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PETIJUMA AKTUALITATE

Energétikas nozimei Latvija ir padzilinata uzmaniba, pamatojoties gan uz
pasu izvirzitiem mérkiem, gan Eiropas Savienibas izvirzitiem uzdevumiem, kas
ir saistiti ar energoneatkaribu, energoefektivitati un atjaunojamo energo resursu
izmantoSanas Tpatsvaru (Latvijas Republikas tiesibu akti, 2016). Visas izvirzitas
prasibas tie$a veida skar arT Latvijas elektroenergétiku, tas raZoSanu un patérinu.
Primara elektroenergétikas probléma ir energoneatkariba. Peéc 2016.gada datiem
energijas imports Latvija vidgji sastada 21% no sarazotas elektroenergijas, tacu
Sis raditajs ir mainigs atkariba no apskatama perioda un tirgus situacijas.

Latvija p&c atjaunojamo energo resursu (turpmak — AER) izmanto$anas
ierindojas 3. vieta aiz Austrijas un Zviedrijas, pateicoties lielajam
hidroelektrostaciju sarazotajam apjomam. Upju resursi Latvijas teritorija ir
pietickami noslogoti, lai v&l wvairak paplaSinatu elektroenergijas ieguvi
hidroelektrostacijas, tapéc  viens no  perspektiviem  risinajumiem
energoneatkaribas veicina$anai valstiska méroga ir v€ja energétikas attistiba
divos primarajos virzienos (Latvijas Vides, geologijas un meteorologijas centrs,
2015): veidojot jaunus vEja parkus, kas jau tiek istenots Latvijas rietumu
teritorijas dala, kur darbojas 3 lielakie v&ja parki Latvija; uzstadot mazas un
vidgjas jaudas v€ja stacijas ar nominalo elektrisko jaudu lidz 100 kW
decentralizeta veida Latvijas lauku un urbanizgtajas teritorijas.

Decentralizéto VES izmantoSanu raksturo dazi pozitivi faktori, pieméram,
nav nepiecieSams buivet jaudigas elektroparvades linijas un ir iespgjams veikt
elektroenergijas razo$anu tuvak patérétajam decentraliz&ti visa valsts teritorija.

Lai veicinatu vg&ja staciju uzstadiSanu, ir nepiecieSams izstradat
normativos dokumentus, kas noraditu visu kartibu, atvieglojumus un citus ricibas
planus personam, kuras ir gatavas investét véja staciju iegad€ un uzstadisana. Lai
Latvijas valsts iegiitu vairak, labakais risindjums biitu izmantot esoSo zinatnisko
un razoSanas potencialu, lai valsts mérku laba izstradatu savu vgja staciju, kas
izpilditu specifiska pielietojuma prasibas. Pasaulé daudzas valstis politiski tiek
izmantoti un stimuléti iek$gjie resursi valsts ITmena pasttijumiem, kas ir pareiza
riciba, jo stimul€ razoSanu, rada jaunas darba vietas.

Efektivam un augstvértigam jauna produkta izstrades darbam ir
nepiecieS$ams izmantot jaunas iestrades un tehnologijas. Latvijas zinatnieki ir
pétijusi ar v&ja energétiku saistitas t€mas, sakot ar v&ja energétikas potencialu
Latvijas atseviskas teritorijas un valstl kopuma un beidzot ar atsevisku risinajumu
izstradi. Latvijas zinatnieki ir autori vairakiem vgja stacijas patentiem, kas ir
specifiski un ar lielu potencialu nakotne.

Pamatojoties uz nozimigumu véja energétikas attistibas veicinasana, tika
izveleta promocijas darba tema ,,Vertikalas ass v&ja rotora sparnu lenka aktiva
regulés$na energoefektivitates uzlaboSanai”, ka darba mérki izvirzot, izstradat un
izpétit jaunu tehnologisko risindjumu simulacijas modeli vertikalas ass vgja
staciju sparnu lenka reguléSanas sisttma vertikalas ass v&ja rotora lietderibas
koeficienta uzlabosanai.
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Promocijas darba apskatiti pasreizgjie pétifjumi par v&ja energétiku un
vertikalas ass v€ja staciju izmantoSanu, uzlaboSanu, aprékiniem un efektivitates
palielinasanu. P&c esoSo petijumu analizes tika izvirziti promocijas darba merki,
uzdevumi, izstradata petijjumu programma un p&tijjumu metodes.

PETIJUMU HIPOTEZE, MERKIS UN UZDEVUMI

Zinatniska darba hipotéze: vertikalas ass v&ja elektrostacijas lietderibas
koeficients var tikt paaugstinats, izmantojot sparnu iestatiSanas lenka regulésanas
sistému, kas ar atbilstoSu vadibas programmu veiktu sparnu lenka reguléSanu pie
nestacionara rotora rotacijas atruma un mainigas v&ja atruma uz regulg&jamo
sparnu raditas aerodinamiskas slodzes.

Izvirzitas hipotezes sevi ieklauj vertikalas ass v€ja stacijas darba rakstura
izp@ti, sparnu iestatiSanas lenka regul€Sanas sisteémas izpéti, nestacionaras v&ja
plismas energijas ietekmes analizi, turbinas rotora inerces ietekmi uz VES
darbibu un izejas elektrisko jaudu.

Zinatniska darba mérkis ir teorétiski un eksperimentali pamatot
vertikalas ass vEja elektrostacijas simulacijas modela daudzpusigo pielietojumu
musdienu raZzo$anas un izstrades procesos, véja elektrostacijas sparnu iestatisanas
lenka regulésanas sist€émas programmas izmantosanas iespgjas.

Darba mérka sasnieg§anai izvirziti $§adi uzdevumi:

1. teoretiski izpétit esosas VAVES simulacijas metodes, izstradat VAVES
simulacijas modeli, izmantojot MATLAB Simulink pakotni. Veikt
simulacijas modela parbaudi izmantojot eksperimentalos datus;

2. analiz€t pasreizgjas uz VAVES rotoru reducéta aerodinamiska griezes
momenta aprékinu un simulacijas metodes, izstradat simulacijas modeli,
un ar paplasinatu aprékinu algoritmu veikt optimalo sparnu aerodinamisko
lenku aprekinu;

3. veikt pétijumus par VAVES rotora simulacijas un inerces momenta
aprékinu metodém. Izmantojot rotora simulacijas modeli, veikt p&tijumu
par VAVES rotora inerces momenta ietekmi uz VAVES lietderibas
koeficienta ietekmi;

4, veikt teorétiskos pétijumus par pasreiz€jiem VAVES lietderibas
koeficienta paaugstina$anas risinajumiem un sparnu iestatiSanas lenka
regulésanas sist€émas izmantoSanas iesp&jam un esosajiem petljumiem.
Izstradat simulacijas modeli MATLAB Simulink vide sparnu iestatisanas
lenka regulésanas sist€mai, validacijai izmantojot eksperimentali ieglitos
datus.
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1. VEJA TEHNOLOGISKO IEKARTU IZSTRADES UN
IZMANTOSANAS PROBLEMATIKA

Komercialas VES tiek iedalitas divas galvenajas pamatgrupas pec rotora
varpstas rotacijas virziena: horizontalas ass un vertikalas ass. Horizontalas ass
VES konstrukcija ir ievérojami daudzveidigaka salidzinajuma ar vertikalas ass
VES. Tas izskaidrojams ar daudzu gadu laika izveidoto pielietojumu (1.1. att.).

| Rotaciias ass veids |

| Horizontals | | Vertikals |
v
| Sauszemes | | Juras (pretvéia) | | Celgjspeka | | Spiedspeka |

v v v v :
| Pavéia | | Pretveia | | Fikséta ” Peldosas | Savoniu
+ + + + Darius H-tipa

| Sparna iestatisanas lenkis Regulgjams
v v sparnu lenkis ar | Darius Helix-Tipa |
L _ aktivu piedzinu
Fiksgts Reguléts

| Sparna lenka reguléSana |

| Elektroniedzina | | Hidropiedzina | | Pneimopiedzina

1.1. att. VES iedalijums péc konstrukcijas



Horizontalas ass VES konstrukcijas pamata ir propellera tipa rotors,
turprett vertikalas ass VES rotors var tikt izveidots no dazadiem sparnu
konstrukcijas veidiem iedalot divas pamatgrupas: c€lgjspeka un spiedspek.
Horizontalas un vertikalas ass VES iedalijums izveidojies vésturiski, kad VES
konstrukcija tika mainita atkartba no nepiecieSamas uzstadiSanas vietas un
uzstadamas jaudas (1.1. att.).

V¢gja jauda Py, kas tick aprékinata pec gaisa plusmas atruma, iedarbojas uz
VES rotoru, kuram izeja tiek iegiita rotora acrodinamiska jauda P.. Mehaniskie
parvadi, ka, pieméram, varpstas, gultni un multiplikators izeja parvada
mehanisko jaudu Pm. Energijas parveides posma nobeiguma, veicot mehaniskas
energijas parveidoSanu elektriskaja energija, izeja tiek sarazota lietderiga
elektroenergija Pe (Qasim A.Y ., 2012) (1.2. att.).

_— Pa Pm

1.2. att. VES energijas parveide
1 — gaisa plusma; Py — gaisa plismas jauda, kW; 2 - VES rotors; Pa — rotora
aerodinamiska jauda, kW; na — aerodinamiskais lietderibas koeficients; 3 — VES
mehaniskais parvads; Pm — mehaniska jauda, kW, nm — mehanisko parvadu lietderibas
koeficients; 4 — VES elektrogenerators un elektroiekartas; Pe — aktiva elektriska jauda,
KW; ne — elektriskais lietderibas koeficients.

1.1. VES konstruktivo risinajumu salidzinos$a analize

Apstradajot visu informaciju, kas ir apskatita, tika sastadits salidzinajums
starp horizontalas ass v&ja elektrostaciju (turpmak — HAVES) un vertikalas ass
vgja elektrostaciju (turpmak — VAVES). Prieksrocibas un trikumi tiek apskatiti
divos appiites laukuma S diapazonos , <100 m? un >100 m?. VAVES izteiktaka
atSkiriba ir spgja stradat pie mazaka v&ja atruma, tacu tas darbibu ierobezo lielas
gaisa pluasmas, pamatojoties uz to, ka VAVES neizmanto sparnu iestatisanas
lenka regulé$anas sisteému.

HAVES un VAVES prieksrocibas vai trikumi javérté un jasalidzina
atkariba no konkréta pielietojuma. Vietas ar zemakiem v€&ja atrumiem lielaka
prieksroka tiek dota VAVES, turpretit HAVES spgj efektivak stradat pie lielakiem
vEja atrumiem. Misdienas lielu tirgus dalu ar appiites laukumu lidz 100 m?
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aiznem tiesi VAVES, jo to 1paSibas vairak piemérotas urbanizetiem vides
apstakliem (Gardiner G., 2011).

1.1. tabula
HAVES un VAVES salidzinajums
Raditaji S <100 m? S >100 m?
Rotora veids Horizontals Vertikals Horizontals Vertikals
Sparna profils Nesimetrisks Simetrisks Nesimetrisks Simetrisks
Vgja virziena sekosSanas Aktivs vai Netiek Aktivs Netiek
mehanisms pasivs pielietots pielietots
Sparna iestatiSanas lenka | Aktivs vai Netiek Aktivs vai Netiek
mehanisms pasivs pielietots pasivs pielietots
Troks$pa limenis (5-60dB) (0-10dB) (10-70 dB) (10-30dB)
Viin 25-5ms? 15-3ms? 45-5m-s? 3.0-5ms?
Vinax ~25 m-s? ~15m-s? ~25m-s? ~15ms?
Rotora passtarts Ir (pie Ir (piev>6 Ir (pie Ir (piev>6
jebkada véja m-st) jebkada v&ja m-s?t)
atrums) atrums)
Multiplikatora Pec izveles Pec izvéles NepiecieSams | NepiecieSams
izmantoSana
A ~6 ~3 lidz 4 ~6 ~3 Iidz 4
Masta augstums Lmasts = 5D Lmasts = 2D Lmasts = 2D Lmasts = 1.5-D

VAVES energoefektivitates raditaja lietderibas koeficienta palielinasanai

elektriskas jaudas diapazona no 10 kW Iidz 100 kW, nepiecieSams veikt jaunas
izstrades. Apskatot VAVES ar jaudu no 10 kKW, uzstadito VES skaits ir mazs jo
VAVES lietderibas koeficients ir zemaks salidzinot ar HAVES (Halstead R,
2011). VAVES efektivakai komercializ€Sanai nepiecieSams veikt dazadas jaunas
izstrades, piem€ram, rotora konstrukcijas un mehaniska parvada pilnveide,
energoefektivitates paaugstinasana ar sparnu lenka aktivo reguléSanu,
elektrogeneratora specialas konstrukcijas izstrade.

1.2. VES vadibas sistéemas analize, sparnu iestatiSanas lenka
regulésanas sistémas apskats

VES vadibas sist€ma atbilstosi tehniskajam uzdevumam izpilda vairakas
funkcijas: bremzu sistémas vadibu, sparnu iestatiSanas lenka regul@Sanu,
gondolas pagrieziena lenka kontroli, elektriskas slodzes regulésanu, slodzes un
elektriska tikla diagnostiku, generatora diagnostiku. Programmeéjamais logiskais
kontrolleris (turpmak — PLK) nolasa informaciju no ikviena VES mezgla un
iekartas, kuras ir uzstaditi mérisanas sensori (1.3. att.).
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1.3. att. VES vadibas iekartu sadalijums péc izpildes funkcijas
1 — centralas vadibas sistéma; 2 — gaisa pliismas mérisanas interfeiss; 3 — sparnu
iestatiSanas lenka reguléSana un mériSana; 4 — mehanisko parvadu diagnostika;
5 — elektrogeneratora slodzes regul&$ana un stavokla uzraudziba; 6 — elektriska tikla
mériekartas un tikla invertora vadiba; 7 — gaisa plisma, 8 — turbinas rotors un sparni;
9 — mehaniskais parvads; 10 — elektrogenerators; 11 — elektriskais tikls, vai kada cita
veida slodze; v — v&ja atrums, m s'; ¢ — gaisa pliismas virziens, % ¢ — sparnu iestati§anas
lenkis, 5 nr — rotora rotacijas atrums, Min‘t; guzd — sparnu iestatiSanas lenka uzdevums,
n — mehanisko varpstu rotacijas atrums, min't; O — rotora pagrieziena lenkis, *
Ng —generatora rotacijas atrums, Min-; Pg — generatora elektriska jauda, KW;
Puzd — generatora uzdota jauda, KW; Ue — tikla spriegums, V; le — tikla strava, A,
Pe — tikla elektriska jauda, KW.

Vgja virziena merjjumi nepiecieSsami VAVES sparnu iestatiSanas lenka
vai HAVES gondolas pagrieziena lenka regulé$anas iekartam (1.3.att.). VAVES
lietderibas koeficienta paaugstinasanas risindjums ir sparnu iestatiSanas lenka
reguléSanas sistéma, kas spg&j uzraudzit rotora optimalos sparna aerodinamiskos
lenkus. HAVES sparnu iestatiSanas lenka reguléSanas sistéma ir pieejama
lielakajai dalai piedavato VES. VAVES sparnu iestatisanas lenka regulésanas
sistéma komerciali netiek piedavata. Lai piedavatu nakotné VAVES sparnu
iestatiSanas lenka regul€Sanas sistému, ir nepiecie$ams siki izpétit tas iesp&jamos
tehniskos risinajumus. Sparnu iestatiSanas lenka reguléSanu nodrosina ar
decentralu PLK vai VES centralu PLK. Atkariba no sistémas mérijumiem par
vEja virzienu, rotora rotacijas atrumu un pagrieziena lenki, izeja tiek aprékinats
sparna optimalais iestatljuma lenkis. Izmantojot servo mehanismus, ir iespgjams
veikt aprékinata iestatiSanas lenka izpildi.

Servo regulators 10 sastav no logiskas vadibas 6 un spéka interfeisa 9.
Servo regulatoram, vadot servo mehanismu, tiek izpildits uzdotais sparna
iestatiSanas lenka uzdevums. Servo regulatoram logiskas vadibas elektroniska
shéma nodroSina sastaditas logiskas programmas izpildi, servo regulatora un
servo motora diagnostiku. Servo motora pagrieziena lenka elektromehaniskais
sensors 5 un servo regulators 10 veido noslégtu kontiru (1.4. att.).
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1.4. att. VES sparnu iestatiSanas lenka reguléSanas vadibas sistémas uzbiive
1 — gaisa plisma; 2 — VES rotora sparns; 3 — sparna iestatiSanas lenka mériekarta;

4 — sparnu iestatiSanas lenka vadibas sistéma; 5 — servo mehanisma pagrieziena lenka
meériekarta; 6 — servo regulatora vadibas bloks; 7 — elektriska tikla mériekartas;

8 — elektriskais tikls; 9 — servo regulatora speka interfeiss; 10 — servo regulators;

11 — servo piedzina; 12 — reduktors un mehaniskais parvads; Pv — gaisa pliismas jauda,
KW; nsp —sparna rotacijas atrums, min-; nseno — servo motora rotacijas atrums, min;
Uservo — Servo motora spriegums, V; fseno — Servo motora sprieguma frekvence, s?;

Ubaros — elektriska tikla spriegums, V.

VAVES simulacijas modelis dod iesp&ju ne tikai simulét fizikalos
procesus, bet arT sastadit vadibas sistémas logisko programmu (Komass T.,
2014). Programmu ir iesp&ams parbaudit ar sastadito VES simulacijas fizikalo
modeli. Sads risinajums palidz parbaudit vadibas sistémas logisko programmu.
Atkariba no ta, cik precizi ir sastadits VAVES fizikalais modelis, ir iesp&jams
iegiit tuvinatu vai precizu vadibas sistémas programmu. MATLAB Simulink
lietotajam nodroSina vadibas sist€émas programmas konvertaciju no Simulink
grafiskas programmas valodas uz PLK valodu ST (Strucure Text).

2. VAVES TEHNOLOGISKO IEKARTU SIMULACIJAS
MODELU IZSTRADE

VAVES simulacijas modela izstrade ir nepiecieSama, lai uzlabotu jaunu
produktu attisttbu un atraku nonakSanu lietotaja sektora. Simulacijas modela
struktliru ir nepiecieSams izveidot modularu, katrai VES iekartai izveidojot
atseviSku apaks$sisteému. Lai izpilditu pétijuma meérki, ir nepiecieSams apskatit
katru VES iekartu, kurai pakartoti ir nepiecie$ams izstradat simulacijas modela
apakssistemu (2.1. att.).
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2.1. att. VAVES simulacijas modela struktiira
1 — gaisa pliismas aerodinamiska griezes momenta simulacijas apakssistéma;
2 — VES rotora simulacijas apak$sistéma; 3 — mehaniska parvada simulacijas
apak$sistéma; 4 — generatora simulacijas apak$sistéma; 5 — sparnu iestatiSanas lenka
regulé3anas sistéma; v — gaisa pliismas atrums, m s*; Ma — aerodinamiskais griezes
moments, Nm; @ — rotora rotacijas atrums, rad s'%; 0r — rotora pagrieziena lenkis, °;
om — mehaniska parvada izejas rotacijas atrums, rad s'1; Om — mehaniska parvada izejas
pagrieziena lenkis, °; wg — generatora varpstas rotacijas atrums, rad s; Og — generatora
varpstas pagrieziena lenkis, °; ¢ — gaisa plasmas lenkis pret ziemelu virzienu, °.

Izveloties $adu simulacijas modela struktiiru, ir iesp&jams &rti sastadit
VES simulacijas modeli péc noteiktas uzbiives. Lai nodroSinatu pilnigu
savietojamibu ar redliem objektiem, ir nepiecie$ams katrai apakssisteémai veidot
parametru ievades logu. Pievienojot apaksistému simulacijas modelim un ievadot
reala objekta parametrus, ir iegiits funkcion€joss simulacijas modela elements.
Modularais simulacijas modela risinagjums dos lielaku pielietojamibu. Iegiistot
jaunus fizikala objekta pétijumu rezultatus, ir €rti veikt atseviSsku apaks$sistemu
uzlabojumus vai pielagojumus jaunajiem rezultatiem (Komass T., 2013b)

2.1. Veja atruma eksperimentalie merijumi

ME&rijumi tika veikti Belgijas pilséta Ostendg laika posma no 3.09.2014.
lidz 12.11.2014. Gaisa pliismas m&raparats 2 tika novietots 12 m augsta masta un
tika piesl€gts pie nolasiSanas ierices 3. Datu ierakstiS8ana un apstrade tika veikta,
izmantojot datorprogrammu MySQL 4 (2.2.att.). Meraparats tika kalibréts
atbilstosi lietoSanas instrukcija sniegtajiem noradijumiem.
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2.2. att. Véja parametru mérijumu sléguma shéma
1 - v§js; 2 — WXT520 gaisa plusmas atruma un virziena mériekarta; 3 — PM573 datu
nolasiSanas un apstrades iekarta; 4 — dators ar uzstadito datu saglabasanas datorprogramu
MySQL,; 5 — TCP datu parraides kanals; 6 — RS485 datu parraides kanals ar ACSII
protokolu.

Eksperimentalo mérijjumu dati uzrada izteiktu v&ja atruma nelinearo
raksturu. Tas ir iemesls, kapéc ir svarigi VAVES simulacijas modeli izmantot
ekperimentali méritos datus, lai simulacijas modelis tiktu péc iesp€jas precizak
validacijas laika paklauts dabiskiem apstakliem (2.3. att.).
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2.3. att. Véja atruma mérijumi Belgijas pilséta Ostende
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2.2. Aerodinamiska griezes momenta simulacijas modela
izstrade

Celgjspeka projekcija uz sparna lineara atruma vektora ass ir speks, kas
veic v&ja turbinas rotacijas kustibu. Spiedspéka projekcija uz sparna lineara
atruma vektora ass ir bremzgjoss speks un ir versts pretgji kustibas virzienam.
Celgjspeka un spiedspeka lielumu pie noteikta gaisa plismas atruma nosaka
celgjspeka koeficients CL un spiedspeka koeficients CD. P&tijumi parada, ka CL
un CD koeficienti ir ieglistami tikai eksperimentali. C&lgjspeka un spiedspéka
projekcijas uz sparna lineara atruma vektora ass aprékinami sekojosi (Savejo):

F, = sin(tan™? (R.msrine )) *((cos8-v+ w-R)? + (sinf-v)?)-CL- C';p :
“T+cos@
(21)
Fp = cos(tan™! (R,wsme )) *((cos@-v+ w-R)?+(sinf-v)?)-CD ke
—ptcos 2
(22)
kur | — sparna garums, m;
Fo — celgjspeka projekceija, N;
Fo  —spiedspeka projekcija, N;
Ve — tangencialais v&ja atruma vektors;
Vr —radialais v&ja atruma vektors;
Or — turbinas rotora rotacijas lenkiskais atrums, rad s?;
R — turbinas rotora radiuss, m;

v — v&ja atrums, m s

Apakssistéma ,,AerodynamicBlade” izstradata ar mérki simul&t
aerodinamiskos spékus reala laika. Simulacijas modela apaks$sisteémas iek$gja
struktiira sastav no ieejas signalu nolasiSanas portiem, matematisko aprekinu
funkcijam, parluktabulam, izejas porta un ierakstiSanas porta. Sist€ma sakartota
logiska matematiska aprékinu seciba, lai cikla laika tiktu veikts precizs
aerodinamisko speku un griezes momenta aprekins. Saja simulacijas model ir
izvélets NACAO0018 profils ar CL un CD raditajiem pie atbilstosa Reinoldsa
skaitla (2.4. att.) (Komass T., 2015Db).

Simulacijas modela nozime ir iesp&ja to izmantot talakos p&tijumos.
Izveidota atveérta apakSsisteémas strukttra atlauj erti veikt dazadas izmainas un
izmantot papildus izejas informaciju, kas nepiecieSama papildus no vektoru
aprékinu metodes. ApakS$sistéma aprékina aerodinamisko spéka vektoru
skaitlisko v&rtibu un lenki pret sparna rotgjoso kodrinatu asi (Komass T., 2015b).
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2.4. att. Viena sparna aerodinamiska griezes momenta simulacijas modela
apakssistémas ,,AerodynamicBlade” iek§eja struktiira

Aerodinamiska speka aprékina modeli turbinas rotors pagriezas ar soli 1 °.
Simulacijas modela solis sim_Step = 0.01 s, kas nodroSina aprekinu soli
simulacijas modelim 0.01 °. Simulacijas laika tiek parbaudits griezes momenta
aprekins pie rotora pagrieziena lenka no 0 ° Iidz 360 °. Rotora pagrieziena lenkis
0 © ir pret gaisa plasmas virzienu (2.5. att.).
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2.5. att. Sparnu griezes momenta simulacijas rezultati

Lai sasniegtu izvirzitos mérkus un simulacijas modelis atbilstu realam
objektam, ir nepiecie$ams izmantot aerodinamisko speku vektoru aprékinu
metodi. Izmantojot $o aprékinu metodi, simulacijas modeli nodro$ina precizu
aerodinamiska griezes momenta aprékinu uz vienu sparnu atkariba no rotora
relativa pagrieziena lenka pret v&ju (Komass T., 2015a).
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2.3. VAVES rotora simulacijas modela izstrade

Zinatniskajos rakstos tiek analizeti aerodinamiskie parejas procesi v&ja
turbinas. Petijumi pierada, ka v&ja rotora inerces lielums var ietekmét sarazotas
elektroenergijas daudzumu. Papildus nepiecieSams izpétit, cik liels energétiskais
ieguvums tiek ietekm@ts, izmainot rotora inerces momentu, kada ir §7 ietekme un
cik liela m&ra tas ir saistits ar pasas VES slodzes regulé&Sanas sist€émas izpildijumu
(Komass T., 2013c). Parejas procesu no v&ja atruma izmainas lidz VES rotora
rotacijas atruma izmainai var aprakstit ar pirmas kartas inercialu posmu, ko
izsaka parvades funkcija (Komass T., 2013a) (2.6. att.):

_ wy(s) _ Kt
W) =) = Tmmam o &3

kur Wi (S) — VES rotora parvades funkcija;
or(s) — Laplasa transformacija no rotora lenkiska atruma, rad s;
v (s) - Laplasa transformacija no v&ja atruma, m s;
Kt — VES rotora parvades koeficients, rad m™;
Jr — VES rotora inerces moments, kg m?;
oOrnom — VES nominalais lenkiskais atrums, rad s7;
Mr.nom — VES rotora nominalais griezes moments, Nm.

D

Ma,Nm | par_RotorMomentInertia I—b

o xl

Jt, kg m2 o

ED)
|
Ma.nom, Nm

Rotora lenkiskais atrums, rad s-1
Rle

X

D
Msl, Nm

e X

8 4

2.6. att. Turbinas rotora apakssistéma

Rotora inerces ieteckme uz VAVES darba kvalitati un sarazotas
elektroenergijas daudzumu ir teorétiski un eksperimentali nosakama. Izmantojot
sastadito simulacijas modeli VAVES rotoram, ir iesp&jams izp&tit rotora inerces
momenta ietekmi uz sarazoto elektroenergijas daudzumu. Pirms simulacjas
modelis tiek izmantots S§im eksperimentam, tas tiek validéts ar
eksperimentalajiem datiem. Eksperiments tika veikts 2015. gada tresaja ceturksni
Belgijas pilséta Ostend&. Eksperimentalais objekts bija VAVES ar nosaukumu
,Flyfox-20kW?”, sastavot no divu bloku rotora ar Cetriem sparniem katra bloka,
rotora diametrs un sparna garums ir 7.5 m (2.7. att.) (Komass T., 2013a).
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2.7. att. ,,Flyfox-20kW?” parejas procesu simulacijas modelis

Apskatot ,,Flyfox-20kW?” simulacijas rezultatus rezultatu posma, kur VES
rotors ir ieskrgjies un nostabilizgjies, rezultati parada, ka simulacijas modela
datiem ir ciesa sakritiba ar VES eksperimentalajiem mérfjjumiem. Simulacijas un
eksperimentalo datu statiska analize uzrada datu sakritibu ar R? = 0.842 (2.8. att.).
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2.8. att. ,,Flyfox-20kW?” validacijas rezultati

Eksperimentala p&tijuma rezultata ir izstradats un aprobéts VES rotora un
aerodinamisko spéku simulacijas modelis MATLAB Simulink vidé. Modela
izstrade ir veikta gan aerodinamisko speku aprékinam, gan rotora inerces parejas
funkcijai un slogosanas algoritmam. Izstradatais simulacijas modelis talak tiek
izmantots VAVES simulacijas modeli sparnu iestatiSanas lenka aprobacijai.
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2.4. Mehaniska parvada simulacijas modela izstrade

VES aerodinamiskas energijas mehaniska parvades sistéma sastav no véja
turbinas léngaitas varpstas, multiplikatora un atrgaitas varpstas (2.9. att.).
Analizétajos zinatniskajos pétfjumos izvirzitajosS risinajumos tiek apskatita
konstrukcija, neizmantojot multiplikatoru VES un aizvietojot to ar pastavigo
magnétu sinhrono daudzpolu generatoru. Pasttavigo magnétu daudzpolu
generatorus ir iesp&jams veidot dazadas konstrukcijas, panakot nepiecieSsamo
léngaitas atrumu (Komass T., 2013a).

Omul.l 1 2 3 :\OAT::Ihh

Mmut.i /
\]mul.l \(-\ Nmul \(-\ Jmul.h
Jmui }

2.9. att. Mehaniska parvada energijas plismas shéma
1 - léngaitas varpsta; 2 — multiplikators; 3 — atrgaitas varpsta; omull — 1€ngaitas varpstas
rotacijas atrums, rad s, Mmut1 — 18ngaitas varpstas griezes moments, Nm;
Jmul1 — Iengaitas varpstas inerces moments, kg m?; nmul — multiplikatora lietderibas
koeficients; Jmu — multiplikatora kopgjais inerces moments, kg m%; omulh — atrgaitas
varpstas rotacijas atrums, rad $; Mmulh — atrgaitas varpstas griezes moments, Nm;
Jmulh — atrgaitas varpstas inerces moments, kg m?.

Izstradajot MATLAB Simulink vidé multiplikatora apakssistémas modeli,
tiek izmantota parametru ievade caur apakssistémas parametru logu. Lietderibas
koeficienta mekléSanas tabula ka ieejas signalus sanem griezes momentu,
rotacijas atrumu un parnesumu skaitli. Multiplikatora apakssistémas izeja tiek
aprekinats atrgaitas varpstas griezes moments un rotacijas atrums (2.10. att.).

-y, '
|
in_GriezesMomenis, Nm ‘ |

Pamesuma attieciba
par_NominalTorque I =¥ Pty
Nominilais griezes moments j_l—’
* 1| Reduktora Lietderibas

par_NominalSpeed

Womin lais rotacijas itrums Koeficients ‘
Q— I x} .é) |

5
il

n-D T(u)

out_GriezesMoments, Nm

.

in_RoticijasAtrums, rad s-1 | 1

par_MomentOflnertia

Nominlais inerces moments

ﬂ

out_RotacijasAtrums, rad s-1

2.10. att. Multiplikatora apakSsistémas iekS€ja struktiira
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2.5. PMSG simulacijas modela izstrade

Promocijas darba izvirzito mérku sasniegSanai tiek simulétas generatora
elektromehaniskas Tpasibas, sprieguma avota un stravas avota funkcija
(2.12. att.). PMSG spriegumam ir lineara funkcija no rotacijas frekvences
Ug = f(fy) (Komass T., 2013b):

Unost |

Jg*wgn dﬁ _
( Mgn ) dt + Ug B Wnost (Dgl (24)
kur T — elektromagnétiska laika konstante, s;
®g  — generatora rotacijas lenkiska frekvence, rad s;
U — generatora izejas spriegums, V;
ogn —PMSG rotacijas nominala lenkiska frekvence, rad s?;
Jg — PMSG inerces moments, kg m?;
Mgn —PMSG nominalais griezes moments, Nm.
»(1)

Rotora lenkiskais

Rotora rotacijas atrums, rads-1 . atrums, rads-1
Atrums, rads-1 Pozicija, rad

Inerces moments, kg m2 1Tg Rotora pagrieziena

@ lenkis, rad

Rotora griezes moments, Nm

2.12. att. PMSG mehanisko parejas procesu simulacjas apakssistéma

Petfjumu rezultata sastaditais un valideétais PMSG simulacijas modelis ir
izmantojams kop&ja VAVES simulacijas modeli. Atkariba no pétjjumu
specifikas modelis ir &rti korig€jams specifiskam pétijumu vajadzibam, tada
veida padarot modeli értak lietojamu un izmantojamu nestandarta p&tjjumos.

3. SPARNA AERODINAMISKO LENKU REGULESANAS
SISTEMAS UN SIMULACIJAS MODELA IZSTRADE

Jaunakie pétfjumi, aerodinamiskie aprékini un modeléSanas rezultati
liecina, ka, veicot v&ja turbinas sparna iestatiSsanas lenka korekciju, iesp&jams
paaugstinat turbinas lietderibas koeficientu (Komass T., 2015c). VAVES ar
fiks€tu sparna lenki v&ja energijas izmantosanas koeficients ir par aptuveni 14%
mazaks neka turbinam ar regul&jamu sparna lenki.

Petjumi pieradijusi, ka HAVES konstrukcija prieksroka tiek dota veja
rotora sparnu iestatiSanas lenka aktivai automatiskai regul&sanai ar elektriskiem
katram sparnam neatkarigiem servomehanismiem. VES ar jaudu < 5 kW
nepiecieSams veikt reguléSanu ar elektromehaniski centralizétu sparnu
iestatiSanas sisttmu. VAVES sparnu aerodinamisko lenku regulésanas sistéma
nav I1dz §im pielietota neviena no esosajiem komercizstradajumiem (Komass T.,
2016).
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3.1. Sparnu lenka aktivas regulesanas sistemas konstruktiva
risinajuma analize un izstrade

Ka elektriska piedzina tiek izmantoti servo motori 6. Servo mehanismam
ar reduktoru ir priek$rocibas: mehanisko vibraciju absorbcija reduktora 5; iesp&ja
izmantot motoru ar mazaku griezes momentu; radialas un aksialas slodzes
absorbcija reduktora; servo sist€émas stabilitate (Komass T., 2016) (3.1. att.).

5 _ \

3 4 ,,\/»\5:! 6
- AC
1

3.1. att. Spara lenku reguléSanas sistemas ar reduktoru
1 — sparna lenku regul&Sanas sisttmas mehaniskais posms; 2 — sparna lenku regulésanas
sistémas elektronikas posms; 3 — gaisa pliisma; 4 — sparna konstrukcija; 5 — reduktors;
6 — servo motors; 7 — servo regulators; 8 — elektroenergijas avots.

Konstrukcija, neizmantojot reduktoru, lieto servo motorus 5 ar dobu vidu,
kam dobuma var izvirzit cauri sparna rotacijas varpstu. Sada veida servo motora
konstrukcija ir érta un piemérota $§adiem tehnologiskajiem risinadjumiem (Komass
T.,2016) (3.2. att.).

3.2. att. Sparu lenka regulésanas sistémas konstruktivais risinajums bez
reduktora
1 — sparnu iestatiSanas lenka regulésanas sistémas mehaniskais posms; 2 — sparnu
iestati$anas lenka regulé$anas sist€mas elektronikas posms; 3 — gaisa plasma un tas
perturbacija uz sparna virsmu; 4 — sparna konstrukcija; 5 — servo motors; 6 — servo
regulators; 7 — elektroenergijas avots.

Vienam sparnam iestatiSanas lenka regul&Sanas sistéma ir servo motors 7,
piedzinas regulators 7, mehaniskais parvads 4 un sparna pagrieziena lenka
meériekartas 3 un 6. Servo motoru regul@ servo regulators, kas sastav no elektriska
speka un logiskas vadibas interfeisa. Centrala vadibas sisteéma 8 méra v&ja atrumu
un virzienu, rotora pagrieziena lenki, sparna eso$o pagrieziena lenki (3.3. att.).
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3.3. att. Sparnu iestatiSanas lenka piedzinas vadibas sistémas
struktiirshema
1 —gaisa plusmas perturbacija uz sparna mehanisko konstrukciju; 2 — sparna mehaniska
konstrukcija; 3 — sparna iestatiSanas lenka elektromehaniska mériekarta; 4 — reduktors;
5 — servo motors; 6 — servo motora pagrieziena lenka elektromehaniska mériekarta;
7 — servo regulators; 8 — centralas vadibas kontrolleris; 9 — elektroenergijas avots.

VAVES ar tiTs aktivi regul@jamiem sparniem katrs sparns strada ka
autonoms elements. Sparnu regul€Sanas sisttma tiek izmantots centralais
kontrolieris, kas veic datu nolasiSanu 2 un apstradi 3, aprékinot katra sparna
iestatiSanas lenka uzdevumus (Komass T., 2016) (3.5. att.). Elektroenergijas
nodro$inasana notiek izmantojot centralu elektroenergijas avotu.
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3.5. att. Sparnu iestatiSanas lenka reguléSanas sistémas struktiirshéma
1 — centralizéts elektroenergijas avots; 2 — centrala vadibas kontrollera ieeju-izeju
interfeiss; 3 - centrala vadibas kontrollera logiskas programmas interfeiss; 4 — centralais
kontrolieris; 5 — vgja rotora pagrieziena lenka mériekarta; 6 — v&ja mériekarta.
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3.2. Servo regulatora vadibas algoritmu analize un izstrade
simulacijas modelt

Servo regulatoros neatkarigi no razotaja ir izstradata vienota Servo motora
regulésanas programmas struktiira, kas sastav no 3 virkne slégtam k&dem: stravas
vadibas kéde 5, atruma vadibas k&de 4, pozicijas vadibas kéde 3 (3.10. att.).
Regulatoros atseviski raZotaji izmanto arT apsteidzosas vadibas kédes kada no
nepieciesamajiem regulé$anas mezgliem.

3.6. att. Servo motora regulatora vadibas kédes pamatstruktiira
1 — pozicijas uzdevums; 2 — signala apstrades modulis; 3 — pozicijas regulésanas kede;
4 — atruma regulé&Sanas k&de; 5 — stravas regulésanas kéde; 6 — IGBT regulé$ana;
7 — servo motors; 8 — servo motora pozicijas sensors; Quzd — pagrieziena lenka
uzdevums, °; @as — pagrieziena lenka atgriezeniska saite, °; ®uzd — rotacijas atruma
uzdevums; mas — rotacijas atruma atgriezeniska saite; luzd — stravas uzdevums, A;
las — servo motora stravas mérfjumi, A; Uuzd — IGBT sprieguma uzdevums, V;
Usm —servo motora vadibas spriegums, V; fsm — servo motora sprieguma frekvence, s;
(sm — servo motora pagrieziena lenkis, °.

Spams

Pozicijas

o
Uzdevums > PG S b@ »  PID(s) | ¥
Atruma
Pozicijas  uzdevums Atruma Servo Motors
Regulators Regulators
-

Pozicija, rad

3.7. att. Servo motora un regulatora simulacijas modelis

Simulacijas rezultati parada, ka simulacijas modelis 3.7. att. regul€ uzdoto
pozicijas uzdevumu un var tikt parametriz€ts nepiecieSamajam regul€Sanas
objektam. Simulacijas rezultati parada, ka atruma un pozicijas reguléSanas k&des

23



ir nepiecieSams ieregulét, ievadot precizus reguléSanas objekta parametrus, lai
simulacijas modeli biitu atbilsto$i inerces momenti (Komass T., 2016) (3.8. att.).
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3.8. att. Pozicijas uzdevuma izpilde ar dazadam objekta inercém
Quzd — pozicijas uzdevuma signals, °; J — slodzes inerces moments, kg m2.

Servo regulatoriem reguléSanas kedes tieck parametrizétas noteikta seciba
(Komass T., 2015c). Art simulacijas modelim §1 seciba ir jasaglaba, tada veida
nodroSinot atbilstoSus rezultatus. Pirma tiek parametrizeta stravas reguléSanas
keéde, talak atruma reguléSanas k&de. Nobeiguma tiek parametrizéta pozicijas
izpildes k&de. Neatbilstosa parametru iestatiSana kada no zemakajam keédeém var
ietekm@t augstak esoSo vadibas kézu izejas rezultatus. Ja tick mainiti parametri
kada no zemakajam k&dém, tad vienlaikus nepiecieSams veikt parametru
parbaudi visam augstak esosajam keédem.

3.3. Sparna optimalo aerodinamisko lenku apréekins

Sparnu aerodinamisko lenku reguléSanas sistémas merkis ir iegit
augstaku VAVES lietderibas koeficientu. Tas nozimé&, ka noteikta rotora
pagrieziena katram sparnam ir savi optimalie aerodinamiskie lenki. Apskatitajos
pétijumos nav noradits, kadi ir optimalie sparna aerodinamiskie lenki ka funkcija
no rotora pagrieziena lenka un rotora atrgaitas koeficienta.

Tika izstradata speciala aprékina programma MATLAB Editor vide.
Programmas cikls, ievadot nepiecieSamos ieejas parametrus, veic simulacijas
modela izsaukSanu. Katra simulacijas izsaukSanas laika simulé sparna
iestatiSanas lenki no - 90 © lidz + 90 ° ar soli 0.1 °. Simulacijas aprékins no Editor
programmas tiek izsaukts, simulg&jot rotora pagriesanu 360 reizes ar soli 1 °. Péc
viena cikla aprékina datu masiva tiek atrasts lielakais sasniegtais aerodinamiskais
griezes moments pie noteiktajiem sparna lenkiem (3.9. att.) (Komass T., 2015c).
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3.9. att. Aerodinamisko lenku analizes programmas struktiira
1 — aerodinamisko lenku rezultati; 2 — optimala iestatiSanas lenka mekl&Sanas algoritms;
3 — rotora pagrieziena lenka iestatfjuma algoritms; 4 — datu aprékinu un simulacijas
rezultatu apstrades modulis; 5 — aerodinamisko lenku aprékinu programma; 6 — sparna
griezes momenta aprékina simulacijas modelis; 7 — sparnu iestatiSanas lenka
model&Sana; 8 — sparna griezes momenta aprékins pec ievaditajiem datiem; 9 — sparna
griezes momenta aprékinu ieejas parametru kopa; 10 —datu grafiska apstrade.
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3.10. att. Uzlaboto sparnu iestatiSanas lenka korekcijas ¢ raksturliknes
atkariba no turbinas atrgaitas koeficienta
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Veicot aprékinu modela parbaudi, tika izveleti sekojosi turbinas
iestatfjumi: turbinas atrgaitas koeficients A = 2.0, 2.5, 3.0; turbinas sparna horda
¢ = 1 m; ara gaisa temperatiira = 20 °C; v&ja atrums v = 10 m-s; sparna garums
| = 10 m; rotora pagrieziena lenkis 6 = 0 °..360 °; v&ja pliismas virziena lenkis
¢ =0 °; sparna iestatiSanas lenkis ¢ =-90 °..+90 °.

Programmas izejas rezultatos redzams, ka lenku raksturliknes ir atkarigas
no rotora atrgaitas koeficienta (3.10.att.). Simulacijas sisteémas izejas rezultati
pierada, ka p&tfjuma merkis ir sasniegts un ir iegiits optimalais sparnu iestatiSanas
lenkis, ka funkcija no turbinas rotora pagrieziena lenka ¢ = f(0). legitie rezultati
atspogulo v&ja turbinas parametru iek$gjo korelaciju (Komass T., 2015c¢).

3.4. Sparna iestatiSanas lenka reguleSanas simulacijas
modela izstrade

VES sparna regulésanas sisteéma ir modulara, kur katrs modulis atbild par
savu sparnu. Sist€mas struktiira satur tris atseviskus sparnu regulésanas modulus,
kur katra moduli ietilpst savs regulé$anas servo motors ar sparnu. Uz visu sisteému
ir viens kopgjs iestatiSanas lenka uzdevuma apréekinu bloks. Ar centralas vadibas
sistémas bloka palidzibu tiek sekots lidzi visiem centralajiem procesiem un
atkariba no rotora pagrieziena lenka, v&ja pliismas virziena un turbinas darba
stavokla tiek aprékinats un noforméts izejas signals (3.11. att.).
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3.11. att. Sparna lenka reguléSanas sistemas simulacijas modelis

Izmantojot izveidoto sparnu iestatiSanas lenka regulé$anas simulacijas
modeli, ir iesp&jams veikt simulacijas parbaudes, noskaidrojot ka sistéma,
izmantojot servo motoru, spétu veikt specifiskas uzdevuma raksturliknes izpildi.
Pagrieziena lenka uzdevuma raksturlikne ir iegiita no sparna aerodinamisko
lenku aprékinu rezultatiem.

Sparna lenka reguléSanas sist€émas simulacijas modela registrétie
simulacijas rezultati uzrada uzdota lenka izpildi ar augstu precizitati. Izmantojot
apsteidzosa vadibas uzdevuma aprékinu simulacijas izejas rezultati tiek uzlaboti.
Uzdota un izpildita lenka datu analizé redzams, ka determinacijas koeficients
R?=0.9687 ar standartnovirzi 1.199 °. Pie vienadiem nosacijumiem izmantojot
apsteidzoSo rotora pozicijas aprékinu R? = 0.9993 ar standart novirzi 0.168 °
(3.12. att.).
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3.12. att. Sparna iestatiSanas lenka korekcijas servo mehanisma uzdevuma
izpildes simulacijas rezultati
(uzd — sparna lenka uzdevums,’; @as — sparna lenka atgriezeniska saite, °.

Simulacijas modela parbaudei tika izveidots stends eksperimentalo
mérfjumu veikSanai un simulacijas modela validé$anai (3.13. att.). Stenda
struktiiras pamata ir servo motors 3 ar mainamu slodzes masu 1. Servo motora
reguléSanu veic servo regulators 4 sanemots anlogo signalu no signala
konvertatora 5. Pagrieziena lenka uzdevums tiek smulgts reala laika, izmantojot
MATLAB Simulink 6 simulacijas modeli ar sparna lenkiem (3.13. att.).

A\
4\

R523

R5232

3.13. att. Servo sistemas eksperimentala stenda struktiirshéma
1 — slodze vai sparna prototips; 2 — reduktors; 3 — pastavigo magnétu sinhronais servo
motors; 4 — servo regulators ACSM1,; 5 — signalu komutators un parveidotajs; 6 — dators
ar programmatiiru MATLAB; 7 — motora pagrieziena lenka resolvera tipa meriekarta.
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Eksperimentalie rezultati uzrada, ka servo motoram, stradajot bez
reduktora, ir iespgjams izpildit uzdoto pagrieziena lenka uzdevumu ar lielaku
precizitati pie nepiecieS$ama sistémas uzdevuma izmainas atruma (3.14. att.).
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3.14. att. Servo sistémas eksperimentalie rezultati
a — servo mehanisms nez reduktora; b — servo mehanisms ar reduktoru.

Sparnu lenka regul€Sanas sist€émas ar€jas perturbacijas ir sparna masas
inerces moments un griezes moments, kas veidojas gaisa plismas iedarbes
rezultata uz sparna rotacijas asi. P&tijuma mérkis ir noskaidrot, cik liels griezes
moments veidojas uz sparna rotacijas asi. Petfjuma tika izmantots 3.13.att.
aprakstitais eksperimentalo mérijumu stends.
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3.15. att. NACAO0018 sparna aerodinamiskais pretestibas speks atkariba no
sparna relativa appites lenka

Eksperimentalie rezultati uzrada, sparnu appttes lenkim, esot robezas
no—20 ° Iidz + 20 ° sparnam pret ta lenku regul€sanas rotacijas asi, netiek uzradti
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papildus aerodinamiskie pretestibas speki. Palielinoties relativa appiites lenka
lielumam virs 20 °, uz sparnu sak darboties aerodinamiskais pretestibas speks.
Atkariba no aerodinamiska pretestibas spéka lieluma ir nepiecieSams paredzet
servo motora papildus jaudas rezervi (3.15. att). Izmantojot eksperimentalos
rezultatus, ir iesp&jams noteikt nepiecieSama sparna lieluma realo aerodinamisko
pretestibas griezes momentu uz regul&jamo rotacijas asi.

4. SPARNU IESTATISANAS LENKA REGULESANAS
SISTEMAS EKONOMISKAIS PAMATOJUMS

VAVES jau daudzus gadus ir ka neatnemama sastavdala v&ja energijas
apguvei. VAVES lietderibas koeficienta palielinasanas uzdevums ir loti svarigs.
Sobrid vél neviens razotajs nav izveidojis VAVES ar sparnu iestatisanas lenka
regulésanas sistému, tap&c noteikt precizas ta izmaksas, ien€mumus un pelnu ir
apgrutino$i. Nemot véra simulacijas datus, tajos iegutos raditajus, ir iespg&jams
prognozet, vai VAVES aprikoSana ar sparnu iestatiSanas lenka reguléSanu biatu
ekonomiski izdeviga, vai ta atmaksatos §Ts sistémas lictoSanas laika.

4.1. Servo motora jaudas izvéles analize

Sparnu reguléSanas sistémas Servo motora jauda ir svariga, lai sasniegtu
nepiecieSamo regul&sanas precizitati un aprékinatu iespgjamas servo motora un
regulatora izmaksas. Servo motora jauda sparna lenka regulésanai ir aprékinama,
un izvéle notiek p&c sekojosiem krit€rijiem: sparna inerces momenta, VAVES
sparna garuma, VAVES sparna materiala, VAVES rotora diametra, VAVES
darba atrgaitas koeficienta, sparna centrbédzes speka, gaisa pliismas perturbacijas
(4.1. tabula).

4.1. tabula

Sparna lenku regulé$anas servo mehanisma jaudas analize

VAVES rotora radiuss, m
Raditaji 1 2 3 4
Hordas garums, m 0.20 0.40 0.60 0.80

Sparna garums, m 2 4 6 8
Sparna masa, kg 1.52 12.13 40.93 97.02
Sparna inerces moments, kg-m? 0.002 0.060 0.456 1.912
«~ | Servo sistemas jauda, kW 0.067 0.252 0.568 1.004
' | Patereta energija diennakti, kWh | 4.824 | 18.144 | 40.896 | 72.288
© Servo sistémas jauda, kW 0.008 0.032 0.071 0.126
e Patéréta energija diennakti, kWh | 0.576 | 2.304 5.112 | 9.072
g o Servo sistemas jauda, kW 0.005 0.005 0.005 0.005
Patéréta energija diennakti, kWh | 0.360 0.360 0.360 0.360
- Servo sistemas jauda, kW 0.002 0.009 0.021 0.037
Patéréta energija diennaktl, kWh | 0.144 | 0.648 1512 | 2.664




Sparnu iestatiSanas servo mehanisma pateréta elektroenergija atkariba no
kopgja darba stundu skaita atskirsies, un ari potenciala starpiba starp VAVES
sarazoto un sparnu reguléSanas sist€mas pateréto ir mainiga atkariba no vg&ja
atruma.

4.2. Atmaksasanas perioda analize

Aprekiniem tiek izveletas tirgli pieejamas seSas VAVES, kuras biitu
iesp&jams izmantot sparnu iestatiSanas lenka regulésanas sistému. STm VAVES
ir 3 sparni un to profils ir tuvinats NACA0012 vai NACA0018 profilam.

Latvijas teritorijas, kur vidgjais v&ja atrums ir 6 m's™* VAVES saraZotais
elektroenergijas daudzums pieaug atkariba no VAVES nominalas jaudas.
Pastavigi stradajot pie lielakiem v&ja atrumiem, padara VAVES daudz
lietderigaku un palielina cilvékiem v&lmi to iegadaties. VAVES, stradajot rezima
ar zemako atrgaitas koeficientu, lietderibas koeficienta uzlaboSana jutami
samazina iekartas atmaksasanas periodu (4.1. att.).
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4.1. att. Elektroenergijas ieguvums, izmantojot sparnu iestatiSanas lenka
regulé$anas sistému, pie véja atruma 6 m-s*

Sparnu iestatiSanas lenka reguléSanas sist€mas atmaksaSanas perioda
garums ir mainigs atkariba no sekojoSiem faktoriem: vid€ja v€ja atruma
uzstadamaja vieta, VES nominalas jaudas, VES rotora darba atrgaitas
koeficienta. Atkariba no Siem nosauktajiem faktoriem sisteémas atmaksasanas
periods var mainities no 3 Iidz pat 12 gadiem.
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SECINAJUMI

Apstiprinas  izvirzita hipotéze, ka vertikalas ass vE&a stacijas
energoefektivitati var paaugstinat, izmantojot sparnu iestatiSanas lenka
regul€Sanas sisteému, kas ar adaptivu vadibas programmu spgj veikt sparnu
lenka aktivu reguléSanu pie nestacionara vgja atruma un ta raditas
aerodinamiskas slodzes uz regul€jamo sparnu, ka ar pie nestacionara
VAVES rotora rotacijas atruma.

Veiktie eksperimentalie un simulacijas petijumi apliecina, ka VAVES
energoefektivitati var uzlabot ar rotora sparnu lepka nepartrauktu
regulésanu atkariba no v&ja virziena, rotora pagrieziena lenka un rotacijas
atruma, izmantojot adaptivu servo sistemu.

Petijumi parada, ka, izmantojot VAVES simulacijas modeli, ir iesp&jams
uzlabot VAVES tehnologiju parbaudi projekté$anas un izstrades reZima,
tada veida samazinot izstrades laiku iekartu eksperimentalaja rezima.
Izmantojot simulacijas modelus, ir iesp&ams atrast nepiecieSamos
vadibas sisttmas regulatoru parametrus sparnu iestatiSanas lenka
regulésanas sistéma, nodrosinot sistémas pamatiestatijumus.
Aerodinamisko speku vektoru aprékinu metodes prieksrociba ir tada, ka
ta dod iesp&ju vadibas sisteéma cikliski parrekinat sparna lenka iestatiSanas
uzdevumu atkariba no mainiga v€ja atruma, rotora pagrieziena lenka,
rotacijas atruma un sparna geometriskajiem parametriem.

Ar simulacijas modeli veiktie petijumi par VAVES rotora inerces ietekmi
uz sarazotas elektroenergijas daudzumu apliecina, ka rotora inercialas
masas samazinasana var uzlabot VAVES kop&jo sarazoto energijas
daudzumu. Simulacijas modelis uzrada, ka VAVES ar nominalo
elektrisko jaudu 20 kW, samazinot rotora inerci no 5000 kg-m? lidz
2000 kg-m? , stradajot diennakti ar vid&jo v&ja atrumu 5 m-s™, var saraZot
papildus 4.2 kWh elektroenergijas.

Izmantojot izstradato simulacijas modeli par sparna aerodinamiska
griezes momenta aprékinu, MATLAB Simulink videé veiktais p&tijums par
VAVES appites lenka ietekmi uz sarazoto elektroenergiju parada, ka
neatkarigi no VAVES rotacijas atruma un atrgaitas koeficienta,
izmantojot sparna profilu, NACA0018 efektivakais relativais appiites
lenkis p =16 °.

Sparnu iestatiSanas lenka servo motora uzdevuma izpildes uzlabosanai,
izmantojot izstradato simulacijas modeli, tika iegiita korekcijas skaitla
funkcija ka apsteidzoSa rotora pagrieziena lenka aprékins. Simulacijas
rezultati parada, ka VAVES, stradajot pie v&ja atruma 6 m-s?, bez
apsteidzoSas signala saites sparna iestatiSanas lenka uzdevuma izpildes
determinacijas koeficients R? = 0.9687. Izmantojot apsteidzoso rotora
pozicijas aprékinu, uzdevuma izpilde uzlabojas un R? = 0.9993
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10.

11.

12.

Eksperimentalie petjjumi pierada, ka simetriskam sparna profilam, kam
rotacijas ass ir novietota 25 % hordas garuma no sparna priekSgala,
aerodinamiskais slodzes speks uz sparna rotacijas asi, neatkarigi no v&ja
atruma, nepastav, ja relativais appites lenkis ir robezas no - 20 ° Iidz 20 °.
Tas nozime, ka servo mehanisms netick paklauts papildus
aerodinamiskajam slodzes griezes momentam.

Simulacijas rezultati parada, ka VAVES ar rotora diametru 10 m un
atrgaitas koeficientu 3 pie nominala véja atruma 10 m-s™? jauns sparna
lenka uzdevums tiek iestatits katras 2.5 ms. Lai sparnu lenka reguléSanas
servo sistémas modelis adekvati simulétu §adu atru parejas procesu, tas
servo motora modell jaietver gan elektrisko, gan mehanisko laika
konstanti.

Sparnu iestatiSanas lenka reguléSanas atrdarbibas uzlaboSanai
nepiecieSams izveleties servo mehanismu bez reduktora. Stenda p&tijumi
parada, ka servo mehanisma bez reduktora uzdevuma izpildes
determinacijas koeficients ir augsts (R? = 0.85 ... 0.99), turpret servo
mehanismam ar reduktoru uzdevuma izpildes determinacijas koeficients
ir bitiski zemaks, sakard ar pazeminatu atrdarbibu (R? = 0.026 ... 0.228
stradajot ar slodzi, R? = 0.6286 ... 0.943 stradajot bez slodzes).

VAVES sparna inerces moments ir ciesi atkarigs no sparna hordas un
sparna konstrukcijas. Sparna inerces momenta atkariba no sparna garuma
ir linedara. Sparna inerces momenta atkariba no sparna masas ir nosakama
péc eksperimentos noteiktas empiriskas funkcijas Jsp = 0.0017-mgph%,
Servo motora sparna iestatiSanas lenka reguléSanai nepieciesama jauda
atkariba no sparna inerces momenta ir noteikta péc $ada empiriska
vienadojuma Pss = 0.7343-J,°%1 ar determinacijas koeficientu R? =
0.9975.

VAVES sparnu iestatiSanas lenka servosistémas izstradei butu
nepieciesami vidgji 5260.00 EUR stacijai ar jaudu zem 20 kW un 9820.00
EUR stacijai ar jaudu virs 20 kW. Analizgjot iesp&jamo sarazoto VAVES
papildus elektroenergiju un investétas ierikosanas izmaksas, janem véra
arT papildus izdevumi regularajam apkopém, kuras izmaksa vidgji 124
EUR gada. Ar $adu nosacijumu VAVES sparnu regulé$anas sistémas
atpelniSanas laiks zem 5 gadiem iesp&jams pie vid€jiem v&jiem, kas ir
lielaki par 6 m-s™ vai VAVES ir nepiecieSams ar léngaitas rotoru, kam
darba atrgaitas koeficients A <= 2.0.
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URGENCY OF THE STUDY

A special attention is paid to the importance of power industry in Latvia,
based on both own purposes and tasks put forward by the European Union, which
are connected with energy independence, energy efficiency and specific weight
of renewable energy resources (Legal Enactments of the Republic of Latvia,
2016). All proposed requirements directly affect also Latvian power industry, its
production and consumption. Primary problem of power industry is energy
independence. According to 2016 data, energy import in Latvia was average 21%
of generated electric power; however, this figure is variable in dependence on the
reviewed period and market situation.

In terms of use of renewable energy resources (hereinafter referred to as
RER) Latvia occupies 3rd place after Austria and Sweden due to a large volume
generated by hydroelectric power plants. River resources in Latvian territory are
loaded enough to even more extend electric power production by hydroelectric
power stations, therefore one of prospective solutions for promotion of energy
independence on national scale is the development of wind power industry in two
primary directions (Latvia Centre of Environment, Geology and Meteorology):
formation of new wind parks, which is already being implemented in Western
territory of Latvia where 3 largest wind parks in the country are operating;
installation of low and middle power wind plants with rated electric power up to
100 kW in the decentralized way in rural and urbanized areas of Latvia.

Decentralized use of WPP is featured by more positive factors, such as no
need to construct powerful electricity transmission lines and possibility to carry
out electric energy production closer to the consumer in the decentralized way
throughout the country’s territory.

In order to promote the installation of wind plants, it is necessary to
develop norm-setting documents that would specify the entire procedure,
privileges and other action plans for persons who are ready to invest in acquisition
and installation of wind power plants. In order the Latvian state would benefit
more, the best solution would be the use of existing scientific and industrial
potential to develop own wind plant that would meet the specific use
requirements. In many world countries, domestic resources are politically used
and promoted for government orders, which is the right step since it stimulates
production and creates new jobs.

Efficient and high-value work on development of a new product will
require to use modern practices and technologies. Latvian scientists have studied
subjects associated with wind power industry, starting with wind power potential
in individual areas of and throughout the territory of Latvia and up to
development of individual solutions. Latvian scientists are the authors of more
wind plant patents having the specificity and a great future potential.

Based oin the importance to promote the development of wind power
industry, the subject of the promotion work was chosen: “Energy efficiency
improvement for vertical axis wind rotor with active pitch control”, putting
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forward as the work objective the development and study of a new simulation
model of technological solutions for the improvement of the efficiency factor of
the vertical axis wind rotor in the system of vertical axis wind plant pitch control.
The promotion work gives a review of current studies on wind power
industry and use, improvement, estimates and efficiency increase of vertical axis
wind plants. After analysis of existing studies, the promotion work objectives and
tasks were put forward, a schedule and the methods of studies were developed.

HYPOTHESIS, OBJECTIVE AND TASKS OF THE STUDY

Scientific work hypothesis: efficiency factor of vertical axis wind power
plant can be increased through the use of the pitch control system that by means
of a respective control program would carry out the pitch control at nonstationary
rotor rotation speed and variable wind speed in accordance with aerodynamic
load produced by controllable wings.

The proposed hypotheses include: study of vertical axis wind plant
operation character, study of blade pitch angle control system, analysis of
nonstationary wind flow energy impact, turbine rotor inertia impact on WPP
operation and output electric power.

Scientific work objective: to theoretically and experimentally
substantiate the multiple use of the vertical axis wind power plant (VAWPP)
simulation model in modern production and development processes, the
possibilities of using the wind power plant pitch control system programs.

Tasks put forward for attainment of the work objective:

1. to study theoretically the existing VAWPP simulation methods, develop
VAWPP simulation model with use of MATLAB Simulink package.
Carry out testing of the simulation model with use of experimental data;

2. to analyze currently existing VAWPP rotor-reduced aerodynamic torque
estimate and simulation methods, develop the simulation model and by
means of extended estimate algorithm to carry out the calculation of
optimal aerodynamic angles of blades;

3. to carry out studies of VAWPP rotor simulation and inertia moment
calculation models, carry out study of VAWPP rotor inertia moment
impact on VAWPP efficiency factor;

4, to carry out theoretical studies of current methods of increasing VAWPP
efficiency factor and possibilities of using the blade pitch control system,
as well as of the existing studies. Develop the simulation model in
MATLAB Simulink environment for the blade pitch control system, using
the experimentally obtained data for the validation.
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APPROBATION OF SCIENTIFIC WORK

Works published in generally accepted reviewable scientific

publications

Komass T. (2013) Load Effect on the Dynamic Parameters of the Wind
Station. In: 19th International scientific conference ,,Research for rural
development 2013 ”: Proceedings, 2013. Latvia, Jelgava.

Komass T. (2013) Vertical Axes Wind Turbine with Permanent Magnet
Synchronous Generator Simulation in MATLAB — SIMULINK. In: 13th
International scientific conference ,,Engineering for rural development™:
Proceedings, 2013. Latvia, Jelgava.

Komass T., Sniders A. (2013) Design and Verification of the Vertical Axis
Wind Turbine Simulation Model. In: 14th International scientific
conference ,, Engineering for rural development”: Proceeding, 2014.
Latvia, Jelgava.

Komass T. (2015) VAWT Blade Aerodynamic Torque Analysis with the
Help of Matlab Tools. American Journal of Energy and Power
Engineering, Vol.2, No.2, p. 20-26.

Komass T. (2015) Mathematical Modelling and Calculation of Vertical
Axis Wind Turbine Pitch System Using Matlab Tools, AASCIT Journal of
Energy, Vol.2, No.3, p.9-15.

Komass T. (2015) Vertical Axes Wind Turbine with Permanent Magnet
Generator Emergency Brake System Simulation in MATLAB Simulink.
International Journal of Engineering Research and General Science,
Vol.4, Iss.3, p. 12-17.

Komass T. (2016) Experimental Analysis of Vertical Axis Wind Turbine
Active Pitch Control System with Permanent Magnet Synchronous Motor
using MATLAB Simulink tools. Journal ENERGETIKA, Vol.62, No. 1-2,
p. 56-68.

Reports at scientific conferences

Komass T. (2013) Load Effect on the Dynamic Parameters of the Wind
Station. In: 19th International scientific conference “Research for rural
development 2013”, May 15-17, 2013. Latvia, Jelgava: LLU.
Komass T. (2013) Vertical Axes Wind Turbine with Permanent Magnet
Synchronous Generator Simulation in MATLAB — SIMULINK. In: 13th
International scientific conference “Engineering for rural development”,
May 23-24, 2013. Latvia, Jelgava: LLU.
Komass T., Sniders A. (2013) Design and Verification of the Vertical Axis
Wind Turbine Simulation Model. In: 14th International scientific
conference “Engineering for rural development”: Proceeding, May 29-30,
2014. Latvia, Jelgava: LLU.
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8. Komass T. (2016) Experimental Analysis of Vertical Axis Wind Turbine
Active Pitch Control System with Permanent Magnet Synchronous Motor
using MATLAB Simulink tools. In: 13" International Conference of young
scientists on energy issues: Proceeding, May 26, 2016. Lithuania, Kaunas.

Study-related patents

3. Komass T., Zhivets A., (2014) Controlling Vertical Axis Rotor-Type Wind
Turbine. World Intellectual Property Organisation Nr.W02014/162312 Al,
09.10.2014.

4. Komass T., Sniders A. (2014) Vertikalas Ass Véja Turbinas Sparnu
Stiprindjuma Skava ar Aptversanas Principu. LR Patentu Nr.14910-B,
20.12.2014.

1. PROBLEMS IN DEVELOPMENT AND USE OF WIND
TECHNOLOGICAL EQUIPMENT

Commercial WPPs are divided into two basic groups in accordance with
the rotor shaft rotation direction: horizontal axis and vertical axis. Horizontal axis
WPP design is considerably more versatile compared to vertical axis WPP. It is
explained by their use that has been formed during many years Fig. 1.1.).

| Type of rotation axis |

| Horizontal | | Vertical |
v
| Land | | Maritime | | Lift force | | Drag force |

| Downwind | | Upwind || Fixed ” Floating | LP‘ Savonius

+ + | + + Darius H-tipa

| Pich Control .
+ + Pitch control | Darius Helix-Tipa |
system

| Fixed | | Active |

v

| Pitch control system |

v

| Electric | | Hydraulic | | Pneumatic

Fig. 1.1. WPP breakdown in accordance with design
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Horizontal axis PPS design is based on the propeller-type rotor while the
vertical axis WPP rotor may be made of various blade structures, divided into
two basic groups: lifting power and dragging power. Division into horizontal and
vertical axis WPPs has been formed historically when WPP design was modified
in accordance with necessary installation location and installed power (Fig. 1.1.).

Wind power Py, which is calculated based on the wind flow speed, acts
upon WPP rotor, at which output the aerodynamic rotor power P, is obtained.
Mechanical transmissions, such as shafts, bearings and multiplier, transmit
mechanical power P, at the output. At the end of the energy transformation stage,
the mechanical energy is transformed into electric energy, generating on the
output the usable electric P (Qasim A.Y., 2012) (1.2. att.).

_— P. Pm

Fig. 1.2. WPP energy transformation
1 — air flow; Py — air flow power, kW; 2 - WPP rotor; Pa — rotor aerodynamic power,
kW; na — aerodynamic efficiency factor; 3 — WPP mechanical transmission; Pm —
mechanical power, kW, nm — efficiency factor of mechanical transmissions; 4 — WPP
electric generator and electric equipment; Pe — active electric power, KW; ne — electric
efficiency factor.

1.1. Comparative Analysis of WPP Design Solutions

Having processed all the reviewed information, a comparison was
prepared between the horizontal axis wind power plant (hereinafter referred to as
HAWPP) and the vertical axis wind power plant (hereinafter referred to as
VAWPP). The advantages and drawbacks are reviewed in two ranges of blowing
area S: <100 m? and >100m?. The most expressed distinction of VAWPP is
workability at low wind speed; however, its operation is restricted by big wind
flows because VAWPP does not use the blade pitch control system.

The advantages and drawbacks of HAWPP and VAWPP should be
assessed and compared in dependency on specific application. In locations with
lower wind speeds more preference is given to VAWPP while HAWPP, on the
contrary, is capable to work more efficiently at higher wind speeds. At present
time, a large market segment with the blowing area up to 100 m? is occupied just
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by VAWPPs since their properties are more adapted to the urbanized
environment conditions (Gardiner G., 2011).

Table 1.1.
Comparison of HAWPP and VAWPP

Positions S <100 m? S>100 m?
Rotor type Horizontal Vertical Horizontal Vertical
Blade profile Asymmetric | Symmetric Asymmetric | Symmetric
Way direction Active or Not used Active Not used
tracking mechanism passive
Blade pitch Active or Not used Active or Not used
mechanism passive passive
Noise level (5-60dB) | (0-10dB) | (10-70dB) | (10-30dB)
Vrmin 25-5mst | 1.5-3ms? | 45-5ms? | 3.0-5ms?
Vmax ~25m-s?! ~15m-s? ~25 m-s? ~15m-s?
Rotor self-start Yes Yes Yes Yes
Use of multiplier At choice At choice Necessary Necessary
Tip Speed Ratio ~6 ~3t04 ~6 ~3 lidz 4
Mast height Lmasts=5'D | Lmasts=2'D | Lmasts=2°D | Lmasts =

1.5-D

Vmin — cut in wind speed, m's™; Vmax — cut off wind speed; D — rotor diameter

In order to increase the efficiency factor of VAWPP within the electric
power range 10 kW to 100 kW, new practical development should be carried out.
Reviewing VAWPPs with power 10 kW demonstrates a small number of installed
VAWPPs since VAWPP efficiency factor is lower compared to HAWPPs
(Halstead R, 2011). More efficient commercialization of VAWPPs requires
carrying out new developments, such as improvement of rotor design and
mechanical transmission, increase in energy efficiency with active pitch control,
development of a special design for electric generator.

1.2. Analysis of WPP Control System, Review of Pitch Control
System

WPP control system in accordance with the technical assignment
requirements performs more functions: brake system control, blade pitch control,
nacelle swing angle control, electrical load control, load and electric network
diagnostics, generator diagnostics. Programmable logic controller (hereinafter
referred to as PLC) reads information from each WPP unit and equipment device
wherein measurement sensors are installed (Fig.1.3.).
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Fig. 1.3. Breakdown of WPP control devices according to performable
function

1 — central control systems; 2 — wind flow measurement interface; 3 — blade pitch control
and measurement; 4 — mechanical transmission diagnostics; 5 — electric generator load
control and measurement; 6 — electric network measurement equipment and network
invertor control; 7 — air flow; 8 — turbine rotor and blades; 9 — mechanical transmission;
10 — electric generator; 11 — electric network or other type of load; v — wind speed, m s;
¢ — air flow direction, %, ¢ — blade pitch, % nr — rotor rotation speed, min-t; @uzd — preset blade
pitch,* n — mechanical shaft rotation speed, min-%; 0 — rotor angle, % ng —generator rotation
speed, min!; Py — generator electric power, KW; Puzd — preset generator power, kW; Ue —
mains voltage, V; le — mains current, A; Pe — mains power, kW.

Wind direction measurements are necessary for VAWPP pitch or HAWPP
nacelle swing angle control equipment (Fig. 1.3.). Solution for the increase in
VAWPP efficiency factor is the blade pitch control system that is capable to
supervise the optimal rotor blades aerodynamic angles. HAWPP blade pitch
control system is available in most of the offered WPPs. VAWPP blade pitch
control system is not offered commercially. In order to offer in future VAWPP
blade pitch control system, it is necessary to carry out a detailed study of its
possible technical solutions. Blade pitch control is provided by means of
decentral PLC or WPP central PLC. Optimal blade pitch is estimated at the output
in accordance with the system measurements of wind speed, rotor rotation speed
and angle. Use of servomechanisms allows to implement the estimated pitch.

Servo regulator 10 consists of logic control 6 and power interface 9.

Servo regulator controls the servomechanism in accordance with the
preset pitch. Logic control electronic circuit ensures execution of the prepared
logical program by the servo regulator as well as diagnostics of servo regulator
and servomotor. Servomotor angle electromechanical sensor 5 and servo
regulator 10 form a closed circuit (Fig. 1.4.).

39



Fig. 1.4. Arrangement of WPP blade pitch control system

1 — air flow; 2 — WPP rotor blade; 3 — blade pitch measurement device; 4 — blade pitch
control system; 5 — servo mechanism swing angle measurement device; 6 — servo regulator
control unit; 7 — electric network measurement equipment; 8 — electric network; 9 — servo
regulator power interface; 10 — servo regulator; 11 — servodrive; 12 — gearbox and
mechanical transmission; Py — air flow power, kW; ns, — blade rotation speed, min; nsevo
— servomotor rotation speed, min-t; Useno — servomotor voltage, V; fsevo — Servomotor
voltage frequency, s; Usaros — Mains voltage, V.

VAWPP simulation model allows not only simulating the physical
processes but also compiling the control system logical program (Komass T.,
2014). The program can be tested with the prepared WPP simulation physical
model. Such solution helps to check the control system logical program.
Depending on how precisely VAWPP physical model is constructed, it is possible
to obtain approximated or precise control system program. MATLAB Simulink
user is provide with the control system program conversion from Simulink
graphic program language into PLC language ST (Structure Text).

2. DEVELOPMENT OF VAWPP TECHNOLOGICAL
EQUIPMENT SIMULATION MODEL

Working out of VAWPP simulation model is necessary in order to
improve the development of new products and provide their faster reaching the
consumer sector. The simulation model structure should be built as modular,
establishing an individual subsystem for each WPP equipment unit. In order to
reach the study objective, it is necessary to review each WPP equipment unit that
needs a repeated development of the simulation model subsystem (Fig. 2.1.).
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Fig. 2.1. Structure of VAWPP simulation model

1 — air flow aerodynamic torque simulation subsystem; 2 — WPP rotor simulation
subsystem; 3 — mechanical transmission simulation subsystem; 4 — generator simulation
subsystem; 5 — blade pitch control system; v — air flow speed, m s'; M. — aerodynamic
torque, Nm; r — rotor rotation speed, rad s*; O — rotor rotation angle, °
om — mechanical transmission output rotation speed, rad s**; Om — mechanical transmission
output rotation angle, °; wg — generator shaft rotation speed, rad s**; 0y — generator shaft
rotation angle, °; ¢ — air flow angle against north direction, °.

Choosing such simulation model structure allows to conveniently
construct WPP simulation model in accordance with specified pattern. To ensure
a complete compatibility with actual objects, it is necessary to create a parameter
input window for each subsystem. Adding the subsystem to the simulation model
and entering the actual object parameters allow to obtain a functioning element
of the simulation model. Modular solution of the simulation model will provide
a wider usability. Obtaining new outcomes of physical object studies allows to
conveniently carry out improvements of individual subsystems or their adaption
to the new outcomes (Komass T., 2013b).

2.1. Experimental Measurements of Wind Speed

Measurements were carried out in Belgian town Ostende within the period
03.09.2014 to 12.11.2014. Airflow measuring instrument 2 was installed on 12m
high mast and connected to readout device 3. Data recording and processing were
carried out with use of computer program MySQL 4 (Fig. 2.2.). Measuring
instrument was calibrated in accordance with instructions in the user manual.
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Fig. 2.2. Connection diagram of wind parameter measurements

1 — wind; 2 — WXT520 air flow speed and direction measuring equipment; 3 — PM573
data readout and processing equipment; 4 — computer with installed data storage program
MySQL; 5 — TCP data transmission channel; 6 — RS485 data transmission channel with
ACSI|I protocol.

Data of experimental measurements demonstrates an expressed nonlinear
character of wind speed. It is the reason why the use of experimentally measured
data in VAWPP simulation model is important for possibly more precise
exposure of the simulation model to natural conditions during the validation

(Fig. 2.3.).
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Fig. 2.3. Wind speed measurements in Belgian town Ostende
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2.2. Development of Aerodynamic Torque Simulation Model

Lift force projection on the blade linear speed vector axis is a force that
performs rotational movement of wind turbine. Drag force projection on the blade
linear speed vector axis is a braking force against the movement direction. Value
of lift force and braking force at a certain airflow speed is determined by lift force
coefficient CL and braking force coefficient CD. Studies demonstrate that
coefficients CL and CD are only obtainable experimentally. Lift force and drag
force projections on the blade linear speed vector axis can be estimated as follows
(Savejo):

sin @
R-wy
> +

F, = sin(tan™?! < )) ((cosO-v+ w-R)?+ (sin@-v)?2) - CL-2 (2.1)
o

2

Ttcos® 2

Fp = cos(tan™? <R,w5$>) ((cos® v+ w-R)?+ (sin@-v)?)-CD -2, (2.2)

v

where | — blade length, m;
FL — lift force projection, N;
Fo  —drag force projection, N;
Vs — tangential wind speed vector;
Vr — radial wind speed vector;
®r — turbine rotor rotation angular speed, rad s ;
R — turbine rotor radius, m;
v — wind flow speed, ms™.

Subsystem “AerodynamicBlade” is developed with the objective of
realtime simulation of aerodynamic forces. Internal structure of simulation model
subsystem consists of input signal readout ports, mathematical calculation
functions, browsing tables, output port and recording port. The system is arranged
in a logical sequence of mathematical calculations in order to perform a precise
calculation of aerodynamic forces and torque during the cycle. In this simulation
model, NACAO0018 profile is chosen with CL and CD values at respective
Reynolds number (Fig. 2.4.) (Komass T., 2015b).

The importance of the simulation model is in the possibility of its use in
further studied. The created open structure of the simulation model allows to
conveniently carry out various modifications and use the additional output
information that is additionally required by the vector estimate method. The
subsystem provides all force vectors numerical values and values of angles
against the blade rotating coordinate axis (Komass T., 2015b).
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Fig. 2.4. One blade aerodynamic torque simulation model subsystem
“AerodynamicBlade”, internal structure

Rotor blade torque, Nm

In aerodynamic force calculation model, the turbine rotor rotates with 1°
step. Simulation model step sim_Step = 0.01 s, which provides 0.01° estimate
step for the simulation model. During the simulation, the torque estimate is
checked at rotor rotation angle from 0° to 360°. Rotor rotation angle 0° is against
airflow direction (Fig. 2.5.).
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Fig. 2.5. Blade torque simulation results

To reach the set objectives and the correspondence of the simulation
model to the actual object, it is necessary to use the aerodynamic force vector
estimate method. Use of this estimate method provides the simulation model with
a precise calculation of aerodynamic torque per blade in dependence to rotor
relative rotation angle against wind (Komass T., 2015a).
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2.3. Development of VAWPP Rotor Simulation Model

Scientific articles analyze aerodynamic transition processes in wind
turbines. The studies prove that the wind turbine inertia value can affect the
amount of generated electric energy. It is necessary to additionally study how
much the energetic benefit is affected upon change in rotor inertia moment, what
is this impact and to what extent it is connected with the construction of the very
WPP load control system (Komass T., 2013c). transitional process from the wind
speed change to WPP rotor rotation speed change can be described by the first
degree inertial stage, which is expressed by the transmission function (Komass
T.,2013a) (Fig. 2.6.):

_ wr(s) _ K
Wt(s) - v(s) - (]Lwr.nom)_s_i_l (23)
rnom

where W;(s) — WPP rotor transmission function;
or(s) — Laplace transformation from rotor angular speed, rad s;
v (s) - Laplace transformation from wind speed, m s;
Kt — WPP rotor transmission ratio, rad m?;
Jr — WPP rotor inertia moment, kg m?;
ornom — WPP nominal angular speed, rad s?;
Mr.nom — WPP rotor nominal torque, Nm.

l\%?n I par_RotorMomentInertia }—b;
@ Jt, kg m2 Pt
Ma.nom, Nm \;’ i
@ Rotor angular speed, rad s-1 T: ):(
Msl, Nm i

Fig. 2.6. Turbine rotor subsystem with use of open transmission function

Impact of rotor inertia on VAWPP operation quality and amount of
generated electric energy is determinable both theoretically and experimentally.
Use of the constructed simulation model for VAWPP rotor allows to study the
rotor inertia moment impact on the amount of generated electric energy. Prior to
use of the simulation model in this experiment, it was validated by experimental
data. The experiment was carried out in third quarter of 2015 in Belgian town
Ostende. The experimental object was VAWPP named “Flyfox-20kW”,
consisting of two-section rotor with four blades in each section, rotor diameter
and blade length 7.5 m (Fig. 2.7.) (Komass T., 2013a).
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Fig. 2.7. “Flyfox-20kW”, simulation model of transitional processes

Reviewing “Flyfox-20kW” simulation results within a phase where WPP
rotor has accelerated and stabilized demonstrate that the simulation model data
closely coincides with WPP experimental measurements. Statistical analysis of
simulation and experimental data shows the data coincidence with R? = 0.842
(Fig. 2.8.).
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Fig. 2.8. “Flyfox-20kW” validation results

Because of the experimental study, simulation model of WPP rotor and
aerodynamic forces is developed and approbated in MATLAB Simulink
environment. Development of the model is carried out for both the aerodynamic
forces estimate and rotor inertia transition function and loading algorithm. The
developed simulation model is further employed in VAWPP simulation model
for blade pitch approbation.
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2.4. Development of Mechanical Transmission Simulation
Model

WPP aerodynamic energy mechanic transmission system consists of wind
turbine slow-speed shaft, multiplier and highspeed shaft (Fig. 2.9.). Analysis of
solutions proposed in scientific studies gives a review of design without use of a
multiplier in WPP, substituting it for a permanent magnet synchronous multipole
generator. Permanent magnet multipole generators can be constructed in various
designs, reaching the required slow speed (Komass T., 2013a).

Omul 1 2 3 cl\o/lmu"h

Mmut.i mul.
\]mul

Fig. 2.9. Diagram of mechanical transmission energy flow
1 — slow-speed shaft; 2 — multiplier; 3 — highspeed shaft; omuli — low-speed shaft rotation
speed, rad s; Mmut1 — low-speed shaft torque, Nm; Jmuti — low-speed shaft inertia
moment, kg m?; nmu — multiplier efficiency factor; Jmu — multiplier total inertia moment,
kg m?; omuth — highspeed shaft rotation speed, rad s**; Mmunh — highspeed shaft torque,
Nm; Jmuh — highspeed shaft inertia moment, kg m2.

When developing the multiplier subsystem model in MATLAB Simulink
environment, the parameter input was used via the subsystem parameter window.
The efficiency factor search table receives torque, rotation speed and gear ratio
as the input signals. Highspeed shaft torque and rotation speed are calculated at
the multiplier subsystem output (Fig. 2.10.).
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Fig. 2.10. Internal structure of multiplier subsystem
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2.5. Development of PMSG Simulation Model

To attain the promotion work objectives, simulation is made of the
generator’s electromechanical properties, voltage source and current source
function (Fig. 2.12.). Voltage of PMSG (permanent magnet synchronous
generator) is a linear function of rotation frequency Uy = f(fy) (Komass T.,
2013b):

Jg*wgny 4Ug _ Unost |
( Mgn ) dt + Ug B Wnost wgl (24)
where T, — electromagnetic time constant, s;
®g  —generator rotation angular frequency, rad s*;
U — generator output voltage, V;
ogn — PMSG rotation nominal angular frequency, rad s*;
Jg — PMSG inertia moment, kg m?;
Mgn —PMSG nominal torque, Nm.
(1) »( 1)

Rotor angular speed, rads-1 out_Rotor angular

speed, rad s-1

1/s 1/s
out_Rotor position,
rad

‘ parMoment OfInertia

Nominal moment of inertia, kg m2

Rotor torque, Nm

Speed, Position,
1/Tg rads-1 rad

Fig. 2.12. PMSG mechanical transition processes simulation subsystem

PMSG simulation model constructed and validated as a result of the
studies can be used in general VAWPP simulation model. Depending on
specificity of the studies, the model is easily modifiable for specific needs of the
studies, thus making the model applicable and usable in nonstandard studies.

3. DEVELOPMENT OF BLADE AERODYNAMIC PITCH
CONTROL SYSTEM AND SIMULATION MODEL

Latest studies, aerodynamic calculations and outcomes of modelling
evidence that the correction of wind turbine blade pitch allows to increase the
turbine efficiency factor (Komass T., 2015c). VAWPP with fixed blade pitch has
the wind energy efficiency about 14% lower than turbines with controllable blade
pitch.

The studies have proved that in HAWPP design a preference is given to
active automatic wind rotor blade pitch control with independent electric
servomechanisms foe each blade. Turbines with power < 5 kW require
electromechanical centralized blade pitch control. VAWPP blade aerodynamic
pitch control system until now has not been applied in any of existing commercial
products (Komass T., 2016).
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3.1. Development and Analysis of Blade Pitch Active Control
System Design Solution

Servomotors 6 are used as electric drive. Servomechanism with gearbox
has advantages: mechanical vibration absorption in gearbox 5; possibility to use
a motor with lower torque; radial and axial load absorption in gearbox; stability
of servosystem (Komass T., 2016) (Fig. 3.1.).

Fig. 3.1. Blade pitch control system with gearbox
1 — mechanical stage of blade pitch control system; 2 — electronic stage of blade pitch
control system; 3 — air flow; 4 — blade structure; 5 — gearbox; 6 — servomotor; 7 — servo
regulator; 8 — power supply.

Design without gearbox uses servomotors 5 with hollow middle part
wherethrough the blade rotation shaft can be moved. Such design of servomotor
is convenient and adapted for such technological solutions (Komass T., 2016)
(Fig. 3.2.).

Fig. 3.2. Blade pitch control system design solution without gearbox
1 — mechanical stage of blade pitch control system; 2 — electronic stage of blade pitch
control system; 3 —wind flow and its perturbance on blade surface; 4 — blade structure; 5
— servomotor; 6 — servo regulator; 7 — power supply.

One blade pitch control system includes servomotor 7, drive regulator 7,
mechanical transmission 4 and blade rotation angle measuring devices 3 and 6.
Servomotor is controlled by servo regulator consisting of power and logic control
interface. Central control system 8 measures wind speed and direction, rotor
rotation angle, blade actual rotation angle (Fig. 3.3.).
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Fig. 3.3. Block diagram of blade pitch drive control system

1 —wind flow perturbance on blade mechanical structure; 2 — blade mechanical structure;
3 — blade pitch electromechanical measuring device; 4 — gearbox; 5 — servomotor; 6 —
servomotor rotation angle electromagnetic measuring device; 7 — servo regulator; 8 —
central controller; 9 — power supply.

VAWPP with three actively controlled blades, each of which works as an

autonomous element. Blade control system uses the central controller that
performs data readout 2 and processing 3, estimating the preset pitch for each
blade (Komass T., 2016) (Fig. 3.5.). Power supply is provided by the central
power source.

@R o
4 sz - : /

x:'f.'f (@ = /| D

Fig. 3.5. Block diagram of blade pitch drive control system
1 — centralized power supply; 2 — central controller input/output interface; 3 - central
controller logic program interface; 4 — central controller; 5 — wind rotor rotation angle
measuring device; 6 - wind measuring device.
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3.2. Servo Regulator Control Algorithm Analysis and
Development in Simulation Model

Servo regulators, regardless of manufacturer, are provided with a unified
servomotor control program structure consisting of 3 series-connected circuits:
current control circuit 5, speed control circuit 4, position control circuit 3 (Fig.
3.10). Some manufacturers use in the regulators also the feedforward control
circuits in some of necessary control units.

Fig. 3.6. Basic structure of servomotor regulator control circuit

1 — position setting; 2 — signal processing module; 3 — position control circuit;
4 — speed control circuit; 5 — current control circuit; 6 — IGBT regulation;
7 — servomotor; 8 — servo motor position sensor; @uzd — rotation angle setting, °; @as —
rotation angle feedback, °; muzd — rotation speed setting; was — rotation speed feedback; luzd
— current setting, A; las — servomotor current measurements, A; Uua — IGBT voltage
setting, V; Usm —servomotor control voltage, V; fsm — servomotor voltage frequency, s;
@sm — servomotor rotation angle, °.

Blade disturbance

Position
Setpoint +_ P(s) [ PID(s) [ [
A
|:| Position ~ uzdevums Speed Servo Motor
controller Controller
/s e
L= "

Position, rad

Fig. 3.7. Simulation model of servomotor and regulator
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Outcomes of simulation demonstrate that simulation model on Fig. 3.7.
regulates the preset position setting and can be parameterized for the required
regulation object. Outcomes of simulation show that speed and position control
circuits should be adjusted by input of precise parameters of the regulation object
in order the simulation model would have adequate inertia moments (Komass T.,
2016) (Fig. 3.8.).
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Fig. 3.8. Execution of position setting at various inertias of object
Quzd — position setting signal, °; J — load inertia moment, kg m2,

Control circuits of servo regulators are parameterized in a definite
sequence (Komass T., 2015c). The simulation model also should retain this
sequence thus ensuring an adequate outcome. First of all the current control
circuit is parameterized, then the speed control circuit. At last, the position
execution circuit is parameterized. Inadequate parameter setting in any of lower
circuits can affect the output results of superior control circuits. If parameters are
changed in any of lower circuits, then parameters should be simultaneously
checked in all superior circuits.

3.3. Blade Optimal Aerodynamic Pitch Estimate

Blade aerodynamic pitch control system is aimed to obtain a higher
VAWPP efficiency factor. It means that at a definite rotor turn each blade has its
own optimal aerodynamic pitch. The reviewed studies have no indications of
what are the optimal aerodynamic pitch as a function of rotor rotation angle and
rotor highspeed ratio.

A special estimate program was developed in MATLAB Editor
environment. Upon entry of necessary input parameters, the program cycle calls
the simulation model. During each simulation call, the blade pitch from -90° to +
90° is simulated with 0.1° step. Simulation estimate from Editor program by
simulation of 360 rotor turns with 0.1° step. After one cycle estimate, the highest
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reached aerodynamic torque is found in the data array at definite blade pitches
(Fig. 3.9.) (Komass T., 2015c).
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Fig. 3.9. Aerodynamic pitch analysis program structure
1 - outcomes of aerodynamic pitches; 2 — optimal pitch search algorithm; 3 — rotor rotation
angle setting algorithm; 4 — data estimate and simulation results processing module;
5 — aerodynamic pitch estimate program; 6 — blade torque estimate simulation model;
7 — blade pitch modelling; 8 — blade torque estimate by input data; aggregate input
parameters of blade torque estimates; 10 — data graphic procession.
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Fig. 3.10. Characteristic curves of improved blade pitch correction ¢ in
dependence to turbine tipspeed ratio
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When testing the calculation model, the following turbine settings were
chosen: turbine highspeed ratio A = 2.0, 2.5, 3.0; turbine blade chord ¢ = 1 m;
ambient air temperature = 20°C; wind speed v = 10 m's’%; blade length | = 10 m;
rotor rotation angle 6 = 0°...360°; wind flow direction angle ¢ = 0°; blade pitch ¢
= -90°...4+90°. The program output results evidence that the pitch characteristic
curves depend on the rotor highspeed ratio (Fig. 3.10.). Output results of the
simulation system prove that the study objective is attained, obtaining the optimal
blade pitches a function of the turbine rotor rotation angle ¢ = f(8). The obtained
outcomes reflect the internal correlation between wind turbine parameters
(Komass T., 2015c).

3.4. Development of Blade Pitch Control Simulation Model

WPP has modular blade pitch control system where each module is
responsible for its blade. The system structure includes three individual blade
control modules where each module includes its own control servomotor with
blade. The entire system is provided with a single common pitch setting
calculation unit. Central control system unit tracks all central processes and the
output signal is estimated and formed in dependence to the rotor rotation angle,
wind flow direction and turbine working position (Fig. 3.11.).

Rotor angle, rad
Rotor angle, rad
Tip speed ratio

Tipspeed ration Blade actual position [ Controlle setpoint, deg Blade data, deg »(1)
Genrator parametr : N /
Servo task -10..10V [ Motor task, Hz Spama lenkis, deg

Generator
4

Load torque, Nm.

Blade angle calculation Servo

Msl, Nm Controller feedback, rad Belt actual position, rad|
Blade angle controller

Fig. 3.11. Blade pitch control system simulation model

Use of the constructed blade pitch control simulation model allows to
carry out the simulation testing in order to find out how the system could follow
the specific characteristic curves of the setting with the use of servomotor.
Characteristic curve of rotation angle setting is obtained from the results of blade
aerodynamic pitch calculations.

The results of simulation, which are registered in the blade pitch control
system simulation model, demonstrate that the pitch setting is fulfilled with a
high precision. Use of the feedforward control setting calculation improves the
output simulation results. Analysis of preset and executed pitch data evidences
that the determination coefficient R? = 0.9687 with standard deviation 1.199°. At
equal conditions and use of feedforward rotor position calculation R? = 0.9993
with standard deviation 0.168° (Fig. 3.12.).
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Fig. 3.12. Simulation results of blade pitch correction servomechanism
setting execution
Quzd — blade pitch setting,®; @as — blade pitch feedback, °.

To carry out testing of the simulation model, a stand was made for
performance of experimental measurements and validation of the simulation
model (Fig. 3.13.). The stand basic structure includes servomotor 3 with variable
load mass 1. Servomotor is controlled by means of servo regulator 4 upon receipt
of analogue signals from signal converter 5. Rotation angle setting is simulated
in realtime using MATLAB Simulink 6 simulation model with blade pitches (Fig.

3.13).

Sl

4 0.5V DC
T | [&
| o) | [[6=0] [E=n]]

l l RS23
R3232

Fig. 3.13. Block diagram of servo system experimental stand
1 — load or blade prototype; 2 — gearbox; 3 — permanent magnet synchronous servomotor;
4 — servo regulator ACSM1; 5 — signal switchboard and converter; 6 — computer with
MATLAB software; 7 — motor rotation angle resolver-type measuring device.
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Experimental results demonstrate that servomotor working without
gearbox allows to execute the preset rotation angle setting more precisely upon
required system setting change rate (Fig. 3.14.).
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Fig. 3.14. Experimental results of servosystem
a — servo without gearbox; b — servo with gearbox.

External perturbances of the blade pitch control system are the blade mass
inertia moment and torque that are formed as a result of the air flow effect on the
blade rotation axis. The objective of the study is find out how big torque is formed
on the blade rotation axis. The study used the experimental measurement stand
shown on Fig. 3.13.
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Fig. 3.15. NACAO0018 blade aerodynamic resistance force in dependence to
blade relative blowing angle

Experimental results demonstrate that at the blade blowing angles within
the range — 20° to + 20° against its angle control rotation axis no additional
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aerodynamic resistance forces appear. The aerodynamic resistance force starts
acting upon the blade when the relative blowing angle exceeds 20°. Depending
on value of the aerodynamic resistance force, it is necessary to provide for an
additional power reserve of servomotor (Fig. 3.15.). Use of experimental results
allows to determine for the required blade sixe the actual aerodynamic resistance
torque on the controllable rotation axis.

4. ECONOMIC FEASIBILITY OF BLADE PITCH
CONTROL SYSTEM

Already for many years VAWPP is an integral component of wind energy
production. The task of increasing VAWPP efficiency factor is very important.
Until now, no manufacturer has yet made VAWPP with the blade pitch control
system; therefore, it is difficult to determine its precise costs, incomes and profit.
Taking into consideration the simulation data and results therein obtained, it is
possible to predict whether equipping of VAWPP with blade pitch control would
be beneficial economically and whether it would be repaid during service period
of this system.

4.1. Analysis of Servomotor Power Choice

Blade control system servomotor power is of importance for reaching the
required control precision and calculating the possible costs of the servomotor
and servo regulator. Servomotor power for blade pitch control is estimated and
the choice is carried out in accordance with the following criteria: blade inertia
moment, VAWPP blade length, VAWPP blade material, VAWPP rotor diameter,
VAWPP operation highspeed ratio, blade centrifugal force, airflow perturbances

(Table 4.1.).
Table 4.1.Analysis of blade pitch control servomechanism power

VAWPP rotor radius, m

Indicators 1 2 3 4
Chord length, m 0.20 0.40 0.60 0.80

Blade length, m 2 4 6 8
Blade mass, kg 1.52 12.13 40.93 97.02
Blade inertia moment, kg-m? 0.002 0.060 0.456 1.912
~ | Servosystem power, KW 0.067 0.252 0.568 1.004
' | Consumed energy per 24h, kWh | 4.824 | 18.144 | 40.896 | 72.288
© Servosystem power, KW 0.008 0.032 0.071 0.126
o Consumed energy per 24h, kWh | 0.576 2.304 5.112 9.072
E = Servosystem power, KW 0.005 0.005 0.005 0.005
Consumed energy per 24h, kWh | 0.360 0.360 0.360 0.360
< Servosystem power, KW 0.002 0.009 0.021 0.037
Consumed energy per 24h, kWh | 0.144 | 0.648 1.512 2.664




Electric energy consumed by the blade pitch control servomechanism will
vary with the total number of working hours, and also the potential difference
between energy produced by VAWPP and consumed by the blade control system
will vary in dependence to the wind speed.

4.2. Analysis of Payback Period

Six VAWPPs are chosen for the calculations, which are available on the
market and which could use the blade pitch control system. Such VAWPP has 3
blades and its profile is approximate to that of NACA0012 or NACA0018.

In Latvian territories where average wind speed is 6 m-s?, VAWPP
produced electric energy amount grows in dependence to VAWPP nominal
power. Continuous operation at higher wind speeds makes VAWPPs much more
efficient and increases people’s wish to acquire them. When VAWPP works in
the mode of a lower highspeed ratio, the efficiency factor improvement
noticeably reduces the equipment payback period (Fig. 4.1.).
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Fig. 4.1. Electric energy yield with use of blade pitch control system
at wind speed 6 m's™

Payback period of the blade pitch control system varies in dependence to
the following factors: average wind speed at the site of installation, WPP nominal
power, WPP rotor operation highspeed rate. Depending on these abovementioned
factors, the system payback period may vary within 3 and 12 years.
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CONCLUSIONS

The proposed hypothesis is confirmed, that the energy efficiency of the
vertical axis wind power plant can be increased by the use of the blade
pitch control system, which by means of the adaptive control program can
perform an active blade pitch control at a nonstationary wind speed and
aerodynamic load caused by it as well as at a nonstationary VAWPP rotor
rotation speed.

The performed experimental and simulation studies evidence that
VAWPP energy efficiency can be improved by a continuous control of
rotor blade pitch in accordance with the wind speed, rotor rotation angle
and rotation speed with the use of the adaptive servosystem.

The studies demonstrate that the use of VAWPP simulation model allows
to improve VAWPP technologies testing in the design and development
mode, thus reducing the development time in experimental mode of the
equipment. Use of the simulation models allows to find the required
parameters of the control system regulators in the blade pitch control
system, ensuring the system basic settings.

Aerodynamic force vector calculation method has an advantage of
providing the possibility to cyclically recalculate in the control system the
blade pitch setting in dependence to the variable wind speed, rotor rotation
angle, rotation speed and blade geometrical parameters.

Studies carried out by means of the simulation model on VAWPP rotor
inertia impact on the amount of generated electric energy evidence that
the reduction in the rotor inertial mass can improve the total amount of
energy generated by VAWPP.

The simulation model demonstrates that VAWPP with nominal electric
power 20 KW at rotor inertia reduced from 5000 kg-m? to 2000 kg-m? and
24h operation at average wind speed 5 m-s™ can additionally generate 4.2
kWh electric energy.

Using the developed simulation model for calculation of the blade
aerodynamic torque, the study performed in MATLAB Simulink
environment on VAWPP blowing angle impact on the generated electric
energy demonstrates that, regardless of VAWPP rotation speed and
highspeed ratio, with the use of the blade profile NACA0018 the most
efficient relative blowing angle B =16 °.

In order to improve the execution of the blade pitch servomotor setting
with the use of the developed simulation model, the correction number
function was obtained as an estimate of the feedforward rotor rotation
angle. The results of simulation show that when VAWPP works at wind
speed 6 m-s?, without the signal feedforward the determination
coefficient of the blade pitch setting execution is R? = 0.9687. Upon use
of the feedforward rotor position estimate, execution of the setting has
improved: R? = 0.9993.
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Experimental studies prove that for a symmetric blade profile, where the
rotation axis is position at 25% of the chord length from the blade front
end, the aerodynamic load force on the blade rotation axis, regardless of
the wind speed, does not exist if the relative blowing angle is within the
limits -20° to 20°. It means that the servomechanism is not exposed to the
additional aerodynamic load torque.

The results of simulation demonstrate that in VAWPP with rotor diameter
10 m and highspeed ratio 3 at nominal wind speed 10 m-s*, a new blade
pitch setting is set every 2.5 ms. In order the model of the blade pitch
control system would adequately simulate such fast transition process, its
servomotor model should include both electrical and mechanical time
constant.

In order to improve the operation speed of blade pitch control, it is
necessary to choose a gearless servomechanism. Stand studies show a
high determination coefficient (R? = 0.85 ... 0.99) of gearless
servomechanism setting execution while, in contrast, servomechanism
with a gearbox has considerably lower determination coefficient of the
setting execution in connection with a reduced operation speed (R? =
0.026 ... 0.228 working with a load, R? = 0.6286 ... 0.943 working
without load).

VAWPP blade inertia moment closely depends on the blade chord and
blade design. Dependence of the blade inertia moment on the blade length
is linear. Dependence of the blade inertia moment on the blade mass can
be determined by the experimentally established empiric function
\]sp = 0.0017'mspl'98.

Dependence of the servomotor power required for blade pitch control on
the blade inertia moment is determined by the empiric equation P =
0.7343-15,°%82% with the determination coefficient R? = 0.9975.

The development of VAWPP blade pitch servosystem would require
average 5,260.00 EUR for a plant of power below 20 kW and 9,820.00
EUR for a plant of power above 20 kW. Analyzing the possible additional
electric energy generated by VAWPP and the invested costs of
installation, it should be taken into consideration also the additional
expenses for regular service works of average amount 124 EUR per year.
On such conditions, less than 5-year payback period of VAWPP blade
pitch control system is possible at moderate winds exceeding 6 m-s™, or
VAWPP will need a lowspeed rotor with the highspeed ratio A <= 2.0.
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