Projet d'étude d’'un Régulateur MPPT
pour éoliennes en injection directe

Autheur : Association P'TIWATT

avec Philippe de Craene dcphilippe@yahoo.fr
et Dominique Boucherie ptiwatt@mailoo.org

Date : septembre — octobre 2018

Version 0.1

Un régulateur est un dispositif qui adapte I'énergie disponible d’un générateur d’électricité — un panneau
photovoltaique ou une éolienne — a une charge — une batterie ou un onduleur, un injecteur —

Il existe une multitude de régulateurs, mais peu sont spécifiques aux éoliennes domestiques, encore moins sont MPPT,
et quand ils le sont c’est pour charger une batterie. Or dans notre cas nous ne voulons pas de batterie, mais injecter
directement la puissance disponible sur le réseau électrique. En outre plusieurs questions sont posées et restent sans
réponse quant au mode de fonctionnement de ces régulateurs, que nous allons passer en revu ci-dessous. Enfin ces
appareils sont forts chers, alors qu’une fabrication artisanale s’avére aussi efficace et a moins de 30€.

Ce document décrit comment réaliser cet appareil en 3 étapes :

1- Réalisation d’une sécurité contre I'absence de charge en électronique analogique auto-alimentée,
2- Réalisation d’'un banc de mesure des tensions et courants avec les données sauvegardées sur carte SD,
3- Réalisation d’un régulateur MPPT.

A noter : la réalisation de ce programme a demandé plusieurs dizaines d’heures de développement, apprendre a utiliser
I’Arduino, comprendre son comportement, en cramer deux... apprendre son langage, faire des tests sur différents
composants, tester différents algorithmes, et imaginer tous les tests possibles pour fiabiliser au maximum l'appareil.
Toute contribution en vue de I'amélioration de I'appareil est la bienvenue ! Il vous est juste demandé de conserver mon
nom et mon email dans I'entéte du programme, et bien slr de partager avec moi cette amélioration. Merci.


mailto:dcphilippe@yahoo.fr
mailto:ptiwatt@mailoo.org
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Introduction a la régulation MPPT

Nous n’allons pas revenir en détail sur la théorie ou I'avantage de faire appel au
MPPT, tout est trés bien expliqué en Annexe A.

Quand nous sommes en possession d’une éolienne, parfois elle tourne vite, parfois
elle tourne peu, et parfois pas du tout. ET tout cela en un temps trés court, bien plus
court que le nuage qui va géner le soleil qui éclaire le panneau photovoltaique. Donc
on imagine qu’il faut un appareil de course pour courir et adapter le ratio
courant/tension afin d’obtenir la meilleure puissance possible avec ce qui est
disponible. Et en effet en lisant des articles sur les algorithmes MPPT, on tombe sur
des équations incroyables.

De plus, avec notre éolienne on nous fait presque peur du risque d’emballement de
celle-ci en cas de tempéte ou bien en cas de déconnection de la charge : I'absence de
courant supprime la force qui résiste a la rotation des pales, d’ou risque
d’emballement. Ce phénomeéne peut se produire notamment lorsqu’il se metay
avoir du vent, le temps que I'onduleur-injecteur se mette en état de fonctionnement
— soit plusieurs secondes, jusqu’a 5s pour le Winmaster 500 de MasterVolt —
I’éolienne n’est pas chargée. Il faut donc un dispositif de détection d’une tension au-
dela d’une valeur qui connecte une résistance de puissance au moins équivalente a la
puissance de I'éolienne. Ce dispositif est spécifique a I'éolienne et n’existe pas pour
le photovoltaique, ce qui limite a priori drastiquement le choix d’un régulateur.

Nous verrons par la suite que nous pouvons aisément mettre en place cette sécurité,
et un montage pratique sera proposé a cette fin, pour peu que I'on soit en
possessions d’'une « dump load resistor »

Bref, chez les professionnels, que nous est-il proposé comme régulateur éolien ?

Il'y a le régulateur Tristar de Morningstar, normalement prévu pour le
photovoltaique mais adaptable a I'éolien. Seulement voila il n’est pas MPPT. Ca veut dire quoi ? Ca veut dire que si la
tension disponible au niveau du générateur est inférieure a la tension de service de la charge, il n’y a pas transfert de
charge. Cette (faible) puissance est perdue.

Il'y a les régulateurs pour la navigation de plaisance.

Il'y a les régulateurs, souvent hybrides PV/éolien, disponibles sur le marché chinois — qui est le premier marché mondial
de I'éolien domestique.

Or ces régulateurs sont spécifiquement dédiés a la charge d’une batterie. Et sauf cas d’un site isolé il est désastreux au
niveau du rendement de faire appel a une batterie.

De plus quand on s’apercoit de la versatilité du vent, quelle est I'efficacité du régulateur s’il lui faut quelques centaines
de millisecondes — ou plus ! - pour s’initialiser ?

Le MPPT existe depuis les années 80, mais il y a un tel voile de mystére que méme Wikipédia
https://fr.wikipedia.org/wiki/Maximum power point tracker est d’'une désolante pauvreté.

Il existe une bonne douzaine d’algorithmes de calcul, mais aucun n’indique le choix retenu.

Parfois lorsqu’on a acces a quelques informations la surprise peut étre incroyable. Par exemple avec le montage ci-
dessous tout a fait paradoxal : si la tension de batterie est supérieure a la tension de PV, il ne se passe rien, I'énergie est
perdue ! A quoi sert le MPPT ?


https://fr.wikipedia.org/wiki/Maximum_power_point_tracker
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Cahier des charges et contraintes

Le régulateur devra répondre aux besoins suivants :

- S’adapter aux éoliennes de 24 a 48V,

- Ne pas utiliser les parameétres constructeurs propres au modele utilisé (a part les données de tension et
puissance).

- Le dimensionnement permet un courant de travail jusqu’a 30A.

- Pouvoir alimenter un injecteur réseau standard : tension d’entrée de 22V a 60V pour une éolienne 24V,

- Pouvoir de captation du MPPT ultra rapide pour s’adapter au mieux aux variations du vent,

- Tres faible consommation interne.

Choix de I'algorithme

Comme expliqué en Annexes, la courbe de puissance d’un panneau photovoltaique, comme pour une éolienne, n’est
pas linéaire, mais croit jusqu’a une valeur de tension, puis décroit. L’appareil doit étre capable de déterminer
I"'asymptote, et ce quelque soit la puissance disponible a I'instant t
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Nous voyons que le MPP (Maximum Power Point) B,
F et D different et expriment la non-linéarité du
générateur, comme montré par la courbe en
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Turbine speed parameétres mesurables
immédiatement — la tension, le courant, la vitesse de rotation (traduite par la fréquence du signal), les algorithmes les
plus communs sont le PO (Perturb & Observe) ou le INC (Incremental Conductance).
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Algorithme PO Algorithme INC

Ces deux algorithmes sont basés sur le principe d’incrémenter ou de décrémenter le rapport cyclique du convertisseur
de tension suivant le résultat de mesures qui est comparé au résultat des mesures précédent.

Nous imaginons que ce signal de commande du rapport cyclique « court » aprés le sommet de la courbe correspondant
au MPP, d’ou le terme HCS pour Hill Climbing Search.

Tel quel, avec un pas fixe, ces algorithmes présentes 3 inconvénients, cf annexe 2 :



Au niveau du MPP, le signal « passe son temps » a se décrémenter et a s’incrémenter pour chevaucher
continuellement le MPP : nous avons donc une petite perte de puissance, d’autant moindre que le pas sera
faible.

La vitesse pour atteindre le MPP lorsque le vent change est dépendant de la hauteur du pas : plus il est faible
plus il faudra de boucles d’incrémentation ou de décrémentation pour I'atteindre, et plus la durée de gestion du
changement sera importante.

En cas de brusque baisse de vent, la faible puissance disponible qui en résulta fait que I'algorithme peut

« perdre les pédales » et s’incrémenter jusqu’en butée alors qu’il devrait se décrémenter.

La proposition en annexe 3 permet de résoudre ces problemes :

Utilisation d’un pas variable en fonction du résultat des mesures : plus I’écart de données entre la mesure
actuelle et la mesure précédente est grand, plus le pas sera élevé. Atteindre le MPP est désormais bien plus
rapide. En outre au niveau du MPP le pas est réduit, ce qui évite la perte d’énergie quand le signal oscille autour
du MPP.

La mesure de la vitesse de rotation de I’hélice permet une mesure plus fine des variations que la mesure de la
puissance qui est le résultat de la mesure de la tension et du courant, et empéche ainsi la perte du MPP aux
faibles niveaux de puissance.

L’algorithme est donc le suivant :
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Liste des courses

Commun aux 3 parties du projet :

1- Un pont de diode de redressement triphasé, dont le courant est largement
surdimensionné a la puissance de I’éolienne, par exemple ce modele tient
150A : https://fr.aliexpress.com/item/1PC-MDS150A-3-Phase-Diode-Bridge-Rectifier-150A-Amp-1600V-Copper-150-
Celsius-80x40x33mm-Metal-Case/32827227402.htm|?spm=a2g0s.9042311.0.0.5e286c37aR2fHw

2- Larésistance de « Dump Load », adaptée a la puissance admissible

Pour la partie protection en circuit analogique :

1- 3 transistors NPN haute tension, par exemple des 25C4382 qui tiennent 200V et que I'on peut trouver ici :
https://fr.aliexpress.com/item/Free-shipping-10pcs-lot-25C4382-C4382-NPN-TO-220F-new-
original/32823025012.htm|?spm=a2g0s.9042311.0.0.27426c37fml1w1l

2- 1 Amplificateur Opérationnel de type UA741. Eviter les TLOxx qui ne peuvent suivre la demande en courant de
commande : https://fr.aliexpress.com/item/10PCS-LOT-UA741CN-UA741-741CN-741-DIP8-op-amp-compensation-
type/32808572254.html?spm=a2g0w.search0104.3.2.15de5c61MAI9rX&ws ab test=searchweb0 0,searchweb201
602 5 10065 10068 10843 5015215 10059 5015315 10696 100031 10084 10083 10103 451 10618 452 10
304 10307 10820 10821 5015915 5016015 10302,searchweb201603 16,ppcSwitch 5&algo expid=d7a65203-
3b97-4831-8477-a9f8fb381be0-0&algo pvid=d7a65203-3b97-4831-8477-
a9f8fb381be0&transAbTest=ae803 2&priceBeautifyAB=0

3- 2 transistors de puissance C-MOS, par exemple le IRFB4110 qui tient 100V 180A
pour 370W de dissipation, ou encore des IRFP4227 qui tiennent 200V et sont
spécialisés a la commutation.

4- Une plaquette de montage a bandes de cuivre et perforée :
https://fr.aliexpress.com/item/5-Pcs-6-5x14-5-cm-Stripboard-Veroboard-Uncut-
PCB-Platine-Seul-C-t-Circuit- I
Conseil/32844204108.html?spm=a2g0s.13010208.99999999.259.4bf23c00bUTsM4

5- 2zeners 15V, 1 zener 4,7V, 1 condensateur électrochimique de tension de service de 200V, 2 condensateurs entre
10 et 22uF, quelques résistances, support de circuit intégré 8 broches, etc...

Pour la partie acquisition de données :

1- Un arduino Uno R3 : https://fr.aliexpress.com/item/One-set-New-2016-UNO-R3-ATmega328P-CH340G-MicroUSB-
Compatible-for-Arduino-UNO-Rev-3-0/32696412561.html|?spm=a2g0s.9042311.0.0.27426c37rrsgNO

2- Une carte d’extension : https://fr.aliexpress.com/item/Free-Shipping-UNO-Proto-Shield-prototype-expansion-
board-with-SYB-170-mini-bread-board-based-For/32502867722.htmI?spm=a2g0s.9042311.0.0.27426c37rrsgNO
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https://fr.aliexpress.com/item/5-Pcs-6-5x14-5-cm-Stripboard-Veroboard-Uncut-PCB-Platine-Seul-C-t-Circuit-Conseil/32844204108.html?spm=a2g0s.13010208.99999999.259.4bf23c00bUTsM4
https://fr.aliexpress.com/item/5-Pcs-6-5x14-5-cm-Stripboard-Veroboard-Uncut-PCB-Platine-Seul-C-t-Circuit-Conseil/32844204108.html?spm=a2g0s.13010208.99999999.259.4bf23c00bUTsM4
https://fr.aliexpress.com/item/5-Pcs-6-5x14-5-cm-Stripboard-Veroboard-Uncut-PCB-Platine-Seul-C-t-Circuit-Conseil/32844204108.html?spm=a2g0s.13010208.99999999.259.4bf23c00bUTsM4
https://fr.aliexpress.com/item/One-set-New-2016-UNO-R3-ATmega328P-CH340G-MicroUSB-Compatible-for-Arduino-UNO-Rev-3-0/32696412561.html?spm=a2g0s.9042311.0.0.27426c37rrsgNO
https://fr.aliexpress.com/item/One-set-New-2016-UNO-R3-ATmega328P-CH340G-MicroUSB-Compatible-for-Arduino-UNO-Rev-3-0/32696412561.html?spm=a2g0s.9042311.0.0.27426c37rrsgNO
https://fr.aliexpress.com/item/Free-Shipping-UNO-Proto-Shield-prototype-expansion-board-with-SYB-170-mini-bread-board-based-For/32502867722.html?spm=a2g0s.9042311.0.0.27426c37rrsgNO
https://fr.aliexpress.com/item/Free-Shipping-UNO-Proto-Shield-prototype-expansion-board-with-SYB-170-mini-bread-board-based-For/32502867722.html?spm=a2g0s.9042311.0.0.27426c37rrsgNO

En plus pour la partie régulateur MPPT :
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Un capteur de courant a base de I’ ACS712, il en existe 3 modeéles : 5A, 20A et
30A. Le choix se portera sur le modele 20A si I’éolienne ne peut pas fournir

plus : https://fr.aliexpress.com/item/WAVGAT-Hot-Sale-ACS712-20A-Range-
Hall-Current-Sensor-Module-ACS712-Module-For-Arduino-
20A/32827933262.htmI?spm=a2g0s.13010208.99999999.258.16fd3c00mx02AD

Un capteur de courant alternatif sensible : https://fr.aliexpress.com/item/Free-
shipping-0-30A-sensor-split-core-current-transformer-
SCT006/32579590465.htm|?spm=a2g0s.9042311.0.0.27426¢37zd6RIJS
Le capteur de courant est une sorte de mini transformateur ne comportant qu’un
secondaire qui doit étre chargé sur une résistance (dite de Burden) de I'ordre de
100Q. Inutile d’augmenter la valeur de cette résistance pour tenter d’obtenir un
meilleur taux de transformation, ¢a sature trés vite ces petits capteurs.
Ce modeéle possede sa propre résistance de Burden :
https://fr.aliexpress.com/item/5A-Range-of-Single-Phase-AC-Current-Sensor-Module-for-Arduino-Free-
Shipping/32713284483.html?spm=a2g0s.9042311.0.0.27426c37TNdWoA

Un afficheur LCD 1602 avec 12C : https://fr.aliexpress.com/item/1602-LCD-Module-
Bleu-Jaune-Vert-cran-avec-11C-12C-16x2-LCD-R-tro-clairage-
Module/32891917063.htmI?spm=a2g0s.9042311.0.0.458d6c37pXdlJP

Un module de lecteur de carte SD pour le cas ou vous souhaitez conserver les
données de mesure et vérifier le fonctionnement et le rendement du montage :
https://fr.aliexpress.com/item/New-Data-Module-Logging-Shield-SD-Card-
Data-Recorder-Shield-V1-0-UNO-SD-Card-
Hot/32815793580.htmI?spm=a2g0s.9042311.0.0.27426c377SIMdS

Quelques zeners 4,7V, résistances, condensateurs dont les valeurs sont
données dans le circuit électrique...

Une alimentation 5V pour I’Arduino, c’est-a-dire un chargeur de téléphone .
portable de récupération, du cable Dupont (bof bof c’est plein de mauvais contacts, rien de vaut mieux que la
soudure), une toute petite poignée de composants électriques dont la liste est un peu plus bas.

Une jolie boite pour intégrer durablement le montage
(c’est d’ailleurs I’élément le trés loin le plus cher)



https://fr.aliexpress.com/item/Free-shipping-0-30A-sensor-split-core-current-transformer-SCT006/32579590465.html?spm=a2g0s.9042311.0.0.27426c37zd6RJS
https://fr.aliexpress.com/item/Free-shipping-0-30A-sensor-split-core-current-transformer-SCT006/32579590465.html?spm=a2g0s.9042311.0.0.27426c37zd6RJS
https://fr.aliexpress.com/item/Free-shipping-0-30A-sensor-split-core-current-transformer-SCT006/32579590465.html?spm=a2g0s.9042311.0.0.27426c37zd6RJS
https://fr.aliexpress.com/item/5A-Range-of-Single-Phase-AC-Current-Sensor-Module-for-Arduino-Free-Shipping/32713284483.html?spm=a2g0s.9042311.0.0.27426c37TNdWoA
https://fr.aliexpress.com/item/5A-Range-of-Single-Phase-AC-Current-Sensor-Module-for-Arduino-Free-Shipping/32713284483.html?spm=a2g0s.9042311.0.0.27426c37TNdWoA
https://fr.aliexpress.com/item/1602-LCD-Module-Bleu-Jaune-Vert-cran-avec-IIC-I2C-16x2-LCD-R-tro-clairage-Module/32891917063.html?spm=a2g0s.9042311.0.0.458d6c37pXdIJP
https://fr.aliexpress.com/item/1602-LCD-Module-Bleu-Jaune-Vert-cran-avec-IIC-I2C-16x2-LCD-R-tro-clairage-Module/32891917063.html?spm=a2g0s.9042311.0.0.458d6c37pXdIJP
https://fr.aliexpress.com/item/1602-LCD-Module-Bleu-Jaune-Vert-cran-avec-IIC-I2C-16x2-LCD-R-tro-clairage-Module/32891917063.html?spm=a2g0s.9042311.0.0.458d6c37pXdIJP
https://fr.aliexpress.com/item/New-Data-Module-Logging-Shield-SD-Card-Data-Recorder-Shield-V1-0-UNO-SD-Card-Hot/32815793580.html?spm=a2g0s.9042311.0.0.27426c377SIMdS
https://fr.aliexpress.com/item/New-Data-Module-Logging-Shield-SD-Card-Data-Recorder-Shield-V1-0-UNO-SD-Card-Hot/32815793580.html?spm=a2g0s.9042311.0.0.27426c377SIMdS
https://fr.aliexpress.com/item/New-Data-Module-Logging-Shield-SD-Card-Data-Recorder-Shield-V1-0-UNO-SD-Card-Hot/32815793580.html?spm=a2g0s.9042311.0.0.27426c377SIMdS

Circuit électrique autour de la protection analogique :

Sur certains sites cet appareil est nommé un régulateur. En fait il n’a de régulateur que le fait que sa présence empéche
I’emballement de I’éolienne et ainsi sa détérioration. Cet emballement n’étant possible qu’en absence de charge, la
tension va grimper au-dela de la valeur usuelle de fonctionnement. Le dispositif de sécurité va donc connecter une
charge résistive lorsque la tension générée dépasse le double de la tension de service : une cinquantaine de volt pour
une éolienne de 24V, une centaine de volt pour la version 48V.

Aussi au lieu de parler de régulation il est plus judicieux de parler de sécurité, a I'image du fusible qui protége une
installation électrique des courts-circuits, la sécurité connecte automatiquement une charge qui transforme en Joules la
surtension. Cette charge est appelée résistance de Dump Load, sa taille dépend de la puissance qu’elle doit pouvoir
absorber —au moins égale a la puissance nominale de I’éolienne — et dont la valeur ohmique dépend de la tension
nominale, par la formule R= U?/P (R en ohms, U en Volts, P en Watt).

Pour une éolienne de 350W sous 24V, nous avons R=1,5 ohms

Il se raconte également sur un certain forum que cette sécurité n’est pas nécessaire sur les éoliennes Piggott, puisque la
construction du safran permet la mise en drapeau de I’'hélice, c’est-a-dire que celle-ci se place a la quasi perpendiculaire
du sens du vent, ce qui empécherait son emballement. C’'est une idée fausse et tres dangereuse pour ceux qui la
suivraient : en effet le safran reste dans le sens du vent, c’est la force du vent qui « pousse » |I’hélice jusqu’a ce qu’elle
pivote pour offrir moins de prise au vent. Or pour que le vent puisse pousser I’'hélice, il faut bien que celle-ci offre une
résistance. Or pour offrir une résistance elle doit étre chargée. En roue libre la résistance n’est rien d’autre que les
pertes de I'axe de rotation, elle peut tourner a une vitesse vertigineuse sans jamais se placer autrement que face au
vent.

Montage comparateur

vers |'éolienne

vers le régulateur
ou I'onduleur

!! 22uF 50\-"!
) ;
Dump
R1
T [] /A ‘Load
Rx

Calcul de R1: - 620R
pour Vref=15Y, c1 1=0.7/Rx
R1={10%Ve - 150)/15 5 \
soit ==

R1= 24K pour Ve#50V R7
R1= 33K pour Vet#c0V D2 180K R4

R1=56K pour Ve#100V 15V |
- . el -
R1=6BK pour Ve#l120V 03 ! 10K 2 /

T4




Le montage comparateur est construit autour de I'ampli opérationnel uA741 ou LM741, un grand classique (des années
70 et toujours fabriqué !) qui offre I'avantage de fonctionner sous des tensions de I'ordre de 2x20V et fournir un courant
de sortie d’une dizaine de milliampere, ce qui est suffisant pour commander les 2 MOSFET de puissance T4 montés en
paralléle. La zéner D4 soustrait la tension résiduelle en sortie d’AOP au niveau bas, afin de garantir OV sur la grille de T4
quand ce dernier doit étre au repos (T4 en état bloqué).

L’alimentation de 'AOP est confiée a 2 zéners de 15V a travers le balastre T3, ces 2 zéners elles-mémes alimentées par
un générateur de courant construit autour de T1 et T2. Cette configuration offre I'avantage d’un courant constant quel
gue soit la tension disponible fournie par I’éolienne, a partir du moment ou cette tension est supérieure a 30V. De plus
la consommation globale du montage n’est méme pas 1 Watt.

Le diviseur de tension autour de R1 et R2 fournie une mesure proportionnelle a la tension disponible, elle est comparée
a la tension de référence de 15V — aux bornes de la zéner D3 —; dés que la tension en R2 dépasse 15V, I’AOP bascule et
T4 devient passant (T4 en état saturé). R3 offre une hystérésis de quelques volts pour éviter les oscillations autour du
point de bascule de changement d’état, ce qui surchaufferait inutilement le MOSFET.

Les valeurs de R1 sont données pour 2 cas possibles :
Cas éolienne de 24V => tension maxi de 50V => R1 = 24K

Cas éolienne de 48V => tension maxi de 100V => R1 = 56K

Implantation des composants
A partir d’'une plaquette a bandes de cuivres, I'implantation proposée est la suivante :

Pour des soucis de visibilité, les pistes sont en jaunes, ou en rouge qui correspond a 'arrivée électrique, en rose
I'alimentation du circuit intégré, en bleu la masse.
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"-Vin' Dump Load
S T4 D G
I-1 a [+]
| | | | | |
X R6 X
| |
X RO X
| |
B T1 C E
| |
|< D1 <
E T2 C B | < D4 ZENER
| | | | | |
X RX X X R5 X
B T3 C E X R1 X
| | | | | |
X c3 X
| |
X R3 X
8 7 6 5
X R7 X 741
| |
I< D2 ZENER
1 2 3 4
| | | |
X R4 X X R2 X
> D3 ZENER >|

Attention ! Vue c6té composants
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Montage et illustration
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Recto Verso
Il faut juste étre méticuleux et aimer le jeu des 7 erreurs pour réaliser ce montage.

Une attention particuliére sera portée au sens des 3 transistors, chacun est inversé de son voisin. Attention aussi au
sens des diodes, et des condensateurs chimiques.

Quelques remarques :
Ne disposant pas de plaquette a bandes, ce sont les queues des composants qui ont servi de pistes.

Et puis la plaquette n’était pas assez longue, du coup au lieu de placer I’AOP dans la continuité de I’émetteur du
transistor T3, celui-ci est mis sur le c6té avec un strap non prévu au départ pour son alimentation électrique (broche 7).

A noter que sur cette illustration R1 est composé de 2 résistances de 27K en série, dont I'une peut étre court-circuitée
par un petit inverseur : ainsi ce montage est utilisable pour toute éolienne en 24V ou 48V.

Enfin je ne suis pas du tout fan des contacts a vis lorsqu’il y a des amperes qui circulent. Ce montage ayant vocation
d’étre mis dans une boite, je n’ai pas I'intention de I'ouvrir pour y vérifier le serrage des vis ! Alors les contacts sont
soudés et le probleme du vieillissement est résolu.

ATTENTION : Sur les photos il n’y a pas R7, qui a été rajouté apres la mise en place définitive du montage. R7 assure une
meilleure stabilité du montage, lorsque I'éolienne démarre la tension monte, cependant I’AOP se met a fonctionner
avant I'atteinte des 30V, et dans ce cas il faut s’assurer que la tension de référence du comparateur aux bornes de la
zéner D3 atteigne sa valeur en premier, au risque que la sécurité se déclenche aux faibles tensions. Cette résistance
assure un courant dans D3 méme lorsque D2 est bloquée faute d’une tension suffisante.
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Test de fonctionnement

Pour tester le montage, il faut disposer d’une alimentation capable de fournir une tension sinusoidale ou continue
pouvant monter jusqu’a 60V pour une éolienne 24V et 120V pour une éolienne de 48V.

On commence par tester le montage sans I’AOP ni la résistance de Dump Load : il s’agit de vérifier qu’il y a bien 30V en
broche 7, 15V en broche 2, et quelque chose proportionnelle a I’alimentation en broche 3.

Lors des essais la résistance de Dump Load sera remplacée par une résistance adaptée a la puissance de I'alimentation,
dans notre exemple il s’agit d’une résistance de puissance de 3K.
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A gauche : La tension disponible est en dessous du seuil,
la tension mesurée au niveau de la Dump Load vaut zéro.

Ci-dessous a gauche : cas du montage pour éolienne 24V.
On monte progressivement la tension d’alimentation,
vers 55V la sécurité se déclenche.

Ci-dessous a droite : cas du montage pour éolienne 48V.
La tension de sécurité est de 99V.

CHAUVIN ARNOUX

Mise en place définitive
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Circuit électrique autour du banc de mesures :

Le banc de mesure va collecter les informations suivantes :
Si I’éolienne tourne, et dans ce cas a intervalles réguliers :

e Date et I'heure,

e Vitesse de rotation Fprimaire
e Tension délivrée au pont de diode Vprimaire
e Courant délivré au pont de diode Iprimaire
e Courantinjecté sur le réseau Isortie

On suppose que la tension du réseau est stable a 230V.
Vprimaire * Iprimare = Pprimaire
230 * Isortie = Psortie

D’ou calcul du rendement Psortie/Pprimaire, mesure de la courbe Iprimaire et Vprimaire en fonction de la vitesse de
rotation, mesure du temps de recherche du MPPT du régulateur/injecteur, etc....

Mesure de la tension, des courants et de la fréquence

vers |'éolienne
capteur de courant sur un
des 3 fils

Régulateur /
injecteur réseau

Boucle mesure de
courant alternatif
pour

Mesure de puissance
disponible

Calcul de R1:

pour Vin=5Vmaxi et R2=10K,
Mesure du courant R1={10*Vp - 50}/5

sait

R1= 91K pour 50V

R1= 180K pour 100V

Rburde
100R

o
bt Mesure de
la tension

Entrées Arduino :
AQ = Vprimaire
Al = Isortie
A2 = Fprimaire
A3 = Iprimaire

Le capteur de vitesse de rotation de I’hélice est construit autour de R3, D2 et D5. Le signal alternatif est récupéré sur
I'une des 3 entrées du pont de diode. Entre chacune de ces 3 entrées le signal est sinusoidal, mais par rapport a la
masse le signal n’est plus que la demie-alternance positive. R3 limite le courant a moins de 5 milliampeéres, D5 sécurise
gu’il n’y est aucun signal négatif et crée par la méme occasion un offset a 4,7V, car ¢a ne sert pas a grand-chose
d’effectuer des relevés de mesure quand I’hélice tourne si doucement qu’aucun courant récupérable n’est produit.
Enfin D2 limite le signal a 4,7V compatible avec I’Arduino. Pour les tests du circuit le capteur est branché sur I'entrée
analogique A2 pour vérifier 'amplitude du signal, et I'entrée numérique 3 pour calculer la fréquence.

Le capteur de tension primaire est un simple pont diviseur construit autour de R1 et R2. La mesure s’effectue aux
bornes de R2, la tension recueillie est V = Vprimaire * R2 / (R1+R2). D1 est une sécurité qui protége I’Arduino en cas de
surtension.
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Le capteur de courant primaire est constitué du module ACS712, qui fournit une tension de mesure comprise entre 0 et
5V, et proportionnelle au courant qui le traverse.

Le capteur de courant d’injection est constitué d’un capteur a effet Hall, c’est une sorte de bobinage traversé par le fil
dont on veut effectuer la mesure. Cette méthode préserve de manipuler la haute tension du secteur...

Pour fonctionner correctement ce bobinage doit étre connecté a une résistance de Burden, qui peut étre dans le
capteur lui-méme. Aux bornes de cette résistance il y aura une tension (alternative) proportionnelle au courant
alternatif parcouru dans le fil. Pour ramener cette tension tantot négative tantot positive sur une fourchette de 0 a 5V,
un coté de Rburden est branché au pont diviseur R4 et R5 ou le potentiel vaut 2,5V. C1 découple le pont diviseur pour
éliminer tout résidu alternatif. 2 zéners téte-béche de 4,7V aux bornes de Rburden limitent I'amplitude de la tension a
5V.

Quelques photos du circuit autour des capteurs

Comme déja fait pour le montage de sécurité étudié précédemment, R1 est composée de 2 résistance en série de 91K
avec un interrupteur miniature permettant le shunt de I'une des 2. Cette configuration permet les essais aussi bien sur
des éoliennes de 24V que de 48V.

S 00000 [T RuEs
L0 0 00000 00 G 3

'0 b.r.“":
‘( r,,,‘-.y-"‘,

'd mJectforjﬁ
@'O@@ﬁh

Q Y 0 capteur de t.éhélon
(_;_T J W r) prlmalre
*00000000OQ &

vers ACS712 capteur
4 de courant primaire

i 1

16



O s
,y '

e

,;”J-’jﬂ'-\p".,-‘,,’___ .

OOQO"’."}"{‘,’fr.g-,

.

1910100100100 000000k
" ‘L, rialvinlo'FIEIEIS
! |

00
4000GCO0
00

OOOO(, Moqtl)UO Od
) OR* C Coooooooooo<
PO ~ 00<C ™ 2 “C= o (
OO 'DOOO 3 ’0.“.‘9 &

9600000000
lo

90000

Pd} 5\@4»ﬂaq

’/tlal

4

5V

OOO‘OOQ !* P 4’",43 (1@ & & ,‘".,
i ”'e- @0 O
(..) G L (0 ) ) | ) l‘ N Y. GND / OV

ol IDXe ();u&
Ot’ ‘()fj)() r,\-\\u/./’ ' R1R2D1

()()f)()’ﬂ)’;')"
()()f)()(Jf)()uw(

R4 R5 Rburd !

CHONON O O« '/} ClD3
@00 0% 50 e &
(k)()(.)()‘«)()’) ';\

f) )(‘)()()(,(,r'

)()r)( )(//\(/’m\{mwm

@, )’) L-

-\()(J(J ‘ II\J__,/I" Y AT ACAY, ,'m
)f) I0QQQO00 , e

Liste des lettres :
A- Vers une des 3 phases de I'éolienne pour mesure de la fréquence du signal alternatif,
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B- Vers A2 et 3 pour mesure de la vitesse de rotation de I'éolienne Fprimaire,

C- Vers Al + Sonde de courant alternatif de mesure du courant d’injection Isortie,
D- Vers sonde de courant alternatif de mesure du courant d’injection,

E- Versle pdle + du pont de diode pour mesure de la tension primaire,

F- Vers AO pour mesure de la tension Vprimaire

G- (=broche A3) Vers module ACS712 pour mesure du courant primaire Iprimaire.

Premier test de mesures des capteurs

1- Sans enficher la carte d’extension dans I’Arduino, brancher I’Arduino sur le port USB du PC
2- Si ce n’est déja fait, Installer I'interface de programmation, le programme est téléchargeable ici :
https://www.arduino.cc/en/Main/OldSoftwareReleases

3- On installe les drivers pour I'arduino UNO : http://283.mytrademe.info/ch340.html|

4- On lance le programme Arduino :

1- Menu outils-> type de carte-> UNO

2- Menu outils-> PORT-> ComX ou X représente le port sur lequel est installé votre arduino.
3- On efface ce qu’il y a dans la fenétre d’édition

4- Ony colle le code ci-dessous :

// minMaxAndRangeChecker

// A simple tool to investigate the ADC values that are seen at the

// first four analogue inputs of an Atmega chip, as used on an emonTx

;; Robin Emley (calypso_rae on the Open Energy Monitor forum)

;; 20th April 2013

//

int val_a0, val_al, val_a2, val_a3;
int minval_a0, minval_al, minval_a2, minval_a3;
int maxval_a0, maxval_al, maxval_a2, maxval_a3;

int loopCount = 0;
unsigned long timeAtLastDisplay = O;
byte displayLineCounter = 0;

void setup(void) {
Serial.begin(9600);
Serial.print("ready ...");
delay(700);
Serial.println Q;
Serial.println(" The Min, Max and Range ADC values for analog inputs 0 to 3:");

}
void Toop(void) {

val_a0 = analogRead(0);
val_al = analogRead(l);
val_a2 = analogRead(2);
val_a3 = analogRead(3);
if (val_a0 < minval_a0) { minval_a0 = val_a0;}
if (val_a0 > maxval_a0) { maxval_a0 = val_a0;}
if (val_al < minval_al) { minval_al = val_al;}
if (val_al > maxval_al) { maxval_al = val_al;}
if (val_a2 < minval_a2) { minval_a2 = val_a2;}
if (val_a2 > maxval_a2) { maxval_a2 = val_a2;}
if (val_a3 < minval_a3) { minval_a3 = val_a3;}
if (val_a3 > maxval_a3) { maxval_a3 = val_a3;}

unsigned Tong timeNow = millisQ);

if ((timeNow - timeAtLastDisplay) >= 3000) {
timeAtLastDisplay = timeNow;
displayval(minval_a0);
displayval(maxval_a0);
displayval(maxval_a0 - minval_a0);
Serial.print("; ");

displayval(minval_al);
displayval(maxval_al);
displayval(maxval_al - minval_al);
Serial.print("; ");

displayval(minval_a2);
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displayval(maxval_a2);
displayval (maxva1 a2 - minval_a2);

Serial.print("; ");

displayval(minval_a3);
displayval(maxval_a3);
displayval(maxval_a3 - minval_a3);
Serial.printlnQ);

resetMinAndMaxvalues();
displayLineCounter++;

if (displayLineCounter >= 5) {
Serial.printin(Q);
displayLineCounter = 0;
deTay(2000); // to aﬂow time for data to be accessed

}
}

void resetMinAndMaxvalues() {
minval_a0 = 1023, minval_al = 1023, minval_a2 = 1023, minval_a3 = 1023;
maxval_a0 = 0, maxval_al = 0, maxval_a2 = 0, maxval a3 0;

}
void displayval(int intval){
char strval[4];
byte Tenofstrval;
itoa(intval, strval, 10); // decimal conversion to string
Tenofstrval = strlen(strval); // determine Tength of string

for (int i = 0; i < (4 - Tenofstrval); i++) {
serial.print(' ');

Serial.print(strval);

}

5- Enregistrer ce programme sur le PC sous le nom de testminmax.ino par exemple.

6- Puis : Menu croquis -> téléverser.

7- Ouvrir le moniteur série : Menu outils -> moniteur série : une autre fenétre s’ouvre. Régler le débit (baud rate a

9600 si ce n’est pas le réglage par défaut)

Nous devons obtenir les résultats suivants : The Min, Max and BRange ADC wvalues for analog inputs 0 to 3:

0 340 340; 0 334 334; 0 328 32&; 0 318 318
Les entrées sont en I'air, c’est proche de zéro & e o oe2 e °osE s o oss el
) o ’ P 68  @8; 0 &2 &z2; 0 &0 &0; 0 &8 &8
mais pas tout a fait. 0 &8 e8; 0 &4 &4; 0 &0 &0; o 70 70
8- Débrancher la carte Arduino, insérer la carte d’extension sans brancher les capteurs.
9- Rebrancher la carte Arduino, et réouvrir le moniteur série.
Nous devons obtenir les résultats suivants : The Min, Max and Bange ADC walues for analog inputs 0 to 3:
o 0 0; 0 513 513; 0 102 102; 0 511 511;
La premiére ligne n’est pas significative, il faut o2 2y 508514 5 55 145 307 508 514 &
. o 2 2; 50% 514 5; 55 145 9S0; 507 515 &;
laisser le temps au programme d’effectuer les == wuee - wE e =eh e
o 2 2; 508 514  &; 55 145 30; 508 515 7;

calculs apres initialisation des variables.
Les entrées analogiques passent par un convertisseur numérique qui fournit 0 a 1024 bits pour une valeur lue de 0 a 5V.
A vérifier : AO = 0 avec un bruit de I'ordre de 2 bits, A1 = 512 (soit 2,5V ce qui correspond au 5V divisé par R4 et R5) avec
un bruit de 6 bits, A2 est branché sur une diode sans courant, c’est comme si elle n’était pas connectée, et enfin A3
donne 512 (soit 2,5V délivrée par I’ACS712) avec un bruit de 6 bits. Décidément ces CAN ont une mauvaise précision a
bas niveau, ce qui ne nous arrange pas pour les mesures de petites puissances.

10- Brancher les capteurs :

Nous pouvons fabriquer un environnement d’essais a partir d’'une alimentation expérimentale avec un transformateur
230V/20V suivi d’'un pont de diode, d’un condensateur de filtrage — ce qui permet d’avoir une tension continue et non
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pas une succession de demie-alternances positives - et une charge constituée de 2 ampoules halogénes 12V/20W
branchées en série. Ainsi nous avons des grandeurs continue et alternatives pour effectuer les essais.

A

a

% J
ﬁ‘ 4V AC
.“0 ,"

The Min, Max and Range ADC values for analog inputs 0 to 3: +ms +H=

Nous obtenons le résultat suivant 0 594 554; 0 251 351; 0 874 874; 0 545 545; 19.74 50.&86
sur la console : 570 627 §7; 850 €73 323; 0 878 B78; 539 545 10; 19.73 50.&7
571 &28 57; 249 £72 323; 0 878 B78; 539 545 10; 19.73 50.63
571 &28 57; 249 £73 324; 0 878 B78; 539 545 10; 19.73 50.&8

Les mesures au multimétre donnent les informations : Vac = 24V / 50Hz, Vprimaire = 29,7V, Isortie = 2,55A

e AOindique 571 a 628, un tel delta est d( a I'ondulation du signal. Une mesure charge débranchée (sans les
ampoules halogénes) donne 636 a 642 pour 34V.

e Al indique Isortie, qui oscille de 349 a 673, c’est normal puisque le courant est alternatif, la grandeur a mesurer est
le delta 324.

e A2 indique Fpri, la mesure est une oscillation qui va de 0 a 878.

e A3indique lpri, la sortie de 'ACS712 va de 539 a 549, par rapport a 512. L’écart de 10 est lié a I'ondulation résiduelle
en plus du bruit.

Vous obtenez grosso-modo les mémes résultats ? Alors on continue.

Passer des bits a des valeurs normalisées

Vpri : il suffit d’appliquer une régle de 3. Si « 639 » (moyenne de 636 a 642) indique 34V, il y a donc 18,8 bits par volt.
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Ipri : le module ACS712 envoie « 512 » pour 0A, « 0 » pour -20A et « 1023 » pour +20A. Déja on remarquera que si la
mesure est négative il suffit d’inverser le sens de la sonde. Il s’agit donc de convertir les bits en tension, puis d’appliquer
la conversion courant/tension suivante :

- Module ACS712 de 5A => 185mV/A
- Module ACS712 de 20A => 100mV/A
- Module ACS712 de 30A => 66mV/A

Fpri : I'instruction pulseln(pin, HIGH) permet de calculer le nombre de microseconde entre 2 instants ou le signal est
a I'état haut. De méme pulseln(pin, Low) fait la méme chose pour |'état bas. La somme de ces 2 mesures de temps
donne la période du signal. Cette instruction ne fonctionne que sur une entrée numérique, d’ou le choix de I'entrée 3.

Isor : Il est plus compliqué de mesurer un courant ou une tension alternative, parce que justement elle n’est pas
statique. Un procédé consiste a prendre un échantillonnage de mesures sur un temps donné, de déterminer la valeur
min et max, et d’en tirer la valeur efficace. Il est possible de réaliser cette programmation qui est la base de
fonctionnement de testminmax.ino. Cependant il existe une librairie qui fait le job : EmonLib.h

A voir ici : https://learn.openenergymonitor.org/electricity-monitoring/ctac/how-to-build-an-arduino-energy-monitor

Utiliser un afficheur LCD 1602

A terme les données seront stockées sur une carte SD, néanmoins il est intéressant d’avoir une vue globale que les
mesures sans nécessiter le branchement d’un PC sur le port USB et d’ouvrir le moniteur série.

Nous allons utiliser I'afficheur le plus classique qui soit : le LCD 1602 pour 16 caracteres sur 2 lignes, avec |'extension 12C
qui réduit considérablement la complexité du montage qui se résume a 2 fils de data. Toutes les infos sont décrites |a :
https://andrologiciels.wordpress.com/arduino/lcd/lcd-1602-i2¢c/

La bibliotheque est ici : https://app.box.com/s/czde88f5b9vpulhf8z56

Attention ! L'installation de la bibliothéque met a disposition une nouvelle bibliotheque LiquidChrystal.h ; il faut donc
absolument supprimer — ou renommer — tous les fichiers de méme nom : LiquidCrystal.h et LiquidCrystal.cpp, qui se
trouvent quelque part sous le répertoire C:\Program Files (x86)\Arduino\librairies. Heureusement il n’y a rien de
destructifs, les nouvelles librairies apportant les fonctionnalités compatibles avec les LCD classiques.

Programme initial de banc de test

1- Télécharger la librairie emonlLib.h : https://github.com/openenergymonitor/EmonLib/archive/master.zip

2- Télécharger la librairie LiquidCrystal_I12C.h : https://app.box.com/s/czde88f5b9vpulhf8z56

3- Les déclarer : (In the Arduino IDE) Sketch > Include Library > Add .ZIP Library > select the downloaded file > Open
4- Ajouter I'extension .orig a LiquidCrystal.h et LiquidCrystal.cpp, qui se trouvent quelque part sous le répertoire
C:\Program Files (x86)\Arduino\librairies

5- Créer un nouveau programme avec le code ci-dessous :

/:':

Banc de mesures pour éoliennes 24 ou 48V

I I
| auteur : Philippe de Craene <dcphilippe@yahoo.fr |
| pour 1' Association PTIWATT |

7':/

#include <wire.h>
#include <LiquidCrystal_12C.h> // https://app.box.com/s/czde88f5b9vpulhf8z56
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// Attention ! Renomer Ta Tibrairie d'origine de 1'IDE LiquidCrystal.h et LiquidCrystal.cpp
#include <EmonLib.h> // https //91thub com/openenergymonitor/EmonLib
EnergyMonitor injection; // Création de T1'instance injection

// Brochage des entrées des capteurs et paramétrage

const byte broche_vpri = A0; // broche lecture tension pont de diodes
const byte broche_Isor = Al; // broche lecture courant d'injection
const byte broche_Ipri = A3; // broche lecture courant pont de diodes
const byte broche_Fpri = 3; // broche numérique calcul fréquence

// choisir le modéle d'éolienne 24V ou 48v a vérifier expérimentalement :

// éolienne 24V avec maxi a 54v => conv_vpri = 20.2

// éolienne 48v avec maxi a 95V => conv Vvpri = 11.2

const float conv_vVvpri = 20.2; // conversion bytes/tension pour éolienne 24v

// Choisir Te modéle de sonde ACS712 :

// Module ACS712 de 5A => 0.185V/A

// Module ACS712 de 20A => 0.1Vv/A

// Module ACS712 de 30A => 0.066mv/A

const float conv_Ipri = 0.1; // pour modéle 20A

// Calibration de Isor a définir expérimentalement suivant Ta sonde utilisée
// => valeur a saisir dans Te setup()

// offset pour supprimer le bruit pour avoir 0 en absence de courant

const float Isor_offset = 0.06;

// Vvariables de traitement

float vpri; // Tension au pont de diode

float Ipri; // Courant délivré au pont de diode
float Fpri; // Vitesse de rotat1on

int vsor = 230; // Tension du réseau

float Isor; // Courant injecté sur le réseau
unsigned Tong duree_H; // durée de Ta demie période état haut
unsigned Tong duree_L; // durée de Ta demie période état bas
int B_Vpri, B_Ipri; // lecture des capteurs en bytes

// Déclaration du LCD en mode I2C :

// toutes les infos ici : http://arduino-info.wikispaces.com/LCD-Blue-I2C

// Set the pins on the I2C chip used for LCD connections:

// addr, en,rw,rs,d4,d5,d6,d7,b1,bTpol

Liquidcrystal_12C 1cd(0x27, 2, 1, O, 4, 5, 6, 7, 3, POSITIVE);

// => connexion des 2 broches I2C sur 1'Arduino Uno R3 : SDA en A4, SCL en A5

//
// SETUP
/7

void setup() {
pinMode(broche_Fpri, INPUT);

// Calibration de Isor a définir expérimentalement suivant Ta sonde utilisée

injection.current(broche_Isor, 9.85); // Current: input pin, calibration.
// initialisation de 1'affichage et du mode console

Serial.begin(9600); // préparation du moniteur série

Serial.println (;

Serial.println("ready ...");

Serial.println Q;

// initialisation du LCD
Tcd.begin(16,2); // initialize the Tcd for 16 chars 2 lines
Tcd.clear(Q);
1cd.setCursor(O, 0);
Ted.print("*** BONJOUR ***");
Tcd. setCursor(O 1),
Ted.print(" gy,

delay(1500);
} // fin de setup

//
// LOOP
//

void loop() {

// Calcul de vprimaire
B_Vpri = analogRead( broche_vpri );
Vpri = B_Vpri / conv_Vpri;

// Ccalcul de Iprimaire
B_Ipri = analogRead( broche_Ipri );

22



Ipri = abs(( B_Ipri * 5.0 / 1023.0 ) - 2.5 ) / conv_Ipri;

// Ccalcul de Isortie //initialement Isor = injection.calcIrms(1480);
// https://openenergymonitor.org/forum—archive/node/846.htm1
// Isor donne 0.06mA en 1' absence de courant, di au bruit des 2 dern1ers bits du CAN
// donc on soustrait 0.06 a 1a lecture et on coupe la résolution a 0.01
Isor = 0.01 * ( abs( int( 100 * (injection.calcIrms(1172) - Isor_offset))));

// Calcul de la vitesse de rotation Fpri
duree_H = pulseIn(broche_Fpri, HIGH);
duree_L = pulseIn(broche_Fpri, LOW);
if( duree_H + duree_L > 1 ) { Fpri = 1000000.0/(duree_H + duree_L);}
else { Fpri = 0;}

// Affichage des résultats sur Te moniteur série
Serial.printin(" vpri | Ipri || Isor | Fpri ");
Serial.print(vpri);

Serial.print("v | ");
Serial.print(Ipri);
Serial.print("A || ");
Serial.print(Isor);
Serial.print("A | ");
Serial.print(Fpri);
Serial.printin("Hz ");

// Affichage du résultat sur le LCD
Tcd.setCursor(0, 0);
1cd.pr1nt(Str1ng(Vpr1 1));
lcd.print("v
if( vpri < 10) { Ted.print(" ");3
1cd.pr1nt( Pe=");
if( vpri*Ipri < 100) { Tcd.print(" ");3
if( vpri*Ipri < 10) { lcd.print(" ")'}
1cd.pr1nt(Str1ng(Vpr1 “Ipri,1));
Ted.print("w ");
lcd.setCursor(0, 1);
1cd.pr1nt(Str1ng(Fpr1 0));
1cd.pr1nt("Hz '),
1cd.pr1nt( Ps=");
if( Vsor*Isor < 100) { Tcd.print(" ");3
if( vsor*Isor < 10) { lcd.print(" ")'}
Tcd.print(string(vsor*Isor,1));
Ted.print("vA");

}
6- Enregistrer ce programme sur le PC sous le nom de mesures_eolienne.ino par exemple.
7- Puis : Menu croquis -> téléverser.
8- Ouvrir le moniteur série :
Montage d’essai éteint : Montage d’essai allumé :
Vpri | Ipri || Iscr | Fpri Vpri | Ipri || Iscr | Fpri
0.00V | 0.07& || -0.01& | O.00H= 30.35V | 1.89& || 2_02R | S0_3ZH=z
Vpri | Ipri || Iscr | Fpri Vpri | Ipri || Iscr | Fpri
0.00¥ | 0.07R || 0.00& | O_00H=z 30.35V | 1.89%& || 2_02R | 50_33H=z
Vpri | Ipri || Iscr | Fpri Vpri | Ipri || Iscr | Fpri
0.00¥ | 0.07R || 0.00& | O_00H=z 30.40V | 1.89%& || 2_02R | S0_3ZH=z
Le montage d’essai éteint, ajuster :
e const float Isor_offset = 0.06; => pour obtenir Isor =0 (c’est au 1/100%™ prés !)
Le montage d’essai allumé, ajuster :
e const float conv_vpri = 20.2; => pour Vpri = valeur du multimétre
e injection.current(broche_Isor, 9.85); => pour Isor = valeur du multimetre
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Mise en ceuvre du module de carte SD et mesure du temps

Il eut été trop simple qu’il n’exista qu’une seule version de module de carte SD. Il en existe 2 ! La nouvelle qui utilise les
librairies déja installées sur le programme PC, et I'ancienne version ... ET la carte dont j’'ai donné le lien dans la liste des
courses est I’'ancienne version.

Il faut donc installer les bonnes librairies, et surtout retrouver SD.h et SD.cpp quelque part dans C:\Program Files
(x86)\Arduino\librairies\SD\src et les renommer pour les rendre inutilisables, par exemple en leur ajoutant I'extension
.orig.

Toutes les informations sont disponibles ici : https://learn.adafruit.com/adafruit-data-logger-shield/overview

La procédure pour installer la librairie : https://learn.adafruit.com/adafruit-data-logger-shield/for-the-mega-and-
leonardo

Et le lien de téléchargement de la bibliothéque : https://github.com/adafruit/SD

Ensuite il faudra installer la librairie pour utiliser la partie RTC du module. Toutes les information sont disponibles ici :
https://learn.adafruit.com/adafruit-data-logger-shield/using-the-real-time-clock

Et le lien de téléchargement de la bibliothéque : https://github.com/adafruit/RTClib/archive/master.zip
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A 'aide d’une loupe il faudra regarder la référence du circuit de gestion du temps : PCF8523 ou DS1307. Celui du lien
donné en liste des courses est 'ancien modéle DS1307.

Ensuite & la 1% utilisation du module, ou bien a chaque fois qu’elle n’est plus alimentée en énergie — il parait que la pile
possede une durée de vie de 5 ans — il faudra programmer I'heure avec I'instruction :

rtc.adjust(pateTime(2018, 10, 14, 14, 51, 0)); pour 14 octobre 2018 a 14h51. Sinon rtc.isrunning() ne se
lance pas.

Test d’écriture de la date et I’heure sur la carte SD

1- Télécharger la librairie SD.h : https://github.com/adafruit/SD

2- Télécharger la librairie RTClib.h : https://app.box.com/s/czde88f5b9vpulhf8z56

3- Les déclarer : (In the Arduino IDE) Sketch > Include Library > Add .ZIP Library > select the downloaded file > Open
4- Ajouter I'extension .orig a SD.h et SD.cpp dans C:\Program Files (x86)\Arduino\librairies\SD\src et les renommer
pour les rendre inutilisables.

5- Créer un nouveau programme avec le code ci-dessous :

// Date et 1'heure enregistées sur carte SD

#include <wire.h>
#include <RTClib.h>
#include <SPI.h>
#include <SD.h>

// on the Ethernet Shield, CS is pin 4. Note that even if it's not

// used as the CS pin, the hardware CS pin (10 on most Arduino boards,
// 53 on the Mega) must be Teft as an output or the SD library

// functions will not work.

const int chipselect = 4;

File dataFile;

// Choix du modele de RTC
RTC_DS1307 rtc;
//RTC_PCF8523 rtc;

char daysofTheweek[7][12] = {"sunday", "Monday", "Tuesday", "wednesday", "Thursday", "Friday",
"Saturday"};

void setup OO {

Serial.begin(9600);

if(! rtc.begin()) { Serial.printin("Couldn't find RTC"); while (1);}
// if(! rtc.isrunning()) { serial.println("RTC is NOT running!™);

// Mise a 1'heure du module qui ne sera fait qu'une seule fois :
// suivant le modéle suivant :

// pour 14 octobre 2018 a 15h30 :

//rt;.adjust(DateTime(2018, 10, 14, 15, 30, 0));

Serial.print("Initializing SD card...");

// make sure that the default chip select pin is set to
// output, even if you don't use it:

pinMode(SS, OUTPUT);

// see if the card 1is present and can be initialized:
if (!sD.begin(chipSelect)) {

Sserial.println("card failed, or not present");

// don't do anything more:

while (1) ;

Serial.printin("card initialized.");

// Open up the file we're going to log to!

dataFile = sb.open("datalog.txt", FILE_WRITE);

if (! dataFile) {
Serial.println("error opening datalog.txt");
// wait forever since we cant write data
while (1) ;

}

void loop O {
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// make a string for assembling the data to log:

String datastring = ;

DateTime now = rtc.now();

datastring
datastring
datastring
datastring
datastring
datastring
datastring
datastring
datastring
datastring
datastring
datastring
datastring

dataFile.println(datastring);
Serial.println(datastring);

+=
+=
+=
+=
+=
+=
+=
+=
+=
+=
+=
+=
+=

§tﬁing(daysOfTheWeek[now.dayofTheWeek()]);

§£E%ng(now.
§£E%ng(now.
§£E%ng(now.
§£E%ng(now.
§£E%ng(now.

Sfr%ng(now.

// The following Tine will

// this will use more power and slow down how
// If you want to speed up the system, remove
// the file only every 512 bytes - every time

dataFile.flushQ;
y delay(3000);

day(), DEQ);
month(), DEC);
year(), DEQ);
hour(), DEC);
minute(), DEC);

second(), DEC);

'save' the file to

// enregistre la ligne
// et 1'affiche a Ta console

the SD card after every Tine of data
much data you can read but it's safer!
the call to flush() and it will save
a sector on the sD card is filled.

Effectuer la mise a jour de la ligne correspondante a la déclaration de la date et I’heure
Enregistrer ce programme sur le PC sous le nom de test_module_SD_RTC.ino par exemple.
Puis : Menu croquis -> téléverser.

Ouvrir le moniteur série, si les données sont bonnes
insérer la pile dans son compartiment.

A noter : en principe ce programme n’est a exécuter qu’une
fois, sinon la date et I’heure seront systématiquement
réinitialisées a la valeur saisie.

Ensuite nous devons retrouver le méme résultat dans le fichier

datafile.txt présent sur la carte SD.
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Programme final du banc de mesures avec enregistrement sur carte SD

/:“:
Banc de mesures pour éoliennes 24 ou 48V avec enregistrement sur carte SD

| |
| auteur : Philippe de Craene <dcphilippe@yahoo.fr |
| pour 1' Association P'TIWATT

Toute contribution en vue de 1’amélioration de 1’appareil est la bienvenue ! I1 vous est juste
demandé de conserver mon nom et mon email dans 1’entéte du programme, et bien sir de partager
avec moi cette amélioration. Merci.

:':/

#include <wire.h>
#include <LiquidCrystal_12C.h> // https //app.box. com/s/czde88f5b9vpu1hf8256
// Attention ! Renomer 1la librairie d'origine de 1'IDE LiquidCrystal.h et LiquidCrystal.cpp

#include <SD.h> // https //github.com/adafruit/sD

// Attention ! Renomer la librairie d'origine de 1'IDE SD.h et SD.cpp

#include <EmonLib.h> // https://github.com/openenergymonitor/EmonLib

#include <RTClib.h> // https://github.com/adafruit/RTClib/archive/master.zip
#include <SPI.h>

EnergyMonitor injection; // Création de T1'instance injection pour EmonLib.h

File dataFile; // Création de T1'instance pour gérer le fichier sur sD

// Brochage des entrées des capteurs et paramétrage

const byte broche_vpri = AO; // broche lecture tension pont de diodes
const byte broche_Isor = Al; // broche lecture courant d'injection
const byte broche_Ipri = A3; // broche lecture courant_pont de diodes
const byte broche_Fpri = 3; // broche numérique calcul frequence

// on the Ethernet Sh1e1d CS is pin 4. Note that even if it's not used as the CS pin, the
// hardware CS pin must be Teft as an output or the sb Tibrary functions will not work.
const byte chipSelect = 4;

// choisir Te modéle d' eo11enne 24V ou 48V a ver1f1er expérimentalement :

// éolienne 24v avec maxi a 54v => conv_vpri = 20.2

// éolienne 48v avec maxi a 95V => conv Vvpri = 11.2

const float conv_vpri = 20.2; // conversion bytes/tension pour éolienne 24v

// Choisir Te modéle de sonde ACS712

// Module ACS712 de 5A => 0.185Vv/A

// Module ACS712 de 20A => 0.1Vv/A

// Module ACS712 de 30A => 0.066mv/A

const float conv_Ipri = 0.1; // pour modéle 20A

// Calibration de Isor a définir expérimentalement suivant la sonde utilisée
// => valeur a saisir dans Te setup()

// offset pour supprimer Te bruit pour avoir 0 en absence de courant

const float Isor_offset = 0.059;

// Choisir 1e modéle de RTC sur le module carte SD :
RTC_DS1307 rtc;
//RTC_PCF8523 rtc;

// Variables de traitement
float vpri; // Tension au pont de diode

float Ipri; // Courant délivré au pont de diode
float Fpri; // Vitesse de rotation

int vsor = 230; // Tension du réseau

float Isor; // Courant injecté sur Te réseau
unsigned Tong duree_H; // durée de Ta demie période état haut
unsigned long duree_L; // durée de Ta demie période état bas
int B_Vpri, B_Ipri; // lecture des capteurs en bytes

byte prev_second = 0; // pour le compteur

char daysofTheweek[7][12] = {"sunday", "Monday", "Tuesday", "wednesday", "Thursday", "Friday",
"saturday"};

// Déclaration du LCD en mode I2C :

// toutes les infos ici : http://arduino-info.wikispaces.com/LCD-Blue-I2C

// set the pins on the I2C chip used for LCD connections:

/ addr, en,rw,rs,d4,d5,d6,d7,bT1,blpol

LiquidCrystal_12C T1cd(0x27, 2, 1, 0, 4, 5, 6, 7, 3, POSITIVE);

// => connexion des 2 broches I2C sur 1'Arduino Uno R3 : SDA en A4, SCL en AS

//
// SETUP
//
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void setup() {
pinMode(broche_Fpri, INPUT);

// Calibration de Isor a définir expérimentalement suivant la sonde utilisée
injection.current(broche_Isor, 8.35); // Current: input pin, calibration.

// initialisation de 1'affichage et du mode console
Serial.begin(9600); // préparation du moniteur série
Serial.println Q;
if(! rtc.begin()) { serial.printin("RTC introuvable");}
if(! rtc.isrunning()) { Serial.println("Date et heure a programmer sur le RTC");}
Serial.print("Initializing SD card...");

// make sure that the default chip select pin is set to output, even if you don't use it:
pinMode(SS, OUTPUT);

// see if the card is present and can be initialized:
if (!sb.begin(chipselect)) { serial.printin('"card failed, or not present™); }
else { serial.println("card initialized."); }

// Open up the file we're going to log to!
dataFile = SD.open("datalog.txt", FILE_WRITE);
if (! dataFile) { serial. pr1nt1n( erreur sur fichier datalog.txt™); }
Serial.printin("ready ...");
Serial.println Q;

// initialisation du LCD
Tcd.begin(16,2); // initialize the T1cd for 16 chars 2 Tlines
lcd.clear();
1cd.setCursor(O, 0);
Ted.print("*** BONJOUR ***");
1cd.setCursor(O 1),
Ted.print(” A I

delay(1500);
// fin de setup

LOOP

N\ <
NN

void loop() {

// Calcul de vprimaire
B_Vpri = analogRead( broche_vpri );
Vpri = B_Vpri / conv_Vpri;

// Calcul de Iprimaire
B_Ipri = analogRead( broche_Ipri );
Ipri = abs(( B_Ipri * 5.0 / 1023.0 ) - 2.5 ) / conv_Ipri;

// calcul de Isortie //initialement Isor = injection.calcIrms(1480);
// https://openenergymonitor.org/forum-archive/node/846.html
// Isor donne 0.06mA en 1'absence de courant, di au bruit des 2 derniers bits du CAN
// donc on soustrait 0.06 a la 1ecture et on coupe la résolution a 0.01
Isor = 0.01 * ( abs( int( 100 * (injection.calcIrms(1172) - Isor_offset))));

// Calcul de la vitesse de rotation Fpri
duree_H = pulseIn(broche_Fpri, HIGH);
duree_L = pulsein(broche_Fpri, LOW)
if( duree_H + duree_L > 1 ) { Fpri = 1000000.0/(duree_H + duree_L);}
else { Fpri = 0;}

DateTime now = rtc.now(); // récupération de la date et 1'heure
if( now.second() != prev_second ) { // toutes les secondes

// Affichage du résultat sur le LCD

Tcd.setCursor(0, 0);

Tcd. pr1nt(Str1ng(Vpr1 1));

lcd.print('v "

if( vpri < 10) { Ted.print(" ");3

Tcd. pr1nt( Pe=");

if( vpri*Ipri < 100) { Tcd.print(" ");3
if( vpri*Ipri < 10) { lcd.print(" ");}
Tcd.print(string(vpri*Ipri,1));
Ted.print("w ");

Tcd.setCursor(0, 1);

Tcd. pr1nt(Str1ng(Fpr1 0));

Tcd. pr1nt("Hz '),

Tcd. pr1nt( Ps=");

if( Vsor*Isor < 100) { Tcd.print(" ");3
if( vsor*Isor < 10) { lcd.print(" ")'}
Tcd.print(string(vsor*Isor,1));
Ted.print("vA");

// Affichage du résultat sur carte SD
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if(C Fpri > 0 ) { // dés que T1'éolienne tourne
String datastring = ""; // initialisation d'une chaine de caractéres
datastring += String(daysofTheweek[now.dayofTheweek()]);
datastring += ";";
datastring += String(now.day(), DEC);
datastring += ";";
datastring += String(now.month(), DEC);
datastring += ";";
datastring += String(now.year(), DEQC);
datastring += ";";
datastring += String(now.hour(), DEQC);
datastring += ";";
datastring += String(now.minute(), DEC);
datastring += ";";
datastring += String(now.second(), DEC);
datastring += ";";
datastring += ";";
datastring += String(vpri);
datastring += ";";
datastring += String(Ipri);
datastring += ";";
datastring += String(Isor);
datastring += ";";
datastring += String(Fpri);

dataFile.println(dataString); // enregistre la ligne

dataFile.flushQ; // 1'enregistre sur SD

Serial.println(datastring); // et 1'affiche a 1a console
} // fin test Fpri

prev_second = now.second();
/ fin compteur de seconde
} // fin de Toop(Q)

Analyse des mesures sur carte SD
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Réalisation du régulateur MPPT
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Annexe A
Energv comparison of MPPT techniques for PV Systems

ROBERTOFARANDA SONIA LEVA
Department of Energy
Politecnico di Milano
Piazza L eonardo da Viner, 32 — 20133 Milano
ITALY
roberto faranda, soma levaiapolmm 1t

Abztract: - Many maamum power pomt tracking techmigues for photoveoltaie svstems have been developed to
maxmze the produced energy and 2 lot of these are well established in the hiterature. These techniques vary in
many aspects as: sumplicity, convergence speed. dimtal or analogical implementation, sensors requived, cost,
range of effectrveness, and 1n other aspects. This paper present= a comparative study of ten widely-adopted
MPPT alzonthms; their performance 15 evaluated on the energy point of view. by using the smomlztion tool
Smulink®, considening different solar nradianee vanations.

Eey-Words: - Maxinmm power point (MPP), maxmum power point tracking (MFFT), photoveltaie (FV),
comparative stady, PV Converter.

1 Imtroduction These techniques vary between them in many
Solar epergy 1= one of the most important renewable aspects, including simplicity, convergence speed.
energy sources. As opposed to conventional hardware implementation, sensors required, cost,
unrenewable rezources such as gasolme, coal, ete..., Tange ‘:_'f _ effectiveness and mneed for
solar energy is clean, inexhaustible and free. The parametenzahon.

main applications of photoveltaic (FV) systems are The P&C and IC tE:::hmquea: as well as vanants

in either stand-alone (water pumping, domestic and Hmre:-f,_a:e the mest widely “EEdj

street highting, elactne vehicles, nmlitary and space In this paper. ten MPPT algorithms are compared

applications) [1-2] or grid-connected confisurations under the energy producton pomt of wview: P&Q,

(hybnid systems, power plants) [3]. modified P&O, Three Point Weight Comparison
Unfortunately, PV generation systems have two [12], Constant Voltage (CV) [13], IC, IC and CV

major problems: the conversion efficiency of E“_'mb@“Ed [13], Short Cwment Pulse [14]. Open
electiic power generation 1= very low (9<17%), Circurt Valtaze [15] the TED:I.PEH‘I.‘IJIE I'.'IEﬂlle[].ﬁ]
especially under low imradiation conditions, and the and :I'.'I‘.'I.Eﬂ:l.ﬂﬂs dermved from 1t [16]. These 'I.'Ed‘.‘lIIJ.quE
amount of electric power generated by solar amays are easly implemented _a""_i have bﬁm widely
changes continuously with weather conditions. adopted for low-cost applications. Alzonthms such
Moreover, the solar cell V-1 charactensoc is as Fuzzy Logic, Shding Mode [l1]. etc..., are
nonlinear and vames with mradiation and beyond the scope of this paper, because they are
temperature. In general. there 13 a umgque pomt on more complex and less often used
the VI or V-P curve, called the Maximum Power The MFFT techmques will be compared. by
Point (MPF), at which the entire PV system (array, 582 Matlab tool Simmlnk®, created by
comverter, etc...) operates with maxinnom efficiency MathWorks, -L“DllsldEﬂ.Il.g _dlEE"Eﬂt_ fypes of
and produces it maximum output power. The msulafion  and _mlar. .]IIEIi'I.H.II.EE vanatons. The
location of the MPP 15 not kpown, but can be pm.alh.r shaded condifion will not _hE conzidered:
located, either through caleulation models or by the mradiation 1= assumed to be umformly spread
search algonthms. Therefore Maxiwum Power Point over the PV array.
Tracking (MPPT) techniques are needed to maintain The FV system implementanon takes into
the PV amay’s operating point at its MPP. account the mathematical modsl nfea-:'_n component,
Many MPPT techniques have been proposed in as w&ll as .actual component S.P'EEI:EI:EtI.m:IS. In
the Literature; examples are the Perturb and Observe particular, without lack of generality, we will focus
(P&0) methods [4-7], the Incremental Conductance ~ 9UF 3ftention o a stand-alone photovoltaic system
ﬂC:l methads [4_3] the Artificizl Memwrzl Matwork cunstuv:ted b}' connectmng the de/de SI:I'J.E'].E Ended
method [9], the Furzy Logic method [10]. etc.. Primary Inductor Comverter (SEFIC) [17-18]
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between the solar panel and the de load as reported
m Fig 1.

PV Array
Loy &)
; [ ~ | &
P 1]
N G
fpy =¥
o —p MPPT

Fig 1. Stand-alone PV system analyzed

2 PV Array

A mathematical model 1= developed m order to
smmulate the PV amav. Fig. 2 gives the egurvalent
ciremnt of a single solar cell, where Iz and Fpy are
the PV amray’s cumrent and voltage, respectively, Ja
15 the cell’s photocurrent, K, represents the nonlmear
resistance of the p-n junection, and Ry and K, are the
ininnsic shunt and senes resistances of the cell.

R -
4 [ "
g F,
.H'i__‘l,l 'R_- 'R.n | ¥
[ o=

/

Fiz 2. Equivalent cironit of BV cell

Since K 15 very large and F; 15 very small these
terms can be neglected m order to sumplify the
electnical model The followmg eguaton then
descnibes the PV panel [8]:

' I:'rl.'_ ™,

where n, and n, are the number of cells connected in
series and the in parallel, g=1.602-10"" C is the
electron charge, k=1.3806-10" JK” i Boltzman's
constant, 4=2 1= the p-n junchon’s 1deality factor, T
15 the cell's temperature (E), Iw 15 the cell’s
photocwrent {1t depends on the solar mradiation and
temperature}, and I, 15 the cell’s reverse sahwation
current (1t depends on temperature].

The FV panel here considered 15 a typical S00W
FV module composed by n=36 senes-connected
polyerystalline cells {m,=1). Its main specificahons
are shown mm Table 1 while Fiz. 2 and Fig. 3 show
the power ouiput charactenistics of the PV panel as
functions of pradiance and  temperature,
respeciively. These cwrves are ponbnear and are
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crucially  nfluenced by  solar radiahon  and
temperaire.

The PV amay 15 composed of three stmngs m
parallel, each sting consisting of 31 PV panels m

zeries. The total power 15 46307

Table 1. Elecmical charactenistics of FW panel with an
irradisnce level of 1000 Wim®

Symbol Creantnicy Valus
Piger Maxinmm Power W
Fiser Voltage at Pygr 173V
.!_]_r;; ".-'ultage at!.l.I'FF 2804
Ig- Short-Circuit Current 317TA
Fow Cipen-Cirowmit Vieltage 1BV

Temperamre - J——

Ty coefficient of I (0.06520.015%/°C
) Temperamra S
T coefficient of For ~(80=-10) mV/AC

| [ W
— S0 m
F F—s=30rwm®

e T 10 15

Visluage [V]
Fig. 3. V-P panel characteristics for three differsnt
iradisnce levels. Each point represents the WPP of
related curve.

K-

45

Fig. 4. V-P panel charactenistics for three different
emperaiure levels. Each point represents the MPP of
related curve.



3 MPPT Control Algorithm

As known the output power charactenstes of the
FV system as funchons of wradiance and
temperature cwrves are nonlmear and are crucially
mfluenced by solar uradiation and temperature.
Furthermore, the daily solar pradiation diagram has
abmipt vanatons during the day, as shown m Fig. 5.
Under these copditions, the MPP of the PV amray
changes confipuoushy; consequently the PV
system’s operafing poant must change to maximize
the energy produced. An MMPPT techmique 1s
therefore used fto mamtain the PV array’s operating
pomt at its MPP.

There are many MPPT methods available in the
hterature; the most widely-used techmgues are
deseribed 1n the following sections, starfing with the
simplest method.

(@)
H| MMN
i
) !
(&) - . = - |
il A
)f“ | ‘Il,n""" M_J lqlu

Fizg 5. Daily solar irradistion diagram: {3) sunoy day (b))
cloudy day.

3.1 Constant Voltage Method

The Constant Voltage (CV) algonthm iz the
smplest MPPFT control method. The operating point
of the PV amay 1= kept near the MFPP by regulafing
the ammay voltage and matching 1t to a2 fixed
reference voltage V- The Fvalue 15 set equal to
the Fygp of the characteristic PV module (see Table
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1} or to another caleulated best fixed voltage. This
method assumes that mdnidual msulation and
temperature vanations on the array are msizmificant,
and that the constant reference woltage 1= an
adequate approximaton of the tue MPP. Operation
1= therefore pever exactly at the MPP and different
data has to be collected for different geozraphical
e

The CV method does not require any input.
However, measurement of the wvoltaze e 13
pecessary 1n order fo sef up the dutv-cycle of the
defde SEPIC by PI regulator, as shown i the block
diagram of Fig. 6.

It 15 mmportant to observe that when the PV panel
1= in low insulation condifions, the CV techmaque 15
more effective than either the P&O method or the
IC method (analyzed below) [13]. Thanks to this
charactenistic, CV 15 sometme combined together

with other MPPT techmiques.
v
[— Alsorithm —

Fig. 6. OV block diagram

3.2 Short-Current Pulse Method

The Shor-Cwrent Pulse (5C) method achieves the
MPP by giving the operating cwrent I, to a current-
confrolled power converter. In fact, the optomum
operating current I, for maxmum output power 1s
proporiional to the short-cirewt cwvent Jye under
vanous condiions of nradiance level 5 as followrs:

L(S)=k-Ix(5) @

where k 15 a proporiional constant. Eg. (2) showrs
that [, can be determined mstantanecusly by
detecting Js. The relationship between I, and fa 15
shll proporbonal, even though the temperature
vanes from 0°C fo &0°C. The proporhonal
parameter 15 estimated to be approsimately 92%
[14].

Therefore, thiz confrol alzonthm  requires
measurements of the cwrent Iy To obtain this
measurement, 1f 15 pecessary to infroduce a static
switch 1o parallel wath the PV amay, m order to
create the short-cirowt condibion. It 15 mmportant to
pote that dunng  the short-ciremt  Fep=l)
consequently no power 15 supphed by the PV system
and no energy 15 generated. As in the previous
techmique, measurement of the PV amray voltage Fpp
15 requured for the PT regulator (zee Fig. 7) m order
to obtain the F - value able to generate the cwrent
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I—» Alzorithm

Fig 7. 5C block diagram

3.3 Open Voltage Method

The Open Voltage (OV) methed 15 based on the
observation that the voltage of the mamum power
pomt 15 always close to a fixed percentage of the
open-cireunt  voltage., Temperatuwre and  solar
msulation levels chanpe the posihon of the
maxmmum power pomt within a 2% tolerance band.

In general, the OV techmique uses 76% of the
open-ciremit voltage Fgp- as the ophmuwm operating
voltage F, (at which the maximum oufput power
can be obtained).

This control algorithm requires measwrements of
the woltage Fo (zee Fiz. 8). Here agam 1t 15
necessary to mnfroduce a stafic switch into the PV
arrzy; for the OV method the switch must be
connected m senes to open the cirenit. When Jre=0
no power 1= supplied by the PV system and
consequently the fotzl energy generated brv the PV
system 15 reduced. Also m thes method measurement

of the voltage Fizp- 15 requred for the PI regulator.

I'rj':-_.'

o

v
Algorithm [ *

F,—

Fig 8. OV block diagram.

3.4 Perturb and Observe Methods

The P&ED algonthms operate by penodically
perfurbing {Le incrementing or decrementing) the
arrzy termunal voltage or cwrent and comparng the
FV oufpuf power wath that of the previous
perturbation cyele. If the PV amay operating voltage
changes and power mereases (dAP'dFee=0), the
confrol svstem moves the PV amay opershing point
i that direchion; otherwnse the operatng point 1s
moved 1n the opposite dmechon In the next
perturbation cycle the alponthm contones m the
same wWay.

A common problem i P&O algonthms 15 that
the array termunal veltage 15 perturbed every MPPT
cvele; therefore when the MPP 1z reached, the
oufput power oscillates aroumd the meExTWM,
resulting m power loss 1mn the PV systern This 1s
especially true mm constamt or slowlv-varyimg
atmosphene condrtions.

Furthermaore, P&D methods can fa1l under rapadly
chanming atmosphenc condiions (see Fig. 90
Starting from zn operatmg pomt A, if atmosphenc
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condifions stay  approcmately  constant, a
perturbation AF the wolage F wall bing the
operating point to B and the perfurbation will be
reversed dus fo 2 decrease n power. However, 1f the
uradiance increases and shifts the power curve from
P, to P, within one sampling penod, the operatng
point will move from A fo €. This represents an
Increase In power znd the perturbation 1s kept the
same. Consequently, the operatmg point diverges
from the MPP and will keep diversmg if the
uradiance steadily increases,

Y

|
|
(I
I
I
[
[
[
1
b

AV
Fig. 0. Divergence of P&O from MPP [18].

There are many different P& methods avalable
in the hterature. Inm this paper we consider the
clazsie, the optmized and the three-points weight
comparison algorthos.

In the classic PED techmgue (P&Oa), the
perturbations of the PV operating point have a fixed
magnitude. In our amaly=sis, the magminde of
perturbation 1= 0.37% of the PV amay For (around
V)

In the optmmzed P&O techmque (P&OL), an
average of several zamples of the amay power 13
used to dynamucally adjust the pertwbation
magnitude of the PV operating point.

In the three-point weight companson method
(P&Dc), the perturbation dwection 1= decided by
comparmg the FV oufput power on three points of
the P-V curve These three pomts are the cwrent
operation point (A). a3 pomt B perfwrbed from point
A and a point C doubly perturbed in the opposite
dwection from pomnt B.

All three zlgonthms requmre tero measurements: a
measurement of the voltage Fre and a measuwrement
of the current Iy (zee Fig. 10

Fo— PEO

-
Alzosithm o

I, —
Fig. 10. P&O block diagram




3.5 Incremental Conductance Methods

The Incrementzl Conductance (IC) algonthm 1s
baszed on the cbservation that the following equation
]:I.ﬂlld_-. at the I'-'EF'P [4]:

= 3)
‘-'ﬂ’}p } I*}, |

where I and Fpp are the PV ammay cwrent and
voltage, respectively.

When the optimum operating pomt in the P-W
plane 15 to the nght of the MFP, we have
{ﬂf‘i'-'-ai?ﬁ'r:'_EIPF:"'JI'?PIﬂ'::ﬂ.. whereas when the
optimum operating pomt 15 to the left of the MPP,
we have I:u:ﬂ'n'-"HFpr:] _'I:I.D::-'T‘rmili .

The MFPP can thus be tracked by companng the
mstamtanecus  conductance  IpwTrr  to the
meremental conductance dlpdFp;: Therefore the
Sig:l:l. of the quanﬁt'_l.r I:ﬂ.n::-'ﬂl:"p:zl'_l:fﬂ?";'}r:l indicates
the comect direction of pertwrbation leading to the
MFPP. Omee MPP has been reached, the operaton of
PV amav 15 mamfained at this point amd the
pertwrbzhion stopped unless a2 change i dlpp 1s
noted. In this case, the algonthm decrements or
merements F- to track the new MPP. The
merement size determuines how fast the MMPP s
tracked.

Through the IC algonthm 1t 1= therefore
theoretically possible to know when the MPP has
been reached, and thus when the perturbation can be
stopped. The IC method offers good performance
under rapidly changing atmosphenc condifions.

There are two man different IC methods
avallable m the Iiferature.

The classic IC algorithm (IC3) requires the same
measurements shown m Figll, m order to
deternmine the perfurbation doection: a measurement
of the voltage Fpp and a measurement of the current

The Two-Model MPPT Contrel (ICh) algorithm
combines the CV apd the IC: methods: 1f the
uradiaiion 1= lower than 30% of the nomumal
uradiance level the OV method 15 used, other way
the ICa method 15 adopted. Therefore thizs method
requires the addifional measurement of solar
uradizfion & as shown i Fig. 11.

Fﬁ-_:-'

ICh
S Alporithm [P
Lrp—

Fiz 11.ICbblock diagram

3.6 Temperature Methods
The open-circuit voltage For of the solar cell vanes
mamly with the cell temperature, whereas the short-
ccut cwrent 15 directly proporfiomal to  the
pradiance level (Fiz. 12}, and 1= relatively steady
over cell temperature changes (Fig. 13).

The open-corewmit voltaze For can be descnibed
through the following equation [16]:

L AT =T ) {4
W = F OFET dT ST

where Fopnmr=201.8V 15 the open-cuoowt +voltaze
under Standard Test Conditions (STC), (dFopdT)=-
0.08V/E 15 the temperature gradient, and Ty 15 the
cell temperature under STC. On the other hand, the
MPP woltage, Fupr, 1n anyv operating condition can
be descnbed through the followng equation:

F“FFg|:{_n+5-1.-:]—1r‘-4\-.1,-+,5-_1=[|-If'“,,},~_mT (5)
where Fige oo 15 the MPP voltage under STC.

Tzble 2 shows the parameters of the optimal voltage
equation {3} mn relation to the nradiance level 5.

15
3|- F.-'I[l:l'l'h'r'.'r::

1 5f
= qf
E Bt OO0 Wi
= 15k
= i
1 = —
B30 W
n 5| |I
. . . |
T 5 T 15 3:- 1]

Fig. 12. V-I characteristics for three different iradismce
lewels.

Cumant| A)

0.3

¥ 1 15 11':- 3%
Valkags [V]
Fig. 13, WV-I characteristics for three different
Emperanres.
There are tweo different temperature methods

available in the hterature.
The Temperature Gradient (TG algorithm nses
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the temperatwre I to determune the open-circut
voltage Fyp from equation (4). The MPP voltage
Fagr 15 then determined as m the OV technigue,
avordimz  power losses. TG requres  the
measurement of the temperatmre T and a
measurement of the veltage Iy for the PI regulator
[zee F1g. 14 2}

Takle 2. Parameters of the optimal voltage equaton

awey MO O w0

0102 043404 01621 000235  6ed
02+03 045404  0.0621 000237  -Ted
0304 046604 00221 000228  ded
0405 046064 00131 000224  -3e4
05406 047969 00070 0.00224  -3ed
0607 048563 00168 000218  -2ed
0.7+0.8 049270 00270  0.00230  -Sed
0809 040100 00260 000223  -3ed
00+1.0 040073 00247  0.00205  -led
P ™
Algorithm [>T
T—»
(a)
P P -
— ]
2 Alzoribm [ *
T—»
()

Fiz 14. {a) TM block dizgram; (&) TP block dizgram.

The Temperature Parametric eguation method
(TP adopts equaton {3} and deternunes the MFPF
voliage mstantaneously by measunng T and 5. TP
requires, m generzl, also the measurement of solar
uradiance 5 (zee F1z. 13 b).

4 Simulartion and Numerical Results
Fiz. 4 shows that abmpt vanabons of solar
uradizhion can occur over short tome intervals. For
thiz rezson. the amalyvsis presented in thiz paper
assumes that solar rradiation changes according to
the diagrams show m Fig. 15.

The following different type of solar msulation
are used to test the MPPT techmigues at different
operating condrtions: step mputs (Fig. 15 a-d), ramp
mputs (Fig. 15 e-h), rectangular impulse imputs (Fig.
1% 1-l), mangular mmopulse mput (Fig. 15 m), and
two-step mput (Fiz. 15 n). The mputs mm Fiz. 135
simulate the tume vanation of pradiance om a PV
array, for example, on a train roof dunng 1ts rom or
ok a house roof on a cloudy day, and so on.

- -
000 g i
=3 | = |
'E RN g’ R
| B
= ]
L} 8
B B
a1 0f 00 4 0% 0 0L 0%, 54 08
Tima (5) T (&)
_ A @ _a ®
Bl B
%‘ i #;' Fai
H d
EE q i
B B
=] a4
T T T T T } T T. 1 ]
o1 0z 0% o4 08§ L= | '\.'.:_Illi-__ 04 o3
i %) I 5
41
P () — ok &
H ':E_:-"I-il-
B ey e ]
| B
= =
L} B
B B
1 1 T 1 1 L T 1 1 T 1 L
&l |l'£{=u1 L] & |l,']_$ 5'4 =1
— & & S @
" b TR
= =
B H
= e 5 aod
E B
=) i
. B
1 1 1 1 1 - 1 1 1 1 1 L
0l 0 &% 0e 0% Gl 02 0% G4 08
Tims (&) Tz (5)
) (&)
- F 3 - F 3
= ’-:'_E Wil
£ Ca
: :
o R o iixi-
E g
B B
1 1 T 1 1 L T 1 T 1 L
Gl &2 0% 44 A 1 0 &% 04 08
i %) Tm 5]
~ A @ - & @
B i '_:,—E 2
) Z
g H
| B
- = i
1 -] =5
T T T T — L T T T T
01 0T &% 04 0% Ll DI A% 04 0%
Tiow {5} Tz s
- F 3 [k:l - F 3 m
FE_ BN f={l
2 2
: 51 B
E §
e = f
E B
B 0 B
||I: |,.I; q_.l-c |,.I.| ||II; - III: Ill.I III'c Illi Ill‘:
Tims {5 Tz (5)
= =

Fig. 15, Solar imadiance variaxtons.

In order to analyze the temperatre methods, we
descnbe the vanation of temperature on a PV ammay



Table 3. Energy enarated as function of MPPT techmique and irradiznce input

Theoretical P&Oz P&Ob P&Oc
Input v 5C o ICa ICh gLE] TP
Enesey [1] [ (8] [ o] i 0] (1] (] (1 ()
(z) 1711 1350 1539 1627 1695 1707 1480 1708 1708 1562 1581
)] 1785 1410 1687 170 1774 1781 1558 1782 1732 1643 1761
(c) 1451 1192 1337 1443 1465 1476 1301 1478 1478 1311 1424
{d) 1433 1280 1402 1552 1425 1628 1414 1628 1628 1476 1588
(=) 1785 1403 16589 1600 1748 1780 1543 1782 1782 1543 1762
(£) 1711 1363 1634 1630 1692 1687 1508 1708 1700 1563 1683
(&) 1633 1308 1351 1552 1617 1627 1432 1620 1630 1477 1593
(k) 1482 1304 1397 1408 1441 1431 1311 1470 1470 1314 1429
(i) 1674 1330 1562 1585 1664 1671 1480 1672 1472 1532 1442
) 457 385.2 3084 401.1 445.2 4463 4375 411.4 4463 3348 3548
(k) 1354 1036 1247 1245 1332 1343 1153 1250 1333 1250 1338
1] 540 459 427 479 524 515 515 459 503 307 +H
(T} 1810 1410 1589 1730 1801 1512 1557 1808 1810 1681 1795
{m) 1558 1148 1138 1478 1542 1553 1370 1555 1555 1305 1510
Toml 20§23 16397  1870% 19500 20386 20477  1BOE1 20361 20515 18597 20005
% 104 7951 00,72 9456 QB85 Qa0 BT.6E 9873 0048 @013 701
Banking 10 7 ] 3 2 o 4 1 3 5

accordingly to the equivalent coremit shown m Fig.
16. If the temperature 15 wmiformly disimbuted, the
followmg differential eguation can be wused as
temperature model [16]:

T dl

5=E+C'I (6)

where .R=|:|.|:|‘435_DIEE."'5.F 15 the thermal resistance
and C=15.71-10°T'm’K 15 the thermal capacitance.

For each MPPT techmque and for each mput, the
energy supplied by the PV svstem was calenlated
over a time mterval of 0.3z, The results are shown in
Table 3. For each imput, the puninvnm (underlined),
maxmmum  (bolded) obtained energy wvalues are
mdicated. The theoretical energy that a PV system
could produce with an 1deal MPFT techmigue 1= als=o
reported.

From the data m Table 3. we note that the P&D
and IC algonthms are supenor to the other methods
and have wvery simular performance and energv
production. This 15 confomed by thenr widespread
use in commercial implementations.

The ICh techmique provides the greatest energy
supply for eleven of the fowteen inputs considered.
In particular, Fiz. 17 shows the power generated by
the PV svstem using the ICa and ICh algonthms on
the input m Fig. 15¢. Note that the output of the ICh
method has the same shape as the selar msulation
imput, the only difference 15 a small tansient from
the rapid msulation vanaton The same trend 1s
obtamed using P&Oa and P&OR techniques.

Companng the two different IC techmiques for
very low pradiance values, it can be observed that
the ICH method 15 more advantageous than the ICa
method when the solar insulation has a value less
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than 300W/m® (for the input in Fiz. 15j, Exs()) is
446.3] while Epl3) 15 411.61).

The behavior of the P&Oc techmique 15 very
different from that of the other towo P&O techniques.
Its fime trend 15 the same as in Fiz. 17, but its
energy supply 15 lower than those of the other PO
algonthms=. Thiz result 1z explained by the fact that
an additonal MPPT cvele 1= needed to choose the
perturbation direction so doing the P&Oe 1= slow

respect to the other methods.
o+
'L ¥ L ﬁl
3{} C— Re—" |T
| 1

Fig. 16. Equivalent thermal circwit.
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i I:.I I;..' Tre Io |I|.'- |Iq-| =
Fig. 17. Power generated by the PV amay m the case of
mput {c): ICa and ICh methods (solid line) and idesl

{dashed line) MPPT method



The OV and SC techmques requure an additional
static switch, vet they provide low energy supply
with respect to the P&Q and IC algonthms. This 1=
mainly due to power anmulment dunng electrome
switching (zee Fiz. 18 with the rradiance mput of
Fiz. 15c). Furthermore, the OV and SC algonthms
do not follow the mstantansous time trend, because
the step mn the nradiance vanahon occurs between
two consecutive electromic switchimg In fact, these
techmques cannot calculate the new MPP, until the
new level of solar insulation 15 measured.

Moreover, for these techmques the choice of
sampling penod 15 very cntical; 1f the penod 15 too
short, energy production will be very low because of
the mereased number of electrome switchimg. If the
penod 15 too long, on the other hand the MPP
cannot be closely followed when rapid nradiance
vanation occurs.

The efficiency of the OV and S5C techmiques
(zhown m Fiz. 18) could be mproved by adding the
open circwt or short circmit swatch only to few PV
panels mstead of the complete PV system. On the
other hand this soluhon 15 dizadvantageous 1f the
selected PV panels are shadowed.

Moreover the presence of an addihonal swatch
mcrease the losses and consequently reduce thewr
performance.

1:4m

=
=
=

1
e
-

Farmar M upply W)

1] [ 4 [E ]

nz a3

Timmlu]
Fiz 12. Power senerated by the PV ammay in the case of
imput () 5C (solid line) and ideal {dashed line) MPPT
method

Az other MPPT alponthms which eycheally
pertmrb the system, also the temperature methods
contmuously calculate and update the wvoltage
reference.

In particular, the TP method prowvides only
shehtly less energy than the P&O and IC
techmigues. Instead, the TG method does nmot have
the same efficiency since equaton (4) calculates the
open-circmit voltage rather than the actual optimal
voltage: the emor mmtroduced through the open-
cucmt voltage calculabon (absent m the TP

algonthm) must be summed with the emor
iniroduced m the voltage reference computation.
Fmally, the CV technique 1= the worst of the ten
MPPT methods analyzed here. Inm fact, this
techmique does not follow the MPP, tat instead
fixes the reference voltage to the optmal voltage
under 5TC or to another best fixed veoltage, holding
it constant under any operating conditon. Fiz. 19
shows the PV system power supply using the CV
techmque, with the nradiance mput shown mm Fig
15c. With respect to the ICh techmgue (Fig. 17).
verv low power 15 generated. Fig. 20 shows the PV
array power supply using the CV techmque, wath
the case mmput (n). With respect to the mstantaneous
time trend (Fig. 20}, very low power 15 generated.

a3
sl
a3 1
A
- L .......................... .
B oo}
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1]
E 1s0af
1}
soat
7 .l [T [ [T 0.

Time ]
Fig. 10 Power gensrated by the PV amray o the case of
mput (c): CW (solid line) and ideal (dashed line) MPPFT
method.

LLn

L ) )
1R 0.l [ Ly [F] [T}
Terza[u]

Fig. 20 Power gensrated by the PV amray o the case of
mput (o) CW (s0lid line) and ideal (dashed line) MPPFT
method.

In the last row of Table 3 a ranking 15 proposed
of the different MPPT techmiques analyzed based on

the sum of the energy generated i the different
uradiance condibons. This rankmg 15 only
qualitatrve; n fact the energy contents differ for the
varnous uradiance mputs. Nevertheless the rankmgs
obtamned considenng smgle mputs are substanhally
comparable to the total energy rankings.
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5 Costs Comparison

To complete our analysis a simple diseussion about
the cost of the MPPT techmque 15 presented [20]. A
satisfactory MPPT costs companson can be camed
out by knowing the techmaque (analogical or digital)
adopted 1 the comirol device, the number of
sensors, and the use of additional power component,
considering the other costs (power components,
electronic compeonents, boards, ete...) equal for all
the devices.

The MPPT mmplementation typology greatly
depends on the end-users’ knowledge, with
analogical cremt, SC, OV, or CV are good options.
otherwise with digital cirewt that require the use of
mucrocontroller, P&D, IC, and temperature methods
are enough easily to mmplement. Moreover it 1s
mportant to  underline  that  analogical
mmplementations are generally cheaper than digutal
{(the mucrocontroller and relatve program are
expensive). Lo make all the cost comparable
between them the computation cost companson is
formulated tzking mnto account the present spread of
MPPT methods.

The mumber of sensors required to mmplement the
MPPT techmque also affects the final costs. Most of
the fume, 1t 15 easier and more reliable to measure
volitage than cwrent and the cwrent sensors are
usually more expensrve and bulky. The irradiance or
temperature sensors are very expensive and
UnCOmNuon.

After these considerations, Table 4 proposes a
smmplified classificabon considenng the costs of
sensors, mucrocontroller and the addifional power
components.

Table 4. Cost evaluaton
{A=gbsani, L=low, M=medium H=high)

CO5T
Additional )
MPET OwWear Sensor Mscmmnl::‘ii;l:r Tiotal
COmponent ;
CW A L AT L
sC H M AL M
o H LM AT LM
P&Qa A M L LM
P&EOk A M L LM
P&EQC A M M M
ICa A M M M
ICh A H MH H
Tz A MH M MH
TE A H MH H

6 Conclusion

This paper has presented a comparison among ten
different DMaximum Power Pomt Tracking
techmques 1 relation to thewr performance and
mplementation costs. In  paricular, fourteen
different types of solar msulation are considered
and the energy supphed by a complete PV amray 15
caleulated: finthermore, regarding the MPPT
mmplementation costs, a cost companson 1s proposed
taking mmto consideration the costs of sensors,
microcontroller and addihonal power components.

A rankmg of the ten methods has been proposzed.
Taking into account the anabrsis results alonz wath
bardware and computational costs, the P&Ob and
ICa methods recerve the best rankings.
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Fig. Z1. Synihesis of the result of Tables IV and V.

The results, reassumed m Fiz. 21, indicate that
the P&C and IC algonthms are m general the most
efficient of the analysed MFPT techmaques.
Furthermore, P&O and ICa methods do not requure
addibonal static switches, as opposed to the SC and
O% techmigues, therefore the relative costs are not
lngh The P&QOc method, unlike the other P&O
methods, has low efficiency because of its lack of
speed 1n fracking the MPP. Although the IChH
method has the greatest efficiency, thus does not
Justify the cost of using one more sensor than the
ICa method. In fact, the two IC techmques have
very simular efficiency but ICh have e hugher
mmplementation cost respect to ICa

Fmally, taking mfo consideration the TP
temperature technmiques, they present two mam
InCONVenlences:

# wvanatons 1 the Table 2 parameters create
errors m the Fypp evaluation;

# the measured temperature may be affected by
phenomena unrelated to the solar iradiation.
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l"u_rrhar research on thiz subject should focus on

expenmental COMpansons between thesa
techmiques, especially under shadow condrbions.
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Alstract

This work presents & new masimum power poanl racker system for photovollas apphcations, The developed system 15 an analog
version of the “PlO-orented” alponthm, Il manigng iis main advaniaes: dmplicity, rebability and esy pracical implemenial ion,
and avds 115 mam disadvaniages: maccuralenss and relalively dow response, Addi vonally, the developed system can be implemen lad
i & practical way al a bw cosl, which means an added value, The system abko shows an excellent behavior Tor very 2l varables in

mcident radiation level.
& 2009 Ekevier Lid. Al dghis reserved.

Kaywarde Analog system; Efficiency; Low oost; Maximum power point tracker; Phodowvoltic armay; “Pdld™ algorithm

L. Introsduset ion

In the speciabized literature numerous proposals of MPP
tracking systems can be found. Most of them have simalar
cficiency, which can also be considered acceptable for most
applications. As a result, the mterest of the authors when
implementing this work has focused on achieving a certain
added value in the proposed system, which can be found in
the accurateness, spead and low cost. This allows its apph-
cation even to houschold installations, where mvestment
costs may be the most determining factor for decision mak-
ing. The developed system presents the advantage of its
high specd which ako helps to improve the photowvoltaic
system ctficiency.
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A photoyoltaic ( PY) array that functions under uniform
radiation and temperature conditions presents an /~F and
P—¥ characteristic as the one shown in Figs, 1{a) and (hj,
respoctively. As can be observed, there 15 a single point,
called “MPP” { Maxirmm Power Pomt), where the army
provides the maximum power posable for these emviron-
mental conditions (radiation and temperature), and so
functions with the maximum performance. When a load
15 commected directly to a PV array (direct coupling), the
operation point & dehined by the mtersection of its =1
characteristics, as shown in Fig, 1{a).

In general, this operation point does not coinade with
the MPP. Thus, in direct coupling systems, the array mst
e over-dimensioned to guarantes the power demand of the
load, Obwiously, this implics a more expensive system, To
solve this problem, a DC/DC { Xiao et al., 27) converter
with an algorithm for the auwtomatic control of its duty
cycle 47 15 inserted betwesn the photovoltaic array and
the lead (see Fig. ), resulting n what 15 known as MPPT
(Maxmum Power Pomt Tracker) system.,

The MPPT must control the voltage or cument (through
the & of the converter) of the PY amay regardless of the

41



£ TN Burigue ot af [Solar Emergy 84 (2010} 7089

)+ i agink e i
: 14 -
- [ B, R R L, P .___:r....-\‘ ................... =
: : MPFP | Y
3 . i h '
. ' IIII
s Operating point |~
i L
- LV lead ol
15 characterigtic -, - 1
- i
1 T B i|
.-'"--- E
[T M—— :_...-':':---.. o gt g ] II STERTEN
- |
el i I 1 |
n'ﬂ 5 L] 15 1 =5
Vv

(h) , ; : !
i I
- Kot .;.mp‘.-ﬁl.j,. o]
: o S
T e pla i ALY L7 SRR ]
w . Lo :
E JI__.-': i &
wl... oo S R ! ]
s A : i
B |
/i | |
L 1] S L e T L LA by B Wl T S ETCIEELIREEE ', PR -
u"" i 1 k 1
o 5 10 15 o =
Vv

Fg. L (g} {-Fcharaoteristic of & PY armay, MPF and sysiem operation point. ih) P chamcteristic of the PV army.

5 DC-DC
Coeverter
+ +
PV “ “l Vo sﬂ'[_
array = =

MPPT
Algorithm

.

Fig. 2. Basic diagram of an MPPT system.

load, trying to place it in the MPP. The DO/ converter
prescnts an input impodance (Ri) which depends basically
on the load impedance { B ) and the duty eycle (&) (Enrique
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ct al,, 20052, b, X7, Duran ot al., 20K, 2. Therefomr,
the MPFT must find the optimal & for the operation point
of the PV array to coincide with the maximum power poind
{MPP).

Although the solution to operatng in the MPP may
=cem immediate, 1t 15 not, This is becanse the location of
the MPP in the J-F curve of the PV array & not known
a prkori, This point st be located, either by mathematical
calculations over a valid model, or by wsing some scarch
algorithm . Thiz imphecs even more difficulty if we consider
the fact that the MPP presents non-linear dependencies
with temperature and radiation, as observed in Fig, 3.

Fig. 3a) shows a sct of I-F curves for different levels of
radiation and constant temperature. In Fig. 3b), the same
sct of curves is presented at a higher temperature, Ohbaerve
the change in the voltage and, especially, in the current of
the MPP.

MNMumerous MPPT algonthms have been proposed and
developed in the hterature. Among them, the *Perturhation
and Observation (P&CO)” algorithm 1z probably the most
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Fig. 3. {a} I ¥ charactenstic of a PV array at 40°C and different radiation levels (3004 00 to S00-800 and !{I:IIIW.I'm:j.['I'rJ -V characerstic of a PV
wrray at 60 °C and diflerent radiztion levels (300400 40 S00-800 and 1000 Wim').
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cxtensively used in commercial MPPT systems. Howewer,
there & no clear agreement on which algorithm is hest,
Hohm and Ropp (202 ) presented a study that basically
concludes with not wvery different peformances for most
of the difierent algorithms and where the traditional P&C
i5 quite successful,

To establish the quality of a given MPPT systemn (and to
he able to compan it with other systems), it 15 nogessary to
define the “trectang efficiency ()7, given by Eq. (1 ){ Hohm
and Ropp, J002);

[y P ()t
— L (1
Harper _EF..,,[:].-J’: (1]
where, for radiation and temperature conditions in the gi-
ven time period, Ped f) B the mstantaneous power supplicd
by the MPPFT system controlled PV array, and Peeddt) 15
the actual MPP power.

2. Algorithms for MPP tracking

A wery short revision of the most wsual algorithms for
MPP traclking is presented below.

2 1. Pertwrbation and (Observation | P&

The Perwrbation and Observabnon (P& algorithm is
probably the most frequently used in practice, mainly duc
to its casy implementation { Kim et al., 19%6). s operation
15 bricfly explamed as follows: assume that the PV army
operates at a given point, which 1= outside the MPP. The
PY array operational voltage & perturbed by a small AF,
and then the change in the power (AF) & measured. If
AP0, the operation point has approached the MPP,
and thercfore, the mext perturbaton must take place in
the same direction as the previous one (same algebraic
sign). If, on the contrary, AF < I, the system has moved
away from the MPP and, consequently, the next perturba-
ton must be performed in the opposite direction (opposed
algebraic agn).

As stated before, the advantages of this algorithm are its
simmplcity and casy implementation, However, it has limita-
tors that reduce its tracking efficiency. When the light
intensity decreases considerably, the P-F curve becomes
very flat. Thie makes it difficult for the MPPT to locate
the MPP, smce the changes that take place n the power
are amall as regards perturbations oocurred in the voltage,

Another disadvantage of the “P&D™ algorihm & that it
camnot determime when it has exactly reached the MPP.
Thus, it remans oscillating around it, changing the sign
of the perturbation for each AP measured. It has also heen
observed that this algorithm can show mishehavior under
fast changes in the radiation levels (Kawamura ot al.,
T494T).

Several improvements in the “P&OT algorihm hawve
boen proposed (Enslm et al, 1997, Andwar et al., 2005
Miao et al., 2007), One of them s the addition of a walting

trme if the system identifies a serics of alternate signs in the
perturbaton, meaning that it is wvery close to the MPP. This
allows reducing the osallation around the MPP and
improves the algorithm efficiency under constant radiation
conditions, Howewer, this algorithm causes the MPPT to
he very slow, making its mishehavior more noticeable in
partly cloudy days.

Crther modifications to the “P&OT algoriihm, as the
oncs detailed below, directly affect the perturhation sign
according to whether certam conditions are given.

211 PEDT ariented algoriifon

The “P&EC” oriented algorithm (Andujar et al., 205] is
able to distingush with certain accuracy whether the sys-
tem & operating to the right or left of the MPP and act con-
saquently, =0 mcreasing tracking efficiency. However, it 15
observed that whenever there & a sudden variation in the
incident radiation (cawsed, for example, by the passing of
a cloud) and, therefore, m the power supplied by the pho-
tovoliaic generator, the systemn is unable to distingush
instantancowsly the appropriate direction of the change
in & (Hohm and Ropp, 202). This algonthm is discussed
in detailed in Section 3.

212 CPEODT modified algorifam

To corract the defect caused by sudden radiation vana-
tons in the previows algorithm, a slight variation has been
propossd (Andujar ot al, 2005). As already known, vana-
tors in the light radiation have an efiect mainly and
directly on the current supplied by the photovoltaic army
(Alonso, 199E). Thus an increase in radiation will cause
a rise in the vahe of the MPP current (sce Fig. 3). When
the algonthm detects a variation in radiation over a certain
threshold, its response 15 an immediate increase in o, Inthis
way, the DC/DC converter decreases its input impedance
R, and s0 ohliges the photovoltaic generator to move to
higher current pomts close to the MPP. An advantage of
thiz algorithm & that it does not regquire precie measure-
ments of radiation (this would remarkably increase the
prce of its practical implementation), smee it only neods
the sign of the radiation increase within an interval of mea-
sures, A smnple photodiode can be uscful for this purpose.

22 Consrant voltage and cumrent

The “Constant Vaoltage (CV)™ algorithm (Hohm and
Ropp, 2002, Koimarmi et al., 20006) s kased on the fact that
in the = Feurves of a PV array the mto between the max-
imur power pomt voltage and that of the open crcuit is
roughly constant (something simmlar occurs with the ratio
hetwaen the current of the maximum power point and that
of the short circuit) (Moguchi et al., 2002; Mutoh ct al.,
2y, Mutoh and Inoue, 2007), that 1=
Puw g 1 i2)
Fac
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where Fygeeis the maximmum power poant voltage and Fa-1s
theopenarcut voltage, The PV amay is ternporarly isolated
by the MPPT system to measure Foe, Mext, the MPPT cal-
culates the corract operation point wsing Eq. (2) and adjusts
the voltage of the PV array until it reaches the MPFP. This
operation & repeated periodically to track the MPP.

Although this method is ample, choosing the optimal £
value, which, on the other hand, is not totally constant,
may be difficult. The hterature indicates good vahues for
K within the range 0.73-080 (Andersen and Alvaen,
19495, van der Merwe and van der Merwe, 199, Abou El
Ela and Roger, 1984).

Thie method can be implemented in a relatively casy
way using analog software. However, its efficiency 15 lower
than that of other methods (Hohm and Ropp, 2002). The
TAiT TSASNE AT

(I} Erroms in the K value,
(I} The measure of Fae (Fzo) requires the momentary
intemuption of the power supphed by the amay.

23 fneremental condciance

The =zo0 called *“incremental conductance™ mmethod

(Hohm and Bopp, 2002) derives directly from the power
equation, which will be given in the MPP by:

4P diV I ool
—,{ ='—.]{ =0 = = (3)
T [V T voar

If imstantancous conductance g, and increasing condue-
tance gp, arc defined as:

! ol
= —— =— [
gL Al T 4]

Then, expression (3) can be re-written in the Form of;

dar
ﬁmﬂ:‘”‘:“ (5)

The previous equation mdicates that m the MPP the
imstantancous and incremental conductance must be equal.
If the operation point docs not coincide with the MPP,
then a senes of mequations directly derived from expres-
sion (3) (Hohm and Ropp, 2002; Komuumi et al, 2006)
allow us to know whether the operation woltage i1s higher
or lower than Fygee, and 50 to act comsequenthy.

Omnce the MPP has been mached, every time a change
oocurs in the radiation on the array the MPPT will tend
to increase or decrease the operation wvoltage to Follow
the MPP,

The disadvantage of this method is that it needs a pre-
cise calkculation of g and ge, which makes the MPPT more
difficult and relateely slow,

2 4. Paragitic capaciy

This algorithr 15 similar to the previous one, except that
in this algorihm the efiect of the parasitic capacity of the

Junction pen is mcluded. This efect can be modeled { Bram b
illactal., 199) as a conderser comnmocted between the termi-
nak of cach cell. By connecting cells in parallel the parasitic
capacity observed by the MPP will increase. As a result, the
differences between the traclking efficiencies of the MPP
between “Increasing Conductance™ and * Parasitic Capac-
ity algorithms are more outstanding in high power arrays,
where there are rumerous modules connected in parallel.

The practical mplementation of this algorithm & com-
plex, especially for the difficulty entatled by the calkculation
of increasme conductance ge . A detailed study of this alpo-
rithm is shown in Brambilla et al. ( 1949E).

25 Mode - based algorithms

If a snitable mode] is available for a cell or photovoltaic
array and there ame precise radiation and temperature mea-
surcs avalable (which mplics a significant mcrease in the
pnceof the system, although there have recently been devel-
oped sensors of temperatume and radiation at a low cos
(Martinez and Andagar, 2004 Martinez ot al, 2009, the
MPP vaoltage and current may be diractly caleulated by sobe-
ing equation 4P V=0 (for example, udang a mumeric
method). Then, the MPPT would just have to adust voltage
andcurrent values to those calculated ones| Xiao et al, 2006 ).

Even =0, the model-based MPPT: are not practical,
since the values for the cell parameters are not known with
accuracy and, in fact, can vary significantly between cells
from the same production senes. Moreover, only the cost
of a procize light radiation sensor (pyranometer) can cause
thiz MPPT system to be non-viable in practice,

Having revised the most wuoal algonthms and methods
for MPP tracking, it scems that the P&O algorthm and,
more speciically, s “oriented”™ wariant, is the one with
the best ratio efficiencyfeasiness of practical implementa-
tion. This & mainly due to its proper operation, smmplicity
and low cost (note that it neods no radiation and tempera-
ture sensors). Monctheless, as already mentioned, it has the
diadvantage of its mstantancous confusion when facing
sudden variations in the incident radiation. Thi disadvan-
tage could be overcome with a system fast enough to make
its reaction spoed higher than the speed of the incident radi-
ation change — which & the main reason in the MPPF mowe-
ment. To achieve this without losmg the advantages of the
FPd-orien fed algorithm, the authors have developed a sys-
tem which & described below.

A, P&OY onented analog system

A completely analog system able to implement the algo-
rithm for MPPF tracking, known as “P&O-oriented™ algo-
rithm, 1= presented in thi section (Andwar ot al., 2005).
A1 Operation of the P&O-oriented algorition

Conader Fig. 4, where the P-F characteristic of a pho-
tovoltalc array at a given tempemture and radiation 1s
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Fig.4 F-V charagenstic of a photovahaie array. The developad MPPFT
algarithm is ahle 10 distin guish whether the systemis operating to the rght
ar lefi of the MPP and act comeequendy.

shown, Asume that, due to a modification 1n the duty
cycle (4 of the converter, the system evolves from 1, to
Fg (AF >0 and AP>=0). As observed in Fig. 4, the MPP
voltage, Vygpe, 15 higher than Vg, and therefone, the outpat
voltage must keep increasmeg. Mow assume that the pertur-
bation has moved the operation point from Mg to Fa. In
this case, the voltage of the array must increase again to
approach Fype All possible combinations are shown in
Tahle 1,

Theonly vaniable to which the control system can acocss
15 the duty eycle (&), Any merease in & implies a decrease in
the input resistance B; of the M- converter (and sub-
soquently, a decrease in the operation valtage of the photo-
voltaic generator) and viee versa { Enngue ot al., 203 b,
2007, Durdan et al, 2008, 200, The system starts from
an imitial value (for example & = 0.5) that varies at constant
increase (Ad) acconding to expressions (6) and (7).

b, = —sign[[AV) - (AP)] (6]
=38 ,+b-AS (7)

In cach teration “i", AP and AV measures are obtaimed.,
Pacxt, the value of & 15 adjusted to approach it to the MPP,
Mote that no temperature and solar radiation measures are
neoded to do the tracking, which reduces the prioe of the
contral system. The fow chart diagram of this algonthm
i= shown in Fig, 5

Tahle 1

Eetimied veless

Sense (Caloulabe}
MiEL IR

i

) =V

blE = 4ign (Y ) F )

8y = 8z-1) + )= A

R 9 I

B
L

Fig. 5. Flow chart of the MPPT Pdfloriented algorithm.

J. 2 The developad sysiem

The whaole developed system 15 shown in Fig, 11, To
explain its operation, the system will be analyzed by blocks.
Fig. 6 shows the arcwt that, from the voltage and current
measures at the PY amay output, generates a eference sig-
nal, V., which will then be wsed in another block to gen-
crate a PWM signal.

From the voltage and cument measures at the array out-
put { ¥, 1, the vanable power, P, 13 generated by using the
multplier “Mul. 17, Two difierentators followed by two
comparators generate the value of the functions sigs{ JF)
and sigrd @P). These two signals are muktiplied and com-
parcd again to penerate the analog equivalent of the bat

Possible mses and coninol b to enahle the photovoltaic system follow the MPP.

Case System evohtion Contral law (F=a Fumpp)

s V) sgwl AP} b= ~sign(AF) « (AF)) ¥ sgr AT &
VFa= Fg +1 £ 1 | 41 1
Fg=T, 1 1 1 i e | |
Fo= Fpy +1 I +1 H i
Fo = ¥ 1 £ +1 1 T
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Fig. . System generating the reference signal

“B", The itemtons of expression (3) are formed by inte-
grating the sihsequent &, Finally, the output signal i lim-
ited in order to maintain it within the appropriate range,
generating Fr, This signal can be used as control signal
of a PWM generating system (Enrigque et al, 20 5ab).

To perform the practical implementation of the devel
oped system, the chip ADG33T has been selected as mualti
pler block. For the comparators, the cheap (approx.
0.5%) and extensively used op-amp TLOE2Z has heen
selected. The integrator and difierentiator blocks are shown
in Fig 7. Both structures are hasic in analog electromics,
The op-amp TLOEZ has also beoen used for thear
imple e nt ation.

A lowpass BC filter has been mserted before cach differ-
entiator block to remove part of the harmonic content of
the input signals. The output signal, Fey of the system in
Fig. 6 5 used as meference voltage for a PWM gencrator
(zee Fig. %), so that its duty cycle can be adjustad.

The output PWM signal of the arcuit in Fig. # allows
controlling the behavior of the DO/DC comverter. This
converter (boost-type, in this case) & shown in Fg. % con-
nacted tooa 25 00 load.

To reduce the price of the sensors, the voltage input is
taken from the photovoltaic amray wing a high impedance
volage divider with a voltage follower., The measurement
of the current variable is performed by measuring the vaolt-
age fallin a very low value resistance, located at one of the
PV array terminak. This measure st be amplibed betore

rcaching the multiplicr, For this purpose, a very low offsct
voltage precision op-amp OF2T has been used (see Fig. 100,

Fig. 11 shows the diagram of the wholk developaed
MPPT system.

4. Simulaticns

The developed system has been verified using PSpice™.
The photovoltaic generator has been implementad wsing
ABM blocks (dAnalyg Befavioral Modeling). The parame-
ters of the generator model correspond to the “BP
Saturno” module (ks = 6l and mp= 1) (CIEMAT, 200},

Fig. 12 presents the mode] and I-F and P-F curves of
the module used at 21 *C and 1000 W/m® Tahle 2 shows
the MPP power and current { Pysee and Fypp respoctively)
for different levels of radiation and constant temperature.

To werity the correct operation of the system, fast vark-
ations in the incdent radiation have bheen applied to it
(z=ee Fig. 13), Observe that during start-up, an inital nse
of GEE.7 W/m® in the incident radiation (Pypp= 55.2 W)
iz reached by the system in approximately 10 ms Omnce
the mavimum power point has been reached, the system
maintains i even for variations higher than 5 = 107 W/
ml.-rs, miuch higher than theose present in nature, Addition-
ally, it can be observed that the system presents a high pre-
clgion, since the actual trajectory of the MPP and the one
intended do not have practically moticcablk differences.
Fig. 14 shows the current obtained with the tracker system,

(]
ill:
" c brd R 1k
ey ik -
G I c 1050, g e
- Tiiteaz —
180n
= | L
o
Lowpais RC Filter Differentister

Fig. 7. Differentiator and integrator hlacks used.
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Fig. 9. Boost converter ussd

With this sudden start-up, the tracking system is ablke to
obtam efficiencies superior to 97.2% in the firg 100 ms.
Omnce the MPP has been reached {during the first mallisec-
onds of the start-up) the system presents a tracking offi-
cliency ff higher than 949G (99 90040, oven for vanations in
the incident radiation as fast and sxtreme as those shown
in Fig. 13, This efficicncy s superior to 81-85% of a classi-
cal *PECY” systemn (Permurd and (Bgerped), superior to 8-
B4 of an “InC” system | fncremenial Condictancs) and to
THETS of a “CV” gystem { Corsiagnd Poltage ) ( Hohm and
Ropp, X2). In Fig. 15, note how the system is able to
adust automatcally the duty cycle of the PWM signal.

Array PV

Fig. 10. Mesure of varahles " and I
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Tahle 2 =, Condusions
Furr and Fupe for diflerent keves of adiation and constani Emperature
camesponding to the “BP Satuma™ genetator.

Temperature (%) Radiation (Wim?} P pe (W) Fyapp (A

In this work, the design of a new maximum power point
(MPP) tracking system for photovoltaic systems has been

.l GEE T 552 154 developed. The system 1s an analog version of the tracking
u 1000 B8 m “P&O-oriented” algorithm. From the results obtained by
.| ITHE 1362 476

simmalation, it can be concluded that the developed system
presents an excellent precision and specd in the MPP track-
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Fig. 13, Top chart appled vanations in the madeni radiztion. Bottom char: commraive hetween the adual trajectory of the MPFP and tha 1 folkeed by
the developed system for vaniations in the incidemt radiation.
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Fig. 14. Cuwrrent supplied by the system for variations in the incident radiation.

49



& I M. Buigue ot al [Solar Enagy 84 (2000) 7989

1kl

| .
wl 4 | il L T
“ - R | :-- r o
~1m o |
— I J U L] U] ]
- 18y
"] T
I i e [ famangtr |
T /.-i ﬁ ‘M ._..-"" xmr"g -\H-p"&h ’)P.. B : 1‘\-
I’ﬂ x""\-\. s
T e HH‘“-_., "—j K"/J |
.
26, ke 38, B0 %, Fhbes 19 .6 s B, e HE_BdEn B R L1, BAART

Fig 15 Topchart PWM oigmal generated by the developed system during a eerain interval Botham chart: current supplisd by the system durin g the tme

imierval.

ing, even for very sudden variations i the kevels of incident
radiation, 20 increasing the total energy performance of the
imstallation. The system & able to reach the MPP in the first
10 ms, getiing high efficiency walues practically from the
stari-up. Omneoe the system has reached the MPP, the cffi-
ciency 15 superior to ¥4, mproving the ones obtained
by other methods (“P&OT, *InC”, “CV")L. This qualiy,
along with 1ts high smphicty and low price, makes the pro-
poscd system lnghly swtable for use in any kind of photo-
voltaic mstallation.
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Annexe C

A Fuzzy Logical MPPT Control Strategy for PMSG
Wind Generation Systems

Xing-Peng Li, W

Absiraci—Alalang foll wse of wind power 15 one of
the main purposes of the wind torbine generator contrel.
Convenfional hill climbing search (HCS) method camn
realize the marimum power point raclkimg (AEPFT).
However, the step size of HCS method iz constant so that
it cannet consider both steady-state response and
dynamic response. A forzy logical comifrel (FLC)
algorithm is proposed to solve this problem mn this paper,
which can track the mazrimum power poing [(AMPF)
quickly and :smoothly Te evaluate MPPT alporithms,
four performance indices are also proposed in this paper.
They are the emergy capiored by wind furbine, the
manmum power-point tracking time when wind speed
changes slowly, the flocination magnitmde of real power
during steady state, and the energy capiured by wind
torbine when wind speed changes fast. Three cases are
desiemed and simuolated in MATLAB/Simuolink
respectively. The comparisom of the three MFFT
strategies conclude: that the proposed forzy logical
confral algerithm is more superior to the comventional
HTS algorithms.

Index Terms—Furzy logical comfrol, hill chimbing
search, maximwm power point ifracking, permanent
magnet synchronons generator, wind generation system.

1. Imtroduction

Wind turbine is an essential pordion n wind gensration
systems, The amount of mechanical energy that can be
extracted from wind is not only depending on wind spead,
but also depending on the wind furbine rotattomal speed.
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The wind mrbine rotstonal speed can be adjusted as the
wind speed changes to macking the maximum power point.

Curreatly, ressarchers have developed many macimmm
powe point Tacking (MPPT) siratemiss. These are three
common MPPT alzorithms!'M¥: a) hill climbing search
(HCS) or pernwrbation and observation (P&0) Y 1) wind
speed measwrement (WSM)", ¢) power siznal feedback
(PSE). There are aleo other MPET algorithme: introduced in
[9]-{11]. _

In comparison, the HCS alzorithm is popalar’” due to
its simplicity and independence of system charactenstics
and it can awvold nsing wind speed. However, the step siza
of HCS alzorithm is constant!' . Choosing an appropriate
step size Is Dot Ao easy task, where large siep size means
faster response and less steady-state efficiency while smesll
siep size Improves steady-stmie efficiency bat slows down
the comvergence speed ] The conventionsl HCS alporithm
cammint combine rapidity and efficiency, which mesns the
algorithm cannot sdapt well both in the simaton that wind
speed changes quickly and in the situation that wind speed
Is constant

In thiz paper. 3 furry-logical-conmoller based MPPT
sirategy for wind generafion system is proposed, which can
realize  wvariable step-size condfrol. The swategy 1s
mdepandent of the mrhine’s characterictics. Comparsd with
conventionzl HCS algonthms with a big step size and a
cmall step size respectvely, the proposed alporitm is
validsited supenorly m MATLAB/Sinmlink enviromment
The simmlation results imdicate the proposed MPPT
algorithm has three advantages: 8) Tackmg MPP fast, b) the
fhactheaton magniude of real power 1= small during steady
ctate, and ¢} the wind ensrgy captured is the most smong
the three MEPT alzorithms.

This paper is organized as follows: Secdon 2 gives a
brief mfreduction to the wind tarbine charactenstics and to
the wind generadon system. Section 3 presents an
mioducton to the comventional HCS algorihm In Seciion
4, we dizcuss the proposed fuzzy logical comirol (FLC)
cratesy and its advantages compared with conventionsl
HCS smategy. Case smdies are presenied m demil
Section 5. Conclusions are finally made in Section 4.

P

Svstem Overview

2.1 Wind Torbine Characteristics

Diepending on the aerodynarmic characteristics, the wind
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power capiured by the wind turbine can be expressed as
1 Zprd
P -ECI,(A._HJ_.F.ER F (1)

where C (4, £) is the wind turbine power coefficient which
iz a foncdon of 4 and & @ is the air density, R is the radius
of wind urbine blade, Fis the wind speed, i the blade
pitch angle, and A is the Gp speed ratio:

, Wi -
- T )

whete w i the wind turbine rotagonal speed There exit: an
optimal tp speed ratio A, that can maximize C, and P.
Then, the maximum wind power F,., capired by wind

turbine can be described ac
c
P = l—_.p.rR’ A= 3)
(- 3

The owiput mechanical power versus rofstional speed
characteristic of wind furbine for different wind speeds 1=
showm in Fiz 1, in which the dotied line zhows the
maxinnm power points for different wind narbine rotational
speed w oand diferent wind speed 7. Each Pow curve iz
characterized by a unigue mrbine speed cormesponding to
the maximum powar point for thar wind velociry!'*. The
peak power points in the P-w courves comespond to
dPfaw =019,

A direct doven permanent magnet synchronous
generator (FM5GE) connected to a uility god is selected in
this paper. The specifications of the sinpmlsted PMSG
Eenaraion sysiem are listed in Table 1.

11 Wind Generation System

Direct drven PMS5G wind generator can conmect a
utility grid through various comverter topologies'', where
double PWA comveriers are a common topolegy for FMSG
wind gensration systems. The double FWA converters own
A fexible stacture for different contrel methods and can be
used fo adjust the motor speed and comirol the power
injected into & wiility grid. In this paper, the configuraton
of the mutation platform for the PMSG wind gensration
system is showm n Fig. 2.

In the operation contel process, two PO comverters
play different roles. The grid-side comverier uses vecior
contrel techmology based on decoupling control of active
power and reactve powes, which can smooth the ouiput
active power and provide reactive power suppori for the
uwility grid. Another tzsk of the gnd-side cooverier is o
maimiain the stability of the D bus woliage. The
urhiine-side converter control: PARSG nsing vector contral
technology based on rotor flux onented conirol. Then, the
romtional speed can be adjusted to maimtain the best Gip
speed rato snd to schieve the mawinmm wind power

iracking when wind speed changes. The smmlation modsl
diazram of urbine-side cooverter conirol is shown in Fig. 3.
From Fig. 3, we can see that the turbine is operated o the
rofztiona]l spesd confol mode The reference rotationsal
spead is dynamically medifed 25 the wind speed changes.
13 Tssmes with MFPT

To maintain the best tp speed rado and to achieve
MMPPT conmol, the rofabdonal speed neads to be adjusted as
ihe wind speed changes in practical operation. The issme
with MPPT iz how fo determine the opiimal rotstional
cpead for differsnt wind speed.

Many MPPET alzorthms have already been proposed
Among them the HCS method is popularly applied for the
method is simple, fast and it can operste mdependsnty
fTom predefined wind mrbine characienstc.

4 I. .'I1I'H.il'l'lllll AT

d vy

F \Trul}l‘wi
Z IR
SO\
«, P2
Faz

Raotatioral Speed |, W

2\

i

M=z hievicul Porsar -

o

Fiz. 1. Wind murbine P-w chamctenstcs and maximum powsr

Tabls 1: Parameters of PMSG

Paramotars vaha
Nominal wind speed {m's) 1
Niominal mrbine rottioeal speed (T'min] 24l
Numnber of rotor poles 13
Drirmsgtar of wind mrhing (m) 2B
o TR b versiors nilin

1 o s lg &5 ﬁ}
<R Jmu?um*ﬂ-

Fiz. 1. PM5G wind generation system with double P
CONVETIETS.
e
w [a] &
Iﬁl oo

Fig 3. Turbine-side cooverier conirol model for sinmalation.
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— ¥ W [Fuzzy logcal L
— & | conimd lposithm
Fig. 2. Control block of FLC alzorithm

i 1*\3& |
AT

Rirtalioil Spead , '-|-'F

Fiz. 5 Prnciple illnsmatson of HCS control algoritm.

However, the step size of the convenfional HCS
algorthm Is constamt and it capmot change suitably as the
environment changss. This paper presents a fuzzy logical
conmol alzonthm to determine the refersnce rofational
speed which can realize variable step-size contmol 23 wind
speed changes. As shown in Fig. 4. the mput vamables of
fuzzy logical cooirol algonthn are rotational speed w and
mechanical power P. The reference rotationzl speed W
can be caloulated through fuzzy logic mles. The proposed
FLC algonthm is descnibed in detail in Section 4.

3. Basic Principle of HCS Algorithm

The process of the comventional hill clmbing searching
alzonithm wsed for the maxinmm power point Tacking can
be explained using Fig. 5. The hasic principle of the HCS
algonithm is; if the previous incrament of rotationsl speed
Aw results in an increase of mechanical power AF, the
saarch of Aw continwes in the same direction; otherwise, the
search reverses its direction. The algorithm is described in
detail as follows.

Azzmme that the wind mrbine is operafing at point A in
the characteristic corve shown in Fig. 5. The wind turbine
romtionsl speed is incressed and the comesponding
mechanical power 15 detected. If the power 15 moreased
compared with that in the earlier step, the search process i=
in the comect direction, and the wind twhine rofational
speed s incressed again. If the power is decreased
compared with that in the earlier step, the search will be in
the opposite divection. This process is conbpued wnil the
powers slope becomes zero, Indicating that the HCS
algorithm swcoeeds to reach the maximmm power point,
which corresponds to point B.

If the wind speed changes from w: to v, the mobine
operating-point will jump to point C ffom point B mctanthy
Then P-w slope is positive and the furbine rotations] speed
iz imcreased. The slope 1s observed umil it becomes zero.
Then the wind furbine can wack the maximom power point,
ie., it will operate at point D. How if thers is a decrease in
wind spesd from v, to w, the opersting-poinmi could
evenmally shift from point D to point F, depending on the
zame principle.

The flow cham of conventomal HCS algonthm is
illnsratad in Fig. 6.

]
=
W
s
W
=

Mechanaal Fawer s
h]
[

r

(st )

e k]| [ o 0 = o]

P

n-q.l.t'l-h'__dlk—ui-:'l.h'dl“

Fig §. Flow chart of HCS alzonithm.

4. Introduction to FLC Algorithm

The comventional HCS algorithm implementation is
simple and is independent of mrbins charscteristics'™” but
thers still axist issues like the selection of sfep size. A hig
shep size can rack the MPP fast but ai the same tme it can
result o severs oscillatons around the masdmmum power
point. Beducing the permrbation sfep size can minimize the
oscillations around MPP. However, a small step size can
slowr dowm the MPPT process especially when wind speed
wares fact. To give a soluwbdon to this conflicing siteatdon, 3
furzy logical conmol algomithm which has a wariable
periurbation step size is proposed in fhis paper. The FLC
alzonithm can effectively track the MPP fast and smoothly.

In the part of seffing reference wind tarbine rofational
spead, the comvendonal HCS algorithm is replaced by the
proposed FLC  algorithm, which can realize variable
step-size comirol. Through fuzzry conimel, the step size can
be large whean the operating point is far away fom the MPP
while the step size can become small when the operating
poiot comes close to the MPP. Therefors, the FLC
algonithm can dynamically change ifs step size, depending
om the tarbine operation condibon.

The set of the furzy logical conireller is described as
follows: the mput vanables are AP(E) and Aw(E), while the
output variable is AwdE) . AP(E) and Aw(k) can be obtained
by

AP(E) = P(E)-P(E-1) L)
AW(E) = wik)—wik-1). (5)

The member functon of mput vanables of fuzzy logical
controller with MATTAB is defined as follows: there are
seven member fimctons of imput varable AP(E): FB
(poszitive big), FM (positive mediom), PS (positve small),
ZE (zewo), W5 (pegagve small), WA (negative medm),
and WB (negative big), respectvely, as shown m Fig. 7; the
member functions of nput vadable Aw(k) are P (positive),
Z (zaro), and W {nagadwve), respactively.
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ME TPl
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|

Dheggmeae af
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AE R b 02 B I B4 R BE
AP(k)
Fiz. 7. Member fimctions of mput vanablas AP(F] .

ME MM HSZEPE PM Lifi]

Degree of
i i p

1 1 1
T T LI e

A (k)
Fig. 8. Member fimctions of output variable aw_ (%] .

Table I: Enles for the fuzzy logical conmroller

1 1
e Du e

Aw (i) AFE)
MB_NM N5 ZE PS5 PM_PB
N 7B P PS5 N3 NS5 NM NB
z WM M3 N3 ZE P Ps PM
P ME___NM N5 PS5 Ps DM PH

The member fmctions of owiput varable Aw_(E), which
are similar to AP(E), are PB, PM, PS5, ZE, NS, NM, NB,
mespectively. The defail information can be viewed fom
Fiz 8.

The relagonship betwesn tarbine mechsnical power and
twhine rotational speed can be expressed im (§) to (B)
depending on the P—w curve.

dPfdw=0, (wow,) (6}
dPfdhw =0, (we=w_) L))
dPfdw <0, (w>w_) (&)
where W, denotes the mwrbine rotational speed

comresponding to the MPP.

The furzy logical confmel males are bhased on the
properies of wind mrbine, as shown in Table 2. Then the
newly setting reference rotational speed can be updated by

W (E) =W, (k—T)+Aw_ (k) . )]

5. Case Studies

Case smdies on the proposed MPPT conmol smategy
and two cooventional HCS alporithms with different size
steps have been conducted fo validate the proposed MPPT
sirategy.

Four performance indices for MPPT in a grid-conneched
wind geperation system are also proposed o this paper.
They are the wind energy capiured by wind tarbins, the
mEwirmmn power point Tacking time when the wind speed
changes slowly, the flociuation magnimpde of real powes
during steady-state, and the wind energy capmred by wind
turbinge when the wind speed changss fast.

Table 3: Besultz of caza 1

MPPT srategy Porformamcs indices

LE TG apmn (D
HCS (s%p size: 0L0F r'min) 0097  0.085 08 6918
HCS (s%p size: 0,04 rimin) 0124 0189 02 &7
FLC {variabls step-zize) 0028 0055 02 Te19

Table 4: Besults of caze 2

Purformames mdices
MPPT Strategy
T L a0 WO
HCE (swp wize: 0UOE rmin) QIS 0.08E 0.5 6652

01 017 0.15 §7BE.3
0L07E  0.0E7 025 6ETY

HCE (swp wize: 004 r'min)
FLAL {(varizble step wing)

Thres czses are desigmed amd three MPPT control
sizategies are simulzted in the environment of MATLARS
Simmlink respectively. The thres MPET comtrol sirategies
are; 3) HCS alzonthm with a biz permmbation step size, b
HCS algomithm with a small perfurbation step size, and )
FLC slzonithm with vanable perarbation step size

Imitial conditions of the three cases are the same: the
wind spesd is T m's, and the wind mrbine operates at the
opimal point, ie. MPP.

51 Cazel

Case 1: Wind speed rises to 11 m's lmearly Som 0.9 5
to 1.0 5. The tme used for racking the MPP is T after the
frst change of wind speed. From 1.9 s to 2.0 5, wind speed
drops 1o 8§ m's linearly. The tme used for macking the MPP
iz T, after the second change of wind speed. The symbol AP
denotas the flucmaton mamnimds of real power during
sieady state, while the symbol F denotes the wind energy
capiured by the wind narbine fom 0.9 5 t0 3.0 5. The resualt
of case 1 is shown in Table 3.

521 Cazel

Case 2: The wind speed is up 10 11 m's in step change
ar time 1.0 5 while down to § m's in step change at time 2.0
5. The resnlt of Case 2 is shown in Table 4. The symbaols T,
T, and AF of Table 4 have the same meaning ac dafined
m Caze 1. Here W denotes the wind enerzy capired by the
wind mrbine from 1.0 s fo 3.00s

The ouipnt mechanical power carves (1.0 = to 1.5 5) of
three different MPPT strategies afier the first changze of
wind speed are zZiven im Fig. 9 in order to compare the
performance of the three WMPPT sfrategies more sazily.
Fiz. 10 shows wanable permrbation step size of the
propasad FLC algorithm. Thremgh Fiz, 10, it can be
conchided that the step size conmolled by the FLC
alzarithm can be changzed snitably depending on the systam
operation condition. At fime 1.073 =, the step size becomes
small which can indicate the system operating point is very
close to MEP or it is the MPP itself.
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Fig. 8. Output power curves of three MPPT simiegies: (a) HCS
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Fiz. 11. Curve of wind spead.
Tahle 3- Results of case 3

MPPT Straegy Caad: ¥ ()

HCS (step size: 0.080/min) 713748

HCS (step size: 0.04r/min) G867

FLLC [vasiabls sbep wize] T404 0
£3 Cazel

Caze 3: The wind spead change: fast and bregularly
from 1.0= to 4.0s. The curve of wind spead i shown in Fig.
11. The wind energies capmared by murbines from 1.0 s to
4.0 5 thyonzh thres different MPPT algorithms are listed in
Table 5.

Throush the above three cases, we can see that the
cygtem can alaays operate at its optimal point: for a cartzin
wind speed by using any of the three MPPT siratezies. But
the emphasziz i when the wind speed changes the FLC
alzorithm chows good performances than the comventionsl
HCS alporithm no matter its step size is large or small FLC
alzorithm can track the MPP nmch faster than the other two
methods At the same fime, the flucmation maznimde of
teal power of FLC alporithm is small doring steady state
Case studies also show that the wind energy captured by
FLC algorithrm iz the most among the three MPET
smategies both m the simstion of wind speed changing
slowly and in the simation of wind speed changing fisrcely.
All these resalts can wvalidate that the proposed MPET
algorithm is highly efficient than the coovendomal HCS
alzorithms.

Cenerally speaking, compared with the comventional
HCS conmol approachss, the proposed algorithm reflects
sipmificant advantages no matier in the aspect of wacking
speed of in the aspect of the flucmation mapnimds of real
power.

6. Conclusions

This paper proposes a Mzzy-logical-comtmoller based
MPPT soategy with varnable step size, which can consider
both racking speed and steady-state efficiency. The
propossd alzorithm can change itz permrbatdon step size
dynamically depending on the change of wind speed, which
enshles the furbine to track the MPP quickly and srooothly.

Three MPPT algorthms and three cases were
developed m this paper. The effectivensss of the proposed
alzorithm is verified in MATLARSimulink snvironment
with SmmPowerSystems and Fuozzy Logical Toolbox, The
simulation results indicate that the proposed forry-logical-
confroller based MPPT alporitm shows good perfonmance.
The wind nirbine conld track the optimmm operating point
swifily nsing the proposed algorithm and the steady-state
power would not flucmate Sercely. In general the proposed
FLC MPPT algorithm can enhance the efficiency of wind
furbine operation oompared with the cooventgomal HCS
strategy.
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