurce which contain only the
fundamental current of nonlinear load current. Ehesrrents are in phase with their own

phase voltage.

The experimental results in terms of power, poveetdr and THRfor the line currents
were measured and evaluated. The power factor Bilti for the line currents were improved
by the active filter as shown in Table 3.3.

The possibility to improve both the power factodahe THD is practically possible for
low power system as presented here. For a real pogier system only the THD will be

improved if we want to keep the size of the acfilter reasonable.
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Fig. 3.48. 3-phase line currents supplied by thesaQrce.
Figure 3.48. Courants dans les trois phases daudbsalimentation.

Experimental results with LC-filter and resistivad as a test load
Test conditions Apparent Active | P.F. | THD| THD | THD
Power Power isa Isb Isc
(kVA) (kW) (%) | (%) | (%)
Without the active filter 3.732 3.172 0.849 53.337.07 | 56.75
With the active filter 3.370 3.293 0981 6.81 5.3%.97

Table 3.3. Comparison of the test results wherndbeload is connected without- and with-
the active filters.

Table 3.3. Comparaison des résultats obtenus filtmesactif et avec filtre actif.
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3.6. Conclusion

This chapter gave us the opportunity to presenttitive filter we have developed these
last years. The analysis and design of 3-phaset sdutive filter employing digital signal
processor TMS320F243 for computing and generatorgpensated harmonics currents and
also to generate reference current signals forehgsis current control has been conducted.
An estimation method of line inductance and maximawitching frequency has been
introduced for building the power circuit. The IGBiodules with the rate of 1000 V, 50 A

were used as switches and operate at the averaghisy frequency of 25 kHz

The study and design of an active filter has bemredirst by simulation. The prototype is
connected directly to a 3-phase diode bridge fectivith 2 different types of load i.e.
resistive load and LC-filter load. The experimen&dults show that the constructed active
filter is capable to compensate harmonics curremy well. In steady state operation, the
average value of total harmonics distortion of [{i&lD,) current is decreased from 29.56 %
to 3.16 % for rectifier with a resistive load (Tal8.2). In the case of resistive load with LC

filter, the average value of THs decreased from 59.05 % to 6.38 % respectively.
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Chapter 4

Modelling M ethod of Multipulse Converters

4.1. Introduction

The fourth chapter is concerned with the presesratf an exact analytical study of
multipulses converter at steady state operationltipiise converters are a solution to
harmonic problems which have the advantages in pagter rating, low cost and robustness
compared with solution using passive filters onefilters [1], [6], [50-52].

To study multipulse converters, a simulation tagtlsas Matlab/Simulink or SPICE can
be used to simulate the steady state operationthemdFFT function will be used to find the
harmonics generated by the converter. However, frscess is time-consuming and
sometimes the simulation might fail by numericatabilities [53]. The averaging technique
which is widely used to boost the speed of simakafb4] is not proper in this area since the

harmonics characteristic does not appear in theaged model.

An exact analytical solution is proposed and gitress possibility to calculate different
quantities either on the DC side or on the AC siflthe system. This method considers the
smallest interval of time, on which one can detfine elementary operating sequences of the
converter. This method has been presented foraamter in [55] and for a rectifier in [56]. It
is developed here for multipulse converters [7-8].

For a p-pulse rectifier, the study interval canréduced to (2vp). Then, the information
from the analysis interval is used to calculate diperation on the whole period. On this
analysis interval if the converter operates in cwdus conducting mode one has to consider
only two operating sequences of the converter:cthamutation sequence and the normal

conduction sequence. A few unknown quantities havee calculated, the state variables at
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the beginning of the considered interval and thstaimt where the system changes of

sequence.

To simplify the representation of the p-pulse coterewe will also use a complex
representation of 3-phase quantities. With thisgemrepresentation, it will be easy to show

that even on the AC side the study interval caredeced to 2vp.
4.2. Complex transformation

The complex transformation is used to analyze Zehsystem. With the Complex
transformation, a set of instantaneous 3-phasebas can be transformed into a unique

point on the complex planea(b-axi<) if the variables do not contain any homopolar

components. When the instantaneous 3-phase variablenge, the point on the complex
plane will move to another position and providerapical perception of 3-phase operation

on the complex plane.
4.2.1. Transformation of 3-phase system

The transformation of the variables framb, c— axi<into a,[3 —axis is calculated by

the transformation matrix g, .-

X Xa
{XG}:Kamam Xy 4.1)
B
XC
where:
7 |t _% __;
Ka ac:\/: (42)
S < PRV B
2 2

The definition of the complex variable is:
-1 :
X=——[x. + X 4.3
rZEﬂ o T1p) (4.3)

and the complex variable can be also written as:
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X

a

-1
x=—[1 a & 4.4
7 i i, (4.4)
XC
where the unit vectors of each axis of 3-phaseesystre:
e =
2m

CE 1y j@=a (4.5)
2 2

ej%-[ —_1— J@: a2
2 2

Adding the conjugate part in equation 4.3 gives:

X

— | x _ 111 a &[] °|_
X—{g*}—ﬁ[ﬁl P 8] ))((b _KS[X (46)

c

whereK, is the transformation matrix.

Therefore, the inverse transformation is:

. 1 1
2 a|X=K/ X (4.7)

a &
where the transformation matrik_ is:

K, =K' (4.8)
4.2.2. Study interval

On the DC side, it is obvious that if p is the putsimber of the rectifier, the period of the

. . . 210 . . . .
different variables is equal te— if the load does not introduce its own harmonitss
p

possible also with a few hypothesis to show thstiudy interval ofz—g is enough for the AC
variables.

Let consider three balanced harmonics:
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X, =v2 X, Bin( kBolt-a)
X, = V2 D(,msﬁ;in( kldoi-a- kGZ?DTj

(4.9)
X, :\/ED(rmSBin(km)[t—a - k[—l?j
The corresponding complex quantity is:
— .1
X, =—j3=X__ [
k J \/6 rms (4 10)
[e,-fckm_a) [ﬁ“ S0 é‘ta—k)é‘?j _ ) [E L B0 jgw)é‘?ﬂ '

For a well design rectifier, with perfect ratio ftire different transformers, one has the
different results:

- the pulse number p is a multiple of 3;

the harmonics pulsations on the DC side are maltplpw;

- the harmonics ranks on the AC side ar&ip+1.

Then, if one considers the previous complex qtambr three particular values of k,

one obtains:
—__.~3 fi{wit-a)
X; =] 5 X, @ (4.11)
. 3 - jl{i(kP-1)d-a)
Xyp1 = E X, e (4.12)
ka+l = _J q/g X ms @]ﬂkmﬁl)m_d) (4.13)

The AC waveforms will only contain a fundamentalmgmonent under the form of

equation 4.11 and harmonics under the form of 4r12.13. These different terms verify the
following relationship:
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— w[ﬂ—a+—} — jI"_—?rE[
(wm—j E{f[x ® Pl =x, (wd)e P

Dé(klﬁ 1) B+ ( k- ])Ii] L
Xpa| 0O +— =] [X @ = Xyp- 1(w[ﬂ)@ P (4.14)

) elE-o+(kpr)ED e
ka+1((.0|] +2—j q/7 X, e Dé(k@ Jorertien) ] = ka+1((.0[ﬂ) @ P

Then any AC variable which contains a fundamemtadl such harmonics can be

. . : 2 . 2 .
obtained in the complex plane on an interval ogthn—n by a rotation of=" from its value
p

on the previous interval.

4.2.3. Star or delta connection

Relationship between star and delta variable casedeced from Fig. 4.1.

3
Fig. 4.1. Delta connection of the windings.

Figure 4.1. Connexion en triangle des enroulements.

If we consider that the sum of any three-phase tijtes) with no homopolar component,

is equal to zero, one has for the currents:

[

L
I3
and:
1 0 -
D 1 L 1 T L
I =§ 1 1 0|0 -5[(2 O (4.16)
0O -1 1

-127 -



For the voltages:

J[1 0 -1y
VP = vg’ =-1 1 O \/; =C IV (4.17)
g’ 0O -1 1 \}3'
and:
1 1 -1 0 L
VL 25 0 1 - D/D ZEED\/D (418)
-1 0 1

Applying the complex transformation to the current:

I'=K I"=K ,CI° =K .CK J [ =S IP (4.19)

with:

1_ 2
_-a OJ (4.20)
0o 1-
This means:

it =(1-8)0° =/3e [P (4.21)

and:
° :s-lu_L:?lg[S g (4.22)

For the voltage:

Vi =K W :KSG1—E(I vo =1K OKR NP —lgw® (4.23)
3 3 3
SO.
1 — 1 & —=
vi=Z1-&)0P =—=k° [ 4.24
Sf-2) - (4.24)
and:
VP =3®iV =S OV (4.25)

4.3. 12-pulse converter using Y/YA transfor mer

As seen in chapter 2, the 12-pulse converter i€hvidsed in high power applications to

reduce harmonics on networks. The principle of 1Bepulse converter is to suppress the
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harmonic currents of one 6-pulse bridge convertertie harmonic currents of another
converter. This is achieved by providing two powapplies with 30 degree phase shift. A
phase shifting transformer i.e. YAytransformer is the most common used to creat8¢he
degree phase shift. This section will present thaplex variables based analysis and model

development of the 12-pulse converter using X t¥ansformer.

4.3.1. Overview of 12-pulse converter using Y/Y A transfor mer

Fig. 4.2 shows the phase shifting transformer, wilbe primary winding is connected
in star and the secondary windings are connectedtan and delta respectively. Each
secondary winding is connected to a 6-pulse bricgeverter and the 12-pulse converter
configuration is created by a series connectiothe$e two converters. On the DC side, one

considers the losses in the smoothing inductandeaarR-C element representing the load.

XK 2K 3K

XK 2 K

sz “Z§|”Z§

in WZ§IWZ§

NSS=k- NP

Fig. 4.2. Circuit configuration of 12-pulse conweart
Figure 4.2. Schéma du redresseur dodécaphasé.

4.3.2. Transformer model
The equivalent circuit of Y/X transformer in Fig. 4.3 illustrates the windingbeit

parameters and variables according to winding gengpphase.

The voltage equations of YYtransformer in thex3 -coordinate are as follow:
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VE:Rp[ﬂ§+LpG§ti -M Ggls'D—M Ggss

PPt PSTqt @
=-R,[P-L, G‘iu P4M pSDE& P M Ssggi s
P dt dt dt
d . d
=-R0°-L i M i P-M sb
sS —a d psgd_t [of sga{: a
and:
_ d d. d o
vg—Rp[ﬂ§+LpEld—t| MpsDBd—l °—M psSBa{B
s d. d. d «
=Ry, 0P - L Gd—l D4M psDE—Id—tl -M SSGE{B
°=-R;°-L Eﬂu &M ;—I—l M Sgﬂ -
Sdt dt

iP Rp iP Rp iP Rp

1 2 3
—>—|:D—>° —__1—\* — 1
va guulv"T -wzng DR
D ] ]

IfD RsD IgD RsD IgD RsD
—<—|:»—>- — 1 a1
v:DT 3T e T 3T e vST 31w
D 7 D

Ifs RsS IZS RsS |§S RsS
) D) )y
b Stwet el 3w

3 j j

Fig. 4.3. Y/YA transformer windings.

Figure 4.3. Enroulements Y/&ydu transformateur.

By using the complex transformation, the transforegations are:

Vp—R”EI]"+LpG§I_" -M pSDE-IC(:—I LM pSEg{_S

VP = RegO-L o oy e ey T
dt dt dt
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(4.29)



VS = RS - LS?}—l am et v e (4.30)
dt dt

For the complex equations, all transformer pararsetgpear in the diagonal of 2x2

matrices. For example, the resistance of the pyimemding R appears in complex equation

asRP:

RP—Rp 0 4.31
10 r (4.31)

4.3.3. Ideal operation of the 12-pulse converter using Y/Y A transfor mer

The study of the ideal operating of multi-pulse wenter is one of the best application

examples of complex modeling of 3-phased variables.
Let consider the primary line voltage under therfaf:
V=V E{EE‘;in[mD—(n—l)[—%T} (4.32)

then, for a star connection of the primary windiwg, have:

VP =—jV E{E@JW (4.33)

At no load, we have:

o' =L, 0
0% =M, P (4.34)
0S=M [i°
Then:
q)_ psD E(I)p M psD E(I)SS (435)
p psS

If we neglect the primary resistances, these miatiips within the flux exist also for the
voltages:

veP =L—"5pr =M—p5“’wss (4.36)

p psS
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Then for a star connection of the primary windiage obtains:

- M R
vsS = PP (4.37)

Lo

For, the secondary delta winding, the correspontimgvoltage is according to equation
4.23:

Vi =%[$EVSD (4.38)
PR 2 d} . d} M P
then: 2178 oo Ll no- Lrdegeonys (4.39)
3 NE V3 L,

Equations 4.37 and 4.36 show that the line voltageke star winding are then lagging
the delta ones with a 30° phase shift. Furthermoreptain the same amplitude for the two
voltages, one needs:

M
M o= —5" (4.40)

psS \/5

so the delta secondary winding must hat& more turns than the star ones.

The phase shift between the voltages lead to thelumimg scheme of the thyristor
bridges represented on Fig. 4.4. On each 30° iateone has two elementary sequences, a

commutation sequence and a normal conducting sequen

a a+Tt o+ 210

«>
n
6

Fig. 4.4. Conduction scheme of the two rectifiers.

Figure 4.4. Diagramme de conduction des deux redtes.
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As a result of the previous section, the studgrirdl of this 12-pulse rectifier will be of
30° and will correspond for an ideal operating lué tonverter (instantaneous commutation

and DC current equal to a constant I) where swidheK,, K, and K; are on.

On the considered interval, which follows the tameof switch K, one has:

i$5=0 i =1
i35 =l i) = (4.41)
isS=I i’2 =0

The columns of the transformer are carrying cugetite sum of which being equal to

Zero, so:
n, 0° =n 0% +n 0 (4.42)

where P, 1°°and F° represent the different currents on a column efttansformer.

Then:

n

—sS ]SS n

+—s2 )P (4.43)

Ny n,

1P =

If k is the transformation ratio between the prignavinding and the secondary star
winding, this leads to:

Ip=k[(]|58+'\/.?_)[|]SD) (4.44)
This relationship is also verified with complex wdnles. One has on interv%b,g}

following the switch on of K

|

NE
F=%[@1—a)=—azm_ss (4.45)
0 i° I a’ [,-Fszi@"gg_ss

1@ B rdl 3

so for the primary current:

i_p:kElI—[E—a+a2—\/?3Deﬂ:— kI a+ )

[E1+ e jmss K/ 2+\/_3Ek312 S

(4.46)
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Then from the value of° one obtains the values of the different otherents (Fig. 4.5).

Im
|

1
NE Re

3 ﬁ_D:i@]%[[ﬂTS

J3
g E:_a?[ﬂiss
oAy
J3

Fig. 4.5. Complex currents on inter\{a],]—ﬂ.

Figure 4.5. Courants complexes sur l'interv. HBT—;}
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From the complex currents, one can obtain the thriegary line currents:

if=i[|Re(F)=kDBi

NE E

—[IRe(aZEi_p) :—kEIEE1+%J (4.47)

—[IRe( Ei_p): kEI[E1+%j

N%ll\.)

ip
I2

ip
I

&

One can consider that the study is finished. tituie on the primary as rotation of 30° will
lead to the value of the primary current on théedént operating interval. For the secondary
converters, as they are 6-pulse converters, orgsrieeconsider the next interval.

On {gg} one can use the same method than before anddeong the different

currents in the different secondary windings whagbpear on this interval, or calculate
directly the primary current given in equation 4wiigh a rotation of 2t/12:

i_p=—kD][Qa+j)@jé§=—kD[ﬁa—jm2) (4.48)

On the secondary side, as currents, in the deftaemted rectifier, do not change, on this
interval, Eandis_D have the same values given in 4.45. THeris obtained from equation

4.44:

_ HY _
issz'?-\@mw:—| fa-j@?)+1@=10m" (4.49)
The different currents are represented on thigvaten figure Fig. 4.6 and on a period on

Fig. 4.7.

The three primary lines current are obtained asrbef

P =2 Re(i") =kaf2+3)

Ne
iP :%[Re(az Ei_p)=—kD[Q1+\/§) (4.50)
ig :%[Re(aﬁ) =-kO
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Im

Fig. 4.6. Complex currents on inter\{ajlrg,g]

Figure 4.6. Courants complexes sur I’interv{%,g}.
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Im

Re

Fig. 4.7. Complex currents on a period.

Figure 4.7. Courants complexes sur une période.

The knowledge of the three real line currents &1 bf the period gives the current on the

whole period (Fig. 4.8) as in three phase systemrathere are not even harmonics [55]:

iﬁ(oo[l +gj =-iP, (w0l) (4.51)
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Fig. 4.8. Current wave form in phase 1 of the priyr(arigin in time correspond to the switch
on of thyristor K).
Figure 4.8. Courant dans la phase 1 du primaiceigine du temps correspond a I'amorcage

du thyristor K).
4.3.4. Exact modeling of the 12-pulse converter using Y/Y A transfor mer

Since the AC source is not ideal, the transitiocwfent during the commutation process

does not occur instantly, but need a small cefannd as shown in Fig. 4.9.

In the 30° study interval we will have two opergtisequence corresponding to the
commutation sequence between switcheaukd K, where switches K K1, Kz, Ky and Ky

are on and a normal operating sequence whegtek been turn-off.
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Fig. 4.9. Transition of thyristor currents during@nmutation process.

Figure 4.9. Evolution du courant pendant la commmna
4.3.4.1. State model

The general form of the state equations of lingatesn is:

%X(t) =A X(t) +B [W(t) (4.52)

And the solution equation is under the form:

t
X(t) =™ DX(t,) + [ €0 (BOU(r)dr (4.53)
to
If the source vectotJ(t) contains only constant or sinusoidal source, @areiotroduce

the sources in the state vector to obtain theviefig reduced equation:

dyiey =
X0 =AXEO (4.54)

The solution of the reduced form is simple as follo

X(t) =e*™) x(t,) (4.55)

This simple analytical solution will be used to megent the operating of the 12-pulse

converter on the two considered sequences.
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4.3.4.2. Converter model during commutation

This model describes the operation of 12-pulse edev while the commutation process
occurs. In this period, the current commutates friiyristors k to K; and result in a

connection between two terminals of the secondaltaavinding, as shown in Fig. 4.10, thus:

v® =0 (4.56)

In complex form as:

K, W =0 (4.57)
where:
1
K, =— 1 4.58
L s

Substituting 4.57 in 4.29 leads to:

0=—RSDD<1E|S_D—LSD[K1G‘1|?3+M oK l[—ld—|_p—M K lﬂ_s (4.59)
dt dt dt
AS:
i =K, [M*° (4.60)

ve | == G, H R,

Fig. 4.10. Equivalent circuit on secondary sidermyicommutation.

Figure 4.10. Schéma au secondaire lors de la coatioit
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and as shown in Fig. 4.10, th& ghase of the secondary star winding has no cyrserthat
the termKlEIJ_SS is null. Then equation 4.59 reduces to:

® lgj_tﬁ (4.61)

psD

o:—RSDnjD—LSD%ij%M

Equation 4.61 becomes the first differential equrator forming the state equation model.

Now let consider the secondary delta line currérows in Fig. 4.10. All of current,
flows through line 2 of the secondary delta windiHgnce:
i =-, (4.62)

which can be expressed in complex form as:
i[ﬁaz a} F =— |L (4.63)

With the following relation of line and phase cunren complex:

0 = (1—a2) G°° (4.64)

Equation 4.62 is in the form:

2(1- &) P+ + T = T (4.65)
or:

i®—i® =@, (4.66)

With equation 4.60 and 4.66, it is possible to @i as a function of;® andi, :
1= |=| 2 27| =23, K, ] (4.67)
| | VB, iy | 2
2 1 J 2' L

where:

K,=[-i i] (4.68)

With the same manner, let consider the currentha gecondary star winding where

currents exist only in phases 2 and 3. The comg#epndary star current is:
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=M1 a &|0-{ |=-i0 (4.69)

Then:

el B P
IS—L}D]L—KZTEL (4.70)

With the expressions d?D andITS in equations 4.67 and 4.70, equation 4.28 becomes

vP=RrrP+LP 917 3y
a2 PP

d . d
[KlTE{ 1D_(_32M psD+M pssjm 2T_|' [ (4-71)

This equation is the second differential equatibthe state equation model where:

V=V, A2 sin(wt—(n— ])2_3th (4.72)
and:
- Vf _j Wrms\/g @jlﬂ)ﬂﬂ
VP =K Vb |= (4.73)
Vo jv, . g [@1er

This expression of the primary voltages means titcommutation sequence starts at

time t = O if the firing angle is null.

The third differential equation comes from the agk loop of the DC side as:

vC+r[ﬂL+LO%iL+v§D+(v -V ;5) =0 (4.74)
from:

oo_ 1 VP = K T

VP —Etﬁaz a| v = K, v*° (4.75)
where:

1

Kfﬁfﬁaz al (4.76)
and:

vzs—vsfs:%[ﬂ[az a]—[a aﬂ)ﬁsz K OV?® (4.77)
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Substituting 4.75 and 4.77 in 4.74 to obtain:

vc+rL[ﬂL+LO%iL+K3MSD+K2M 0 (4.78)

K; V" andK, [VSScan be expressed by their expressions in 4.29 &@dwith the use

of currents given by 4.67 and 4.70:

K, VP :lmsD[@i O 4 L)+_1[|1 SD[—IQQ P4 )M ssggf MK ;—xi’_p
2 2 dt dt dt (4.79)
K, V=2 R, +2[fL (+M Sng—ti MK gdgtfp
This gives the third differential equation as:
%RSD [ﬂ:SLD +_;LsDii ?.D+(r L+_;R sD+ZER ssj[II L+V Cc
(4.80)

1 d. -
-i_(l-o-l__l‘sD-l_Z|:I]'SS+3|:B/I ssjgtl L+(M pJS 37HVI psg )th 0

The last differential equation is simply the eqoatihat describes the output currents:

iL—%—co%vcm (4.81)
(e}

Equations 4.61, 4.71, 4.80 and 4.81 can be writt¢he form:

: ,d e/t
a [ + b.la X = d1 o ior (4.82)

where:
i0 ]
x,=| " (4.83)
IL
| Ve
-R, [0 O 0 0 |
0 =0 0 0
0 0 0
| = 4.84
MR [0 0 (crgRoER) 1 o9
o [0 0 1 N
R, |
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_LSD M pleK 1
—EEMpsD (K lT LP
2
b, =
1
ED]'SD M psD
|0 [0 9
_ 0 0 _
_j wrms § 0
2
d =
' 0 jwrms\/§
2
0 0

0
1
_(EDM psD +M pssj[& ;

1

K 3+M png 2 L O+_2|:| sD+2 U sge M

0

Equation 4.80 can be modified into the general fofrstate equation as:

d giot
X =q D(l + bl EEe_j@m}

dt
where:
a =-(b)" ¢
and:
b, = (b;) " [H,
Finally, one obtains:
d
axl :AlDKl
is? ]
1
where: X, = 't
VC
ej@[ﬂ
e—jm)m
A b
A, = | jl 0
0
[ ]2xsi 0 —jlo
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(4.86)

(4.87)

(4.88)

(4.89)

(4.90)

(4.91)
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The purpose of this manipulation is to archivedimeple analytical solutions form as:
X, (t) =e™) ¢ (t,) (4.93)

wheret,is the time when switch Kstarts to conduct.

4.3.4.3. Converter model during normal operation

This model expresses the operation of the 12-mdseerter after commutation finished.

After thyristor Kz turn-off, the converter returns to the normal epen and all current

i, flows through thyristor K As a result,i;° is not any more a state variable and they are

only 3 differential equations to describe behavisirsariables!® i, and v.. The schematic

diagram for this operation is shown in Fig. 4.11.

-

-
—

o

|

ve | == G, H R,

Fig. 4.11. Equivalent schematic on secondary sigtieng normal operation.

Figure 4.11. Schéma au secondaire en dehors deswtations.

From figure 4.11, current iflows through line 1 and 2 of secondary delta wigd so
that:

w=t-
0= - (4.94)
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From the relation of line and phase current, thisa¢ion becomes:

<. 1 —_1 _(1-9) 1
i*° = P=— M =—-—@ 4.95
(1_ az) [E \/5 l— é) L \/é [[L ( )
so:
- 1 |a
|0 =——3[Ea2}mL =K, (4.96)
where:
K, =itﬁa & | (4.97)
V3
With equations 4.69 and 4.94, equation 4.28 becomes
TS = d— d
VP =RPOP L P+M B ,TM K ZT)GJ{ L (4.98)

Equation 4.78 which links the voltage across theacaor with the secondary voltages is

unchanged and still contains terrks Vs and K, m/_ss These terms can be expressed by

their expressions in 4.29 and 4.30 with the usauafents given by 4.70 and 4.96:

Ksmﬁ:gmstL"'(_zmsD*'M Ssj[-lgi L+N| psDKl Eﬂ_p
3 3 dt dt
g 4 (4.99)
K, V*=2R 0, +(20 (+M S;Gd—ti MK gd—t| P
and so:
2 : d—
n +:_3R5D + 2ERss I+ Vc+( M psSEK M M psr;K )al
5 d (4.100)
+(LO +§LSD +2 +2[M Ssjati =0
Equations 4.81, 4.98 and 4.100 can be written utiaefollowing form:
d ejlﬂ)[ﬂ
a, [k, + b, GGE X, = dZEEe""M} (4.101)
where:
TP
X, =] iy (4.102)
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Equation 4.101 can be written as:
d "
axz =a,[X,+ b, I:Ee—jm;m}
where:

a, =-(b,)" 4,

and:

b, =(b,)" [,

The reduced form of the equation 4.106 is:
d

axz =A zx 2

where:
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i 0 0
RP
0 0
. 2
4=([0 § (+3Ro* 2R 1
[0 O] 1 =
|- RO
I Lp MpSD[K T_M psS[K T |:O:|
4 2 O
b, =| MP°K,+M PPK , L O+§L o0 M2M O
[0 9 0 -G
_jwrms § O
2
, 3
d, = 0 JDV,mS\/;
0 0
|- O o -

(4.103)

(4.104)

(4.105)

(4.106)

(4.107)

(4.108)

(4.109)



X,=| v, (4.110)

g0
g ot
and:
%% 1 b
A, (0] 1jlo O (4.111)
2x4i 0 -jl

An analytical solution for this model is:

X, (t) =e**x, (t,) (4.112)

Wheret, is the time when thyristor £completely turn-off. The initial vectoX, (tl) can

be obtained from the final state vector of the jmes sequence where eleméfit has been
suppressed:
X, (t,) =N, X, (t,) =N, A0IX () (4.113)

where:

(4.114)

Z

My

1
o O O o oo
O O O O O
O r O O O O

o O O O O
O O O O+ O
O O O+ OO

4.3.5. Determination of unknown quantities

Equations 4.93 and 4.112 are the time solutionhef dtate model for each operating
sequence. However, the initial state vector of skeady state operation is required for

evaluating the steady state operation. The ingiate vector consists of four unknown

quantities:i_p, i’ , i, and v.. Another unknown quantity is T the duration of the

commutation sequence. These five terms can be fowmderically using the Newton-
Raphson method [57].
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The Newton-Raphson method is a technique for fopdime roots of a multivariable
functions. To understand its principle, let consithe Taylor series:

F(x+Ax)=F(x)+ JAx+ QAN (4.115)
where F is a vector of functions defined as:
f,(x,...x,)

F=[f,(X,...X,) (4.116)

and J is the Jacobian matrix defined as:

J, 3, ... 4,
R (4.117)
Ja J, o s
where:
i1j=g_:(ij (4.118)

and termO(Ax") is the sum of higher order differential part.

If one neglects the higher order term and solvesF(o<+Ax) =0, one can findAx which
lead F(x+Ax) to zero, i.e. the root of the function. Since tixen O(Ax) was neglected, the

term (x +Ax) may have a truncated error. Then the iterate tlon is used to reduce the

error and drive the vector x approaching the rddhe function as follow:
Xt = x* + Axk (4.119)
where:

Ax* = -JF(X) (4.120)

Since the Newton-Raphson method is the procedurénfding the root of the function
F(x), one need to form n functions which resulzero when the steady state values of the

circuit are applied to the functions.

As vectori® is an AC variable in a 12-pulse converter, thalfwalue of this vector is

obtained, from the initial one, by a rotationLgf
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_ : 1
f, =i (t,) 8 —Glte“[ém o [N, T8 00X, t,) (4.121)

and for its conjugate:

1

-G, EeAztéﬁ_ch [N, CE 0X,( t) (4.122)

—
f,=i"(t,) @ ©°
where:

G=[1 0000

9
G,=[0 1000 ¢ (4.129)

As i_ and ¢ are the variables on the DC side, their valugkeabeginning and the end of

the study interval in steady state operation agesdme. So that:

i ol Te) T
fo=i, (to) -G, ™ N[ OX(t,) (4.124)

and:

1

f, =V (t,) -G 4@%%—%) I, T 00X t,) (4.125)
where:
G,=[0 0100 ¢

G,=[0 0010 ¢ (4.120)

The last function involves with the commutation dioma T.. The commutation process

ends when the current, is equal toi, . Relation 4.95 characterizes the end of the

commutation process and gives the relationship éatviwo state variables:

5 2 = 2 1 ) 1

= —_[Reli®|z=—=Re —— [} |==0 4.127

e {ﬁ lj 3 @120
Then the last function is:

fo =M g7 X, (t,) (4.128)

where:

1

Ml{l 00 --00 cﬂ (4.129)

With the five functions described above, the NewRaphson method can be used to

determine all unknown quantities.
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4.3.6. Simulation examples

Let consider two simulation examples for two difflet firing angles which ara =0° and
a =40°. The data of the converter are given in Annex &(&s A3.1 and A3.2). Using the
equations given in 4.93 and 4.112 and the NewtgohBan method described in the previous

section, one can find the steady state operatidheofonverter on the study interval.

Fig. 4.12, Fig. 4.13 and Fig. 4.14 depict the refar a firing angle of 0 degree and Fig.

4.15, Fig. 4.16 and Fig. 4.17 for a firing angledofdegree.

Irnaginary

Fig. 4.12. Trajectory of current in complex plane the studied interval oft/6 ata =0°.

Figure 4.12. Trajectoire du courant dans le planmgexe sur I'intervalle d’étude de/ 6 et

200
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=200
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-800

Cormplex Prirmzany Gurrent

T T T I | I T T T
5 A
G O o S .................. i
5 SR S
e A 6 ........ R
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SRR SR S i e e SRR,

800 |00 400 200 ] 200 400 &S00 200
Feal

(&— Primary current
A— Secondary delta current
*— Secondary star current

a=0°.
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a) Primary Voltages

200 : : ; . . ! ; !
215;_1- ........ .................................................................. =
E.,mg_ ......... ....................................................................... "
2 il W - A S B o]
o L I i 1 1 1 i i
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Time (5) 10
b) Prirnzary Gurment
400 ! ; T T ; " T T
< :
£ e e o e By T N oS ]
g ‘
= H
A ol o e L e R AT AR R L o
_mu | | ] ll 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Time (s) -

Fig. 4.13.Primary voltage and current waveforms of the tramsér (0@ =0°).

Figure 4.13. Tension et courant au primaire dusfiamateur ¢ =0°).

a) Secondary Delta Current
100 ! T 5 T ! T ! T
<
E |||||||||||||||||||||||||||||||||||||||||||||| famassnaarata -
e
=
a B e im0 B R 1A e N o o N AT B W L A b
100 1 1 I 1 i i I i
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Time (g) % 10'3
b) Secondary Star Gurrent
1 T T I T T L] T L]
. (1 - DRI RENERE - SIS ....................................................... a
< ;
= :
B ° i
3 :
O s o O TOTTO SN, S SR i
1 1 1 | i | 1 1 1
1] 0.2 0.4 0.6 0.8 1 j.2 1.4 1.6
Time () % 107

Fig. 4.14. Secondary delta and star currents osgbendary side of transformer € 0°).

Figure 4.14. Courants dans les enroulements seresdh transformateui(=0°).
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Somplex Prirmzany Surrent
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A— Secondary delta current
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Fig. 4.15. Trajectory of current in complex plaoe the studied interval oft/ 6 at a =40°.
Figure 4.15. Trajectoire du courant dans le planmexe sur l'intervalle d’étude de/6 et

a =40
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a) Primary Voltage

300 T T T T T T T
S 280
L
=
g 200
o i : a i L : i a
2.4 26 2.8 3 3.2 34 36 3.8
Time (g) % 10°
b} Primzry Current
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‘E‘ okl smimersniornniTmndrsinnlaasan s bansmaiag
=
Ly L | RO U O NPT | SOV SO -
2.4 2.6 2.8 3 32 34 36 3.8
Time (s) x 10°

Fig. 4.16.Primary voltage and current waveforms of the tramsér (o =40°).

Figure 4.16. Tension et courant au primaire dusfiamateur ¢ = 40°).

a) Secondary Delta Gurrent
100 T T ! ! I ! ! !
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b) Secondary Star Gurrent
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Time {g) ):10'3

Fig. 4.17. Secondary delta and star currents osdghendary side of transformer € 40°).

Figure 4.17. Courants dans les enroulements secesdhu transformateu(=40°).
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Then by a rotation process, one obtains the AC tifiesnon the whole period at the firing

angle of 0 degree as shown in Fig. 4.18, Fig. 4ri®Fig. 4.20.

Fig. 4.21, Fig. 4.22 and Fig. 4.23 show the ACnjiti@s on the whole period at the
firing angle of 40 degree.

Complex Primany Curnent

T T T T T T T T T
B s e e A e T e e 2
B s R R R s
)y g | RECHES e O C MU - ;
e o T TAL e T, e 4
§
=1 o] IR (D TTREIIY. | By - TN IR ORI u e
i
£
onpLip ki -
i,y | AR o P, R 0| S - ey sl S s
00 4
T IR S - —=7 Rotation |
| i : i ; i i i i
-500 -g00 400 200 K] 200 400 =0 800
Real

(3— Primary current
A— Secondary delta current
*— Secondary star current

Fig. 4.18. Trajectory of current in complex plaone & period att =0°.

Figure 4.18. Trajectoire du courant dans le planmexe sur une période poor=0°.
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a) Primary Valtage

Valtage (V)

i 1 1 i I i L 1 i
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Time {s)
by Primary Current

Gurrent (A)

-1000 1 i 1 i | 1 | I i
0 0002 0004 0006 0008 001 0012 0014 0016 0018 002

Time (s)

Fig. 4.19.Primary voltage and current waveforms of the tramsér (o =0°).

Figure 4.19. Tension et courant au primaire dusfiammateur ¢ =0°).

&) Secondary delta Gurrent

=0 : ; I ! 1 ! 1 '
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=
U_
200 & 3 & 5 4§ 3
0 0002 0004 0006 0.008 001 0012 0014 0016 0.018 002
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b) Secondary star Gurrent
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o £ L e
0 0002 0.004 0006 0O0D8 001 0012 0014 0016 0018 0.02

Time (5)

Fig. 4.20. Secondary delta and star currents osgbendary side of transformer € 0°).

Figure 4.20. Courants dans les enroulements secesdh transformateuin(=0°).
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Complex Frimany Gurrent
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Fig. 4.21. Trajectory of current in complex plaone & period att =40°.

Figure 4.21. Trajectoire du courant dans le plangexe poura = 40°.
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a) Primary Volta
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Fig. 4.22.Primary voltage and current waveforms of the tramsér (o =40°).

Figure 4.22. Tension et courant au primaire dusfiamateur ¢ =40°).

a) Secondary Delta CGurrent
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Fig. 4.23. Secondary delta and star currents osgbendary side of transformer € 40°).

Figure 4.23. Courants dans les enroulements sereadh transformateui(= 40°).
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4.3.7. Analytical features of the developed model
4.3.7.1. DC side aver age values calculation

The models are developed in the form of equati@¥ decause it has the solution in

simple exponential form. With this form of the sibm, one can easily obtain the integration
of the state variable:

Tx(t)dt = TeAmdtD((toF(A_l [ ) ox(,) (4.130)

For example, the analytical solution for the averaglue ofi, is:

te

[[0 G (1)t

to

o == , (4.131)
1 TI T
+[ Gy 7 DX, (1, + Te)
tC
where { is the time where ends the commutation process'ﬁ’rrd% (4.132)
0 G| (e"™ —1)DX,(t,)
So: g [0 e . zv_t e (4.133)
T +G, A, (€T = 1) IX(t,+ T
In the same manner, the analytical solution foraberage value o¥.. is:
1([0 G (e - 1) IX(t,)
Coavg — T (4.134)

+G, A, (€7 = 1) DXyt + T
Applied equation 4.131 and 4.134 to the model desdrin 4.91, 4.92, 4.110 and 4.111
with the data for the converter given in Annext& tnalytical average value of the DC side

on the study interval of-'gT can be found. On Fig. 4.24 and 4.25 are the aeevafue of

currenti, and voltagev. at O degree firing angle. Since the fundamentdudency of the

DC side is 12 times greater than the AC side, teady state period of the DC side is
completed within the study intervai/ 6.
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The result can be repeatedly appended togetheariio the operation alongrt which is
the 1 cycle period of the AC side, as shown in @426 4.27.

a) Inductor Gurrent

T T T T T L) T T
200 - ; -
gﬂ'ﬂ_ ...................................................................................... 4
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Time (s) x 10°
b) Ripple of Inductor Gurrent
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Time (s) x|E|3

Fig. 4.24. Inductor current and its average vatudlie studied interval oft/ 6 at a =0°.
Figure 4.24. Courant dans I'inductance et valeuyenae sur I'intervalle d’étude de/ 6

pour o =0°.
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a) Capagcitor Vpltage
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B) Ripple of Capacitor Voltage
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Fig. 4.25. Capacitor voltage and its average viduéhe studied interval of/ 6 at o =0°.
Figure 4.25. Tension aux bornes de la capacit@letivmoyenne sur 'intervalle d’étude de

11/ 6 poura =0°.

&) Inductor Gurrent
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Fig. 4.26. Inductor current and its average vatueafperiod atx =0°.

Figure 4.26. Courant dans l'inductance et valeuyeanae sur une période poar=0°.
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a) Capacitor Voltage
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b) Ripple of Capacitor Voltage
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Fig. 4.27. Capacitor voltage and its average vidua period atx =0°.
Figure 4.27. Tension aux bornes de la capacité@letivmoyenne sur une période pour

a=0°.

In the same manner, in Fig. 4.28 and 4.29 are shbennductor current and capacitor
voltage on the study interval at/6 at the firing angle of 40 degree. And the whole AC
period is shown in Fig. 4.30 and 4.31.

- 162 -



a) Inductor Gurrent
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b) Ripple of Inductor Gurrent
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Fig. 4.28. Inductor current and its average vatudtie studied interval oft/ 6 at a =40°.
Figure 4.28. Courant dans I'inductance et valeuyenae sur I'intervalle d’étude de/ 6

pour o =40°.

a) Capacitor Voltage
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Fig. 4.29. Capacitor voltage and its average vlduéhe studied interval af/ 6 at o =40°.
Figure 4.29. Tension aux bornes de la capacit@letivmoyenne sur 'intervalle d’étude de

11/ 6 poura =40°.
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a) Inductor Gurrent
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Fig. 4.30. Inductor current and its average vatueafperiod atx = 40°.

Figure 4.30. Courant dans I'inductance et valeuyenae sur une période poar=40°.
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b) Ripple of Capacitor Voltage
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Fig. 4.31. Capacitor voltage and its average vidua period ato =40°.
Figure 4.31. Tension aux bornes de la capacit@letiv moyenne sur une période pour
o =40.
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4.3.7.2. Fourier analysis

According the Fourier theory, any periodic wavefocan be decomposed into Fourier
series as:
£(t) = c0+z(ch e 4 ¢ g “W) Z( é“m’om)) (4.135)
h=-c

wherec, is Fourier coefficient:

.
Cy =$ [foe™%dt,  for h=0x 1+ 2,. (4.136)
0

Applied equation 4.136 to the developed model tssal

Tc )
. [[o G ox ()™ dt
i 0
== , (4.137)
T T |
+[ G, AT O, (1, + T)E ") dit

Te

Since e "™ s scalar, it can be moved inside to multiply witre term €' and the

analytical solution for Fourier coefficient ofis:

1[0 GJdA - 1M e - 1) X (ko)

n -1 (Ay(T'-Te)-1 T — R, (4.138)
T +G, [{A,~ 1 §h @) [@e AT Te ry °’)D<2(t0+TC)
The analytical solution for Fourier coefficient of is:
[O G4] [GAl — 10 m‘))_l [ée(Al_lmﬁm))Tc B l) X, (to)
e == (4.139)

h ' - T\ ' :
T +G, [{A, -1 B )" [Qe(Az(T To)-ime) _ | @(—mmﬂc)) X, (t, + T.)

To proceed on primary current, the model giveswlaeeform only 1/12 of period
long and the whole period can be obtained by mmapirocess, then the equation for Fourier
coefficients are also involved with the rotatiopabcess. The equation for Fourier coefficient

of the primary current is:
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to+Te 0 hm,[ﬂ
. JR(n)EEO G}Eé“lmms(to)te

°_ L to (4.140)
h T4 to+T
WM%}@%MWUWM
to+Te
and the result is:
4 alRO Eﬁg G}EQA_JEE‘E*’) O ()]
Pol (4.141)
L= -
[ i O e S A
where R(n) is the rotational matrix:
.
e’ 0
R(n)= . (4.142)
0 e's

Equation 4.139 works properly as long as the oofi€ourier coefficient, h, is higher than
1. However, the singular matrix problem occurs wheying to calculate the Fourier

coefficient at fundamental frequency.
4.3.7.3. Fourier coefficient of the primary current at the fundamental frequency

The Fourier coefficient of the primary current la¢ thigher order frequency, i.e. h>1, can
be obtained by equation 4.141. However, we encoansegular matrix problem when trying
to evaluate Fourier coefficient at the fundamefreduency. We then have to split the model
back into the general form shown in equation 4&8] then, integrate it for the analytical
result of primary currents. In this form, the ani@lgl solution of primary currents can be used
to perform Fourier analysis at the fundamental deexpy, and include all other frequency
order, without singular matrix problem. Models dgrithe commutation and normal operation
in general form was respectively shown in equat#®®3 and 4.106. The time solution of the

primary current for the whole period can be fougd b
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where n

for ty,<t-nT' <t,+T.;

0 Gl t-nT - o T o
oy &Jferooste T e o)

to

(4.143)
for (t,+To)<t-nT' <t,+T;

R ( n) [E(G;j [E eaz(t-nT(To+Tc)) DXZ ( % + '|;:) + _-f éz(t—T) DQ [Ee—jm} Eﬂ-[-]

(to+Tc)

=0,1,...,11

To avoid the matrix integration let us consider:

o o= ¢ td ] 9o
e jE 0 1
(4.144)
- .[ea(t—r+j|mm) Eb[E]} (o +~[ é»(t—r—lﬂﬂ) DU:EO} Od
0 1

By applying the manipulation technique previoustgd to equation 4.141, the integration

result can be obtained as follows:

for ty,<t—-nT <t,+Tg;

(74 [ (1)
1+ [f-q + [oo) D& Dp[ﬁl}

—

(s o |

+ea1(t-nT) [q_ai _ jm)—l [é_ a- jo)@ Dl} EEOj'

for (t, +To)<t-nT'<t,+T';

eaz(t'“T(’o"Tc)) D(2 (tO + TC)

+ea2(t—nT) [q_az _ jmﬂ)_l Eé_ag_ )@ DQ EE(;:|

t-nT'

tot+Te

t-nT'

to+Te (4.145)
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wheren=0,1,...,11.
Substitute the upper and lower integration boundasult in the time solution of the
primary current as follow:

for ty<t-nT <t,+T.;

eal(t'“T o) D(l ( tO)

_ 1
+ea1(t—n'l‘) [q_q + JE.O) 1 [é_ a+ jo)enT) Dl} I:EO:|

—]

0 Gy _gutem gy S e i
R(n)[Eo Gj] (" - g+ Joo) " 0&* P Op o}

1

e [{-a, ~ ji) "0 Eﬂm

+eal(t-nT) [G_ q _ jmo)—l Eé_ a- j){t-nT) Dk} [on|

for (t,+T.)<t-nT' <t,+T;

(b7 {7 Tc)) 0 (t,+ T,)

_ 1
+ea2(t—nT) [q_az + JE.O) 1 [é—aﬁ @) t-nT) DQ I:E :|

0
Gl (tnT) -1 - a+ B)ty+Te) 1
R(MO - -+ o) 0e* M m, 1) (4.146)
2
+ea2(t-nT) [G_az _ jmk))_l Eé—ag— 0){t-nT) DQ (]:j

_eaz(t-nT) [G_az _ j|]x))_l [é—az— W)+ Te) DQ I:E;j

Then, according to equation 4.136, the Fourierfameit at the fundamental frequency of

the primary current can be found as follow:
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nT'+Te
nr

e—j(w[ﬂ) ( a- jm)_l Ebal(l‘(to +nT)) )S_( E))

NI+ Tg

+(-a, + jreo) " & "™ UEQEH

R(I’I)I:EO Gl:||:]—(—q+ jm)—ll:qq_ jm)'lDé‘l t-t0+nT e Sio(t-tg) DPEE :|

nT +TC

T’ +TC

(_ai_lm)) [q 2|]]|],0) i gy il ng)EblEEO}

N+ Te

5 o1& _(_ai_ jl]*))_ll:ﬂai_ jl]*))_llzb_jmglﬂo (Lo DQEE :|

i g oo I:eaz(t-(tomrﬂc)) |:|Xz( {+ T) NI+ T

c nO'+Te

T

na'+T

nO'+Te

+ R(n) Eﬁgj i _(_a2 + j|])0)_l [qaz _ jl]o)_l [ 10t~{t0+Tc)) galt(tonT+Tc)) m[ [E(]j

nm+T

na'+T

N+ T

(4.147)

nT'+Te

+(-a, - ) [{-20 ) e ot o Eﬂ

na'+T

nO'+Te

_(_ —]EA)) I:qag_ J|]A)) I]a]m)[gtow l tO+nDr'+TC DQEE :|

Then the complete Fourier analysis of primary aurrean be performed by using
equations 4.147 for fundamental frequency and 4fdathigher orders.

4.3.7.4. Example of Fourier analysis

For the two simulation examples given before, thsults of the analytical Fourier
analysis of the primary current for AC side, inducturrent and capacitor voltage for DC
side are shown in Fig. 4.26 and 4.27 at the fiangle of O degree and in Fig. 4.30 and 4.31
at the firing angle of 40 degrees.

The reducing harmonics from converters by 12-patseverter are shown in Fig. 4.32 to
4.37. The analytical Fourier analysis of the tatalveform confirms that the twelve pulse
converter gives harmonic currents of the followarder k-12 + 1 where k = 1, 2, 3...

Thus the characteristic harmonics from a twelves@uonverter are 11, 13, 23, 25... and
this connection has effectively eliminated the gidse harmonics. These harmonic current
have maximum theoretical magnitude which variesfa@ows, |, =1 /n. In fact the

magnitudes of the harmonic currents vary as a iomaif DC current as well as the firing

angle and the overlap angle of the converter.
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Fourier Analysis of Primary Current
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Fig. 4.32. Harmonics spectrum of primary currenttat 0° .
Figure 4.32. Spectre harmonique du courant prinpowe o =0°.

Fourier Analysis of Inductor current
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Fig. 4.33. Harmonics spectrum of inductor current & 0° .

Figure 4.33. Spectre harmonique du courant damduitance poua =0°.
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Fourier Analysis of Gapacitor Volage
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Fig. 4.34. Harmonics spectrum of capacitor voltage = 0°.

Figure 4.34. Spectre harmonique de la tension d&paaur o =0°.

Fourer Analysis of Primary Current
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Fig. 4.35. Harmonics spectrum of primary currenttat 40°.

Figure 4.35. Spectre harmonique du courant prinpowg o = 40°.
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Faourier Ahalysis of Inductor Gurrent
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Fig. 4.36. Harmonics spectrum of inductor current & 40°.

Figure 4.36. Spectre harmonique du courant damdudtance pouo = 40°.

Fourier Ahalysis of Capacitar Voltage
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Fig. 4.37. Harmonics spectrum of capacitor voltage = 40°.

Figure 4.37. Spectre harmonique de la tension d&paaur o = 40°.
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4.4. Conclusion

Multipulse converters are widely used in industigice they provide a simple and
effective method to reduce harmonics from the systeA new tool for studying the steady

state operation and the harmonics of the 12-pulsgearter has been developed.

The basic concept is based on the symmetry ofctajes of waveforms on the complex
plane. To develop a switched model of the 12-puatseverter, 24 of the different instance
models are needed to be developed where half ai #re for normal conductions and the
other half are for commutation processes. The dgeel model is in complex. There are only
two instance models needed by the symmetrical ptpp@ne of them is the model during
commutation and the other one is the model of nbeoaduction. These two models are
sufficient to provide a segment of the waveformd #me whole period waveforms can be

obtained by a rotational process.

The new model is developed in an exponential fofnstate equations. This form has
advantages in both accuracy and speed of simulafio@ model in this form can also give
results in analytical form, for example, a Fouaealysis of the waveforms, an average value,

a root mean square value, etc.

Since the goal is to study the steady state operatiumerical techniques based on the
Newton-Raphson method can be used to find theainiéctor and the sequences duration for
steady state operation. As a result, the simulaitioriransient state is skipped and the

simulation speed is increased.

In conclusion, the model presented in this chaigteot serving just as a tool for studying
the harmonics in the 12-pulse converter systemjtlalso demonstrates a good method that

can be adapted to another circuit which operataedgieally.
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Conclusion

The main company in charge of production and trassion of electricity in Thailand is
the EGAT (Electricity Generating Authority of Thaild). EGAT is a state company in charge
of production and transmission of electricity withihe country. EGAT has a production
capacity of about 28 000 MW for an annual productid 117 000 GWh. However, only 59
% of the production capacity comes from EGAT powknts. Others come from private

producers or foreign countries.

EGAT is also responsible for the transmission eteilcity. A 28 000 km network covers
the country with three voltage levels 500, 230 448 kV. The network is interconnected
with the neighboring countries. The main connediare with Laos (115 and 230 kV) and
Malaysia (115 and 132 kV, 300 kV in HVDC). A 500 BZ connection is in project
between Thailand and China.

The Thailand-Malaysia HVDC interconnection systemsvibegun in 1997. The 300/600
MW grid interconnection system allows both courstri@-directional control for the energy
exchange and improving their reliability. The systeas designed to be bipolar; however, in
the first stage it is a monopolar configurationhametallic return which can be extended into
the bipolar configuration later. The power converirit consists of two three-phase 6-pulse
converter bridges connected in series to form gule converter unit. The EGAT-TNB
thyristor converters have 48 thyristors connectederies in each valve. In the complete 12-
pulse converter, the number of thyristors is 5#tis power converter produces also harmonic

problems to the AC sides of the systems.

There are mainly three options for handling with trarmonic problems which are using
phase shifting transformers, passive filters, arttva filters. Passive filter is a simple method
to reduce harmonics from systems, but it suppressdg a tuned harmonic order, i.e.,

multiple passive filter are required for multipleder harmonic reduction.

Active filters are constructed from the power eleaic converters and energy storage

devices. The principle of the active filter is tengrate the inverse harmonic waveform to
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cancel the existing harmonic in the systems. Is tiesis, the prototype of a shunt active filter
has been developed. After connected the prototy@e & pulse converter with resistive load
which operates at 6 kW, it can reduce THID the converter from 29.5% to 3.2%. Active
filter is the effective method for harmonic redocti however, the capability of the switching

devices used in the converter prevents them tebd tn medium or high power systems.

Since shifting fundamental current fat/6 degree can cause some of their higher
harmonics shifted inversely, phase shifting tramsfrs is an interesting option for harmonic
mitigation in medium and high power systems. Thelve® pulse system is the selected

system in the Thailand-Malaysia HVDC interconnetiwoject.

To study, in particular, the harmonics generatedthfthe twelve pulse system, a method
to model in steady state multipulse converters Ibesn developed in this thesis. Using
symmetrical properties, one has shown that theystdidhe converter can be reduced to a
short period corresponding to two elementary carevesequences. The study leads to an
exact solution of the problem and gives the polfsiib incorporate the effect of both the
commutation process of the thyristors and the ioatie calculation of the harmonics which

significantly affects the characteristics of thetsyns.
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Annex 1

Example of calculation of a voltage drop

Let consider the example given on Fgl.1, where a motor starts 15 times per hour on a
low voltage network [19].

For a base value of 100 MVA of the system, oneaaaulate the per unit impedance of
the high voltage system in the form of power:
100

. _MVA . .
Z hiahy = base = j [3 =] [0.025 Al1l
pu(high) J MVA high J 4000 J ( )

The per unit impedance of the power transformer the form:

MVA ... R+ X
Ztrans(power) = . J (Al . 2)
MVA — [Z]
Zaponen™ e 00 B0 0,020 + 0,601 (AL3)
100 100 /1 +3¢
The per unit impedance of the feeder is:
MVA
feed = (kV)2 (A14)
100 :
Zfeed=EEﬂO.28+ j(0.34)= 0.023% [jJ 0.2€ (A1.5)

The per unit impedance of the distribution transfer is obtained from equation A1.2:

Ztrans(distr): 5 D’LOOD]--'-E:B
100 1 1+%

=0.981+ [1.90: (A1.6)
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High voltage system

4000 MVA
Power transformer
@ 132/11 kV, 60 % impedance on 100 MVA
X/R =30

Feeder 11 kV
Z=0.28+)0.34]

Distribution transformer
1000 kVA 11/0.433 kV, 5 % impedance
XIR=5

» PCC

Low voltage system
Z=0.03 +j0.05]

Other
loads

75 kW motor, electrical power when starting
8 kVA/kW, power factor when starting is 0.25
Starting number: 15 times/hour

Fig. A1.1. Motor connected on the main.

Figure Al.1. Schéma de connexion au réseau du moteu

The total per unit impedance at the point of commaupling from equations Al.1, A1.3,
Al.5 and Al1.6 is:

Z,=Zyuat Z Z et Z yansiass 1-232 +15.80¢ (AL.7)

trans(power-)+_

The short circuit power (fault level) at the powft common coupling is calculated by

equation Al.1. The absolute value of the per ungadance is in the form:

MVA
12| = W (A1.8)

So that the short circuit power is:
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MVA 100 =16.8MVA (A1.9)

< \/1 232 +5.808

The ratio of operating power of the motor to thersttircuit at the point of common

coupling is expressed as:

MVA 1 - BRVAIW FSKW _ ) 0357 (A1.10)
MVA_ 16.8MVA 1000

sc

The fluctuation causes by the motor is over 018, [therefore, the connection of the
motor into the system must pass the evaluatiorotthge fluctuation at the point of common

coupling according to Fig. 1.7.
The per unit impedance when starting the motor is:

_ 100MVA 1000
ot = 8kVA/KW 75 kW

[00.25+ [D.9682) = 41.667 £j161.31  (Al.11)

The per unit impedance of the low voltage systean be obtained from equation
(Al1.4):

100

pullow) = 0.433 ———[(0.03+]D.05) =16.001+] 26.6¢ (A1.12)

The total per unit impedance at the point of comrmaoupling of the low voltage system

Z,=Z .2

mot pu(low)

= 57.668+[1188.03 (A1.13)

The sum of the total per unit impedances at thetmé common coupling for the whole
system is:

Z. = Z+Z,=58.900+[1193.84 (Al1.14)

tot

The percentage of voltage while starting the matdhe point of common coupling is:

Z2 | 10095 =57:668 +188.035 o7 e (AL.15)

J58.906 +193.84%

Vv Z,

mot

tot
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So that the voltage change at the point of comoomupling is as follows:

% =100% -97.08% = 2.92¢ (A1.16)

In this case, from graph number 2 (Pst = 1.0)im E.7, the highest voltage change
which is acceptable at the rate of 15 times/hoeqisal to 4.2 %. Then, the obtained value of

2.9 % allows the motor to be connected to the syste

On the contrary, for example, an equipment coratet the system which causes the
highest voltage change of 2 % at the rate of 124ihmour, from graph number 2 (Pst = 1.0) in
Fig. 1.7, the highest voltage change which is a@dse at the rate of 12 times/hour is equal to
4.5 %.

Therefore, the ratio of the actual voltage chatogde highest voltage change at the rate

of 12 times/hour (tsource) and 15 times/hour"tzource) can be calculated as follows:

2
R,=—=0.44 AT
Y45 (A
and:
R, =292_ 69 (A1.18)
4.2

When R is the ratio of voltage change which generated fresources to the highest

voltage change according to the graph number 2oR40) in Fig. 1.7.

The value of “m” depends on the characteristic oftage fluctuation source. For
example, m=2 has to be used for electrical equipments whickeroftend to have

simultaneous operation [19].

From the guideline am= 2, the calculated value from equation A1.19 must lss le
than 1:

gRI+R] +..+ Rl < (A1.19)
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Therefore:

YJRI+RI+..+R =/ 0.44 +0.69 = 0. (A1.20)

As the obtained value is less than 1, the motorbeaconnected to the network.
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Annex 2

Calculation of the DC voltage of 6-pulse

converter

Let consider the commutation process for 3-pulseveder (Fig. A2.1).

Fig. A2.1. 3-pulse converter circuit, commutationgess.

Figure A2.1. Redresseur d'indice de pulsation &noméne de commutation.

If we consider the voltage under the form of:
v, :VB/EE;in(wt— (n- 1)[—7)'3Ej (A2.1)
wherenis the phase numbengl, 2, 3).

The commutation angle for phase 2 is defined frbmatngle%n+a (Fig. A2.2). On this

figure, a is the firing angle angh is the commutation duration (overlap angle).
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V2

N

+a §E+a+p
6

Ig . Iq

Fig. A2.2. Commutation process from phase 1 to @R2as

Figure A2.2. Commutation de la phase 1 sur la pBase

During the commutation process, as the currgeistdupposed to be constant:

201, d'tz =v,-v, (A2.2)

The DC voltage is defined as:

s 2n
3 5?*‘“?
VvV, =—10 v(wt)dowt
= j (a2)
6 ¢
z[+o(+p E[+o(+2—r[
6 + 6 3
-3 j VitV Geot+ j v, dot (A2.3)
2T | o5 2 n
?+ ?+a+p
i[+a+£[ E[+o(+p
6 3 6 _
=35 v, dwt+3Dj ViV gt
2 2m 2
Eﬂx ?ﬂx
the first term of this DC voltage being:
z[+o(+£[ 5—T[+(x+£-[ 2T[
6 3 6 3 ; _<n
;D v, dwt:%D J' VB/EBln(cot 3) dwt
T, i (A2.4)
=ﬂﬂ/mosa
21
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and the second:

51 51
——+0+U ?+0(+|1 .
Zimj "1—2"2 doot=23nm —Lc% doot
e, st t (A2.5)
_ 3L
21T

For a 6-pulse converter, these results have tabbld:

V, =V, Bosa - R [, (A2.6)
with:
Vo :%
n (A2.7)
R, =§El_cmo
Tt

3 5—6n+a+p
Va=-0 j v(wt)doot
TU
L.
i 51 51 ]
3 ?ﬂ} ?+0(+p +
== [ vdet+ [ 72 cot (A2.8)
2T | o, E
[ sn 5 ]
3 —Ha+U ?+a+p
Vv Vv
=—1[] J' v, dowt + j 2—1 dwt
2T | o, £

the first term of the DC voltage being:

- 185 -



51 51

E+o(+p —6+a+p
;D A dcotzz—g;[D J' VB/EE%incot ot
T %Tﬂxﬂi—z—; %T*'OHH_%T (A29)
= ﬁ [V [Gos(a +1)
21T

Then for a 6-pulse converter, the DC voltage caoliiained from:

V, =V, Bos(a +p)+ R O, (A2.10)
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Annex 3

Converter parameters for the simulation

examples
The parameters for the firing angte=0° and a =40° are shown in Tables A3.1 and
A3.2.
Symbol Descriptions Values
Vs Primary voltage (RMS) 220V
f Line frequency 50 Hz
k Transformer gain 2
L, Primary winding inductance 50 mH
R, Primary resistance 0.02Q
o® ando® Leakage constant 0.001
Lo L output 12 mH
r Parasitic resistance ok 0.2Q
Co C output 220 pF
Ro R output 10 Q
a Firing angle 0 deg

Table A3.1. Parameters for the firing angie=0°.

Table A3.1. Parametres pour I'angle d’amorcage0° .
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Values

Symbol Descriptions
Vs Primary voltage (RMS) 220V
f Line frequency 50 Hz
k Transformer gain 2
L, Primary winding inductance 50 mH
R, Primary resistance 0.02Q
o® ando® Leakage constant 0.001
Lo L output 12 mH
r Parasitic resistance ok 0.2Q
Co C output 220 pF
Ro R output 10 Q
a Firing angle 40 deg

Table A3.2. Parameters for the firing angle= 40°.

Table A3.2. Parametres pour I'angle d’amorcage40°.
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Résumé en frangais
Réseaux électriques et filtrage des harmoniquese em ceuvre et méthode d’étude

Cette these s’intéresse au probleme de la quaditéédergie électrique sous l'angle particulier des
harmoniques, leurs sources, leurs effets et lagisns permettant de les réduire. Deux solutiomd so
principalement considérées, les convertisseurdiadrde pulsation élevé et les filtres actifs.

Ce travail a été mené en faisant porter I'accentestéseau électrique thailandais. C’est ainsiigg!’
présentation de I'évolution de la facon dont I'éleité est produite, transportée et distribuée en
Thailande est effectuée avant de décrire les dotgsimposées sur les harmoniques.

Les différents systémes de liaison a courant cortaute tension (CCHT) actuellement installés dans
le monde sont rappelés avant de décrire en dé&aildifferents composants et le contrdle de |adiai
300-600 MW existant entre la Thailande et la Ma&aid\prés avoir ensuite présenté les différentes
solutions envisageables de réduction des harmosigumeexemple de réalisation, I'une des premieres
en Thailande utilisant un contréle numérique, ésaitlé afin d’illustrer les avantages de ce tyee d
solution.

La thése se termine sur la présentation d’'une rdétlooiginale de modélisation des convertisseurs a
indice de pulsation élevé. Cette modélisation remg une solution analytique exacte du probléme
d’état qui est considéré sur le plus petit intdevaermettant, en utilisant des propriétés de syepét
de reconstruire la période de fonctionnement dpadigif. Le modéle ainsi développé donne des
informations sur le fonctionnement du systéme dainis les domaines fréquentiel que temporel.

Mots clés
Réseau électrique thailandais, qualité de I'élgtdri filtrage actif, liaison CCHT, convertisseur m
pulse, modélisation

Résumé en anglais
Electrical networks and harmonics mitigation, dexahent and modelling method

The problem of quality of electrical energy is thain object of this thesis. This problem is consde
especially from the point of view of harmonics, sms, effects and solutions to reduce them. Two
main solutions are considered, multi-pulse converad active filters.

This work is developed with a particular emphasis the Thai electrical network. Then, the
production, transmission and distribution system etéctricity in Thailand and the harmonics
regulations are presented. The different types\@D# interconnection systems which are installed in
the world today are detailed before presenting 8®%/600 MW Thailand-Malaysia HVDC
interconnection.

After presenting the different possible solutionsavoid harmonics, a realized example, one of the
first one developed in Thailand with a numericattcol, is detailed to show the advantages of such a
solution.

The thesis ends on the presentation of an origim@delling method of multi-pulse converters. The
model is based on an exact analytical solutiommefstate problem which is considered on the smalles
interval, which can, by using property of symmetshuild the whole period. The result model gives
the full information on the operation of the whdlevice both in time and frequency domains.

Key words: Thai electrical network, power quality, active dilf HVDC link, m-pulse converter,
moddling.
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