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PETIJUMU AKTUALITATE

P&c Eiropas Vides agenttiras atzinuma Eiropas Savienibai un Latvijai ir
raksturiga ievérojama atkariba no paSmaju un aizrobeZu dabas kapitala un
ekosisttmam (State of the environment..., 2010). Saskana ar Eurostat datiem
(Share of renewable..., 2011) Latvija 2009. gada aptuveni 34.3 % patérétas
energijas tika ieglita no atjaunojamajiem resursiem, kas ir tresais raditajs Eiropa
pec Zviedrijas un Somijas pie vidgja ES raditaja 11.7 %. Latvija pateretas
atjaunojamas elektriskas energijas dala ir 38.7 %. Tomér kopgjais valsts
energijas pasSnodro§inajums ir tikai 29.6 % (Latvijas energétika skaitlos...,
2009). Viens no veidiem energoneatkaribas paaugstinasanai ir lokali pieejamo
atjaunojamo resursu izmantoSana. Saskana ar Latvijas ilgtsp€jigas attistibas
strategiju (Latvijas ilgtsp&jigas attistibas..., 2010) 1idz 2030. gadam viens no
valsts mérkiem ir energoresursu pasnodrosindjuma paaugstinasana, izmantojot
atjaunojamos energijas resursus un uzlabojot energoefektivitati. ST mérka
sasniegSanai izvirzitie uzdevumi ir atjaunojamo energoresursu avotu un
piegades marSrutu diversifikacija, ka arT inovacijas un pétnieciba atjaunojamas
energgtikas joma.

Nakotnes elektroapgades tikli ir orientéti uz dalitas generéSanas
sisttmam (DGS) un mikrotikliem. Uzsvars tiek likts ne tikai uz centralajam
spekstacijam, bet arT uz plasa teritorija izvietotam mazas jaudas (daZzados
avotos tiek minéts 1 — 1000 kW Iidz 10 MW) spekstacijam, kas darbojas taja
skaita no vgja, saules, biomasas u.c. lokali pieejamajiem atjaunojamas energijas
avotiem (Bayod-Rujula, 2009). Viens no mikrotiklu attistibas virzieniem ir
autonomas elektroapgades sisteémas bez pastaviga tikla piesléguma. Autonoma
elektroapgade tiek izmantota gadijumos, kad nav pieejams elektriskais tikls,
piesléguma jauda ir nepietiekama un piesléguma izbiive vai modernizacija nav
ekonomiski pamatota. Ja ir ierobeZota atjaunojamo resursu pieejamiba
(neregulars v&ja atrums un saules starojums), kas ir raksturigi Latvijas teritorija,
vairaki resursi tiek kombinéti viena autonoma sistéma. Nepartrauktas
elektroenergijas piegades nodro§inasanai autonomas sistémas izmanto kimiskos
akumulatoros, fosilo resursu generatorus u.c. perspektivas energijas razoSanas
un uzkraSanas iekartas, piem€ram, koncentrgjosas fotoelektriskas saules
stacijas, spararati, idenraza iekartas, superkondensatori u.c.

Nemot véra straujo atjaunojamas energétikas tehnologiju attistibu, Tpasi
saules bateriju, elektrokimisko u.c. energijas uzkraSanas veidu, ka ari speka
elektronikas parveidotaju, autonomas elektroapgades sist€émas kldst par
alternativu  jauna elektriska tikla piesléguma izblivei mikro méroga
elektroenergijas patérétajiem (orient&joties péc Eiropas Parlamenta direktivas
2004/8/EK Klasifikacijas — ar maksimalo vienlaicigo jaudu Iidz 50 kW),
pieméram, nelieli lauksaimniecibas kompleksi, fermas, siltumnicas, viensétas,
tarisma objekti u.c.
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Atkariba no lokali pieejamiem resursiem un elektriskas slodzes grafika,
autonomajos tiklos ir iespgjams liels skaits dazadu iekartu kombinaciju gan
funkcionali, gan jaudas zina. Neregulars un griiti prognoz&jams slodzes jaudas
sadalfjums diennakts laika un sezonali ir TpaSi raksturigs lauksaimniecibas
kompleksiem, pieméram, saimniecibam, kuras specializéjas uz biologiskiem
procesiem: piena un galas liellopu, ctiku, stkdzivnieku audzésanu, siltumnicam
ar automatiz&tu augu laistiSanu un mésloSanu u.c. Pareiza energijas plismas
pardales stratégija starp neregulari pieejamiem atjaunojamiem un fosilajiem
resursiem, akumulatoru 1adéSanu un slodzi hipotgtiski lautu efektivak izmantot
pieejamos resursus kombinéta elektroapgades sistéma, samazinat fosilo resursu
generatoru darbibas laiku un nodro§inat nepartrauktu elektroenergijas padevi
patérétajam.

Kombingto elektroapgades sisttmu un to automatiskas vadibas sist€mu
petijumos plasi tiek lietotas modeleéSana un datorsimulacija. P&tijumus var
nosaciti iedalit divas grupas: dinamiskie simulacijas modeli parejas procesu
petijumiem un statiski laikrindu modeli kombing&to elektroapgades sistemu
darbibas simulacijai diennakts, sezonas un gada garuma.

Literatira  tiek  piedavatas dazadas autonomas kombingtas
elektroapgades kompleksa un segmentu Iimena vadibas pieejas fosilo resursu
generatoru un energijas uzkraj&u izmantoSanai mainigas primaro resursu
pieejamibas un mainigas slodzes apstaklos. Ir pieejamas kombingto sistemu
modeléSanas un simulacijas vides, pieméram, HOMER (Hybrid Optimization
Model for Electric Renewables) un Hybrid2, kuras realizeti tipveida augstaka
limena vadibas algoritmi un stratégijas. No otras puses zinatniskaja literatira
tiek petiti ar1 alternativi segmentu un kompleksa automatizacijas Itmena
vadibas risinajumi, kuri izmanto informacijas un komunikacijas tehnologiju un
maksliga intelekta elementus, pieméram, pieejamas atjaunojamo resursu
generatoru jaudas prognozeSana, izmantojot, meteorologisko informaciju,
adaptiva vadiba, kas pielagojas patérina jaudas profilam, izmantojot neironu
tiklus, intelektualo agentu sistémas u.c. So metoZu realiz&Sanai ir nepiecieSams
salidzinos$i sarezgit programmas kods, kas nav paredz@ts pieejamas kombinéto
elektroapgades sistému simulacijas vides.

Iesp€jamais risinajums ir automatiskas vadibas kontlira posmu
modeléSana, t.i., savstarpgji tiek apvienoti virtuali modeli, piemé&ram,
automatiskas vadibas sist€mas (AVS) objekta modelis realiz€ts dinamiskas
simulacijas vidé, bet kontrollera programmatiskais modelis ir atseviska
programma. Lidzigi izmanto arT AVS kontiira daléju model&Sanu: atseviski
vadibas kontiira posmi, pieméram, kontrolleris vai sensors ir realas iekartas, bet
pargjie — ar specialiem vadibas un/vai speka signalu interfeisiem pievienoti
datora simul@tie virtualie modeli. Jaatzime, ka zinatniskaja literatiira $1 pieeja
nav plasi apskatita tieS§i autonomas kombinétas elektroapgades segmentu un
kompleksa ITmena vadibas algoritmu un stratégiju pétjjumos.



PETIJUMU HIPOTEZE, MERKIS UN UZDEVUMI

Zinatniska darba hipotéze: izmantojot model&Sanas pieeju, kur
kontrolleris ir reala iekarta vai atseviSka datorprogramma, un AVS objekts ir
virtuals vai fizikals modelis, iesp&jams kontrol&tos apstaklos pilnveidot esoSos
un izstradat jaunus kompleksa un segmentu Iimena vadibas algoritmus un
stratégijas konkr€tajai autonomas kombingtas elektroapgades sist€mas
konfiguracijai.

Tapat §1 pieeja dotu iesp&ju modeléta vidé test€to un novertéto AVS
programmatiiru bez bitiskdm izmainam izmantot autonomas kombingtas
elektroapgades sisteému izpildiekartu vadibai.

Zinatniska darba meérkis: izveidot autonomas kombinétas
elektroapgades sistemas automatiskas vadibas imitaciju modelu kopu, kas dod
iesp&ju novertét un pilnveidot vadibas algoritmus atjaunojamo energoresursu
izmantoSanas efektivitates paaugstinasanai lauku teritorijas.

Darba mérka sasniegSanai izvirziti un risinati sekojosi uzdevumi.

1. Izstradat metodiku autonomas kombinétas elektroapgades energijas
plusmas vadibas algoritmu darbibas modeleSanai.

2. Izstradat un eksperimentali validét Iidzstravas kopnes spéka interfeisu,
generatoru un energijas uzkraj&ju imitaciju modelus.

3. Izstradat autonomas kombingtas elektroapgades kompleksa un segmentu
Iimena automatiskas vadibas sisttmas un modeléto iekartu klasu
programmatiras objektu modeli.

4. Izstradat Iidzstravas kopnes un spéka interfeisu fizikalos modelus
samazinata meéroga, ar kura palidzibu parbaudit automatiskas vadibas
sistémas objektu modela darbibu reallaika.

5. Aprobét izstradato modelu kopu lauksaimniecibas objekta autonomas
v&ja, saules un iekSdedzes motora generatora kombinétas elektroapgades
sistémas simulacija un analiz& automatiskas vadibas algoritmu darbibu
pec atjaunojamo resursu kombinetas izmantoSanas efektivitates kritrija.
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1. AUTONOMAS KOMBINETAS ELEKTROAPGADES
IEKARTU UN AUTOMATISKAS VADIBAS
TEORETISKIE PETIJUMI

P&tijuma objekts ir mikro méroga autonomas kombinétas elektroapgades
sisttmas, kuram jadarbojas mainigas slodzes un primaro energoresursu
pieejamibas apstaklos. Mikro méroga sisttmas ar maksimalas jaudas
ierobezojumu Iidz 50 kW ir iesp&jams izmantot zemsprieguma lidzstravas
kopni, kuras galvenas priekSrocibas salidzinajuma ar mainstravas kopni ir
vienkarSota elektroenergijas avotu ieslégSana, galvenais regul&jamais parametrs
ir tikai kopnes spriegums un iesp&ja akumulatorus ieslégt kopne tieSi. Tiek
prognozeéts, ka, pateicoties speka elektronikas attistibai, lidzstravas kopnes
izmantoSana DGS realizacija tuvakajos gados paplaSinasies (Manwell et.al.,
2006). Centralizetas lidzstravas kopnes arhitekttras piemerotiba mikro méroga
kombingétam elektroapgades sisttmam ir pamatota vairaku autoru darbos
(Noroozian et.al., 2009, Paska et.al., 2009, Zhou and Frangois, 2011). Ieprieks
minétas lidzstravas kopnes TpaSibas lauj hipotétiski uzskatit, ka Iidzstravas
kopne, salidzinot ar mainstravas kopni, ir labak piemérota autonomu un
mikrotiklu veida elektroapgades sistému risindjumiem. Ipasi aktuali tas ir
izteikti periodiskam lauku saimniecibu diennakts elektriskas slodzes profilam,
kuru ietekmé tadi patérétaji ka slaukSanas iekartas, piena dzesétaji, kiitsmeslu
transportieri u.c. un pie neregularas atjaunojamo resursu pieejamibas rodas
nepiecieSamiba periodiski darbinat papildus generatorus.

1.1. Autonomas kombinéetas elektroapgades sistemas ar
centralizéto lidzstravas kopni

Vispariga centralizétas Iidzstravas kopnes autonomas kombinétas
elektroapgades sistemas blokshéma ir redzama 1. att. Spriegums kopné tiek
noturéts, regul§jot pieejamo stravu no primarajiem energijas avotiem:
nevienmerigi pieejamajiem atjaunojamajiem (saule, v&jS), pastavigi pieejamiem
atjaunojamajiem un fosilajiem resursiem ar energijas daudzuma ierobeZojumu
(dizeldegviela, biogaze), ka ar1 uzkraj€jiem (spararats, degvielas elements,
superkondensatoru baterija). Papildus regulgjoso efektu var panakt iesledzot vai
atsledzot elektrisko slodzi vai veicot energijas uzkraSanu. Sprieguma
stabiliz€Sanai un augstas frekvences svarstibu kompenséSanai tiek izmantoti
kopné tie§i slégti akumulatori. Sadai sistémai ir komplicéta vairaklimenu
automatiska vadiba, kura promocijas darba ietvaros ir strukturéta p&c razoSanas
automatizacijas Itmeniem (Kpyrsk, 2002).

Segmentu automatizacijas Itmena AVS objekts ir lidzstravas kopne,
kura nepiecieSams noturét uzdoto spriegumu. Izpildiekartas ir Iidzstravas kopné
paral@li slegti speka interfeisi. Saja Iimeni tiek nodroSinata Iidzstravas kopnes
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vadiba un energijas plusmas pardale, iestatot spéka interfeisu darba reZimus
(ieslégSana/atslégsana, izejas sprieguma un stravas regul€josie signali). Speka
interfeisu izejas stravas un sprieguma vértibas un par¢jo iekartu (generatoru,
energijas uzkrajéju) automatisko vadibu nodro$ina lokalas vadibas sistémas,
kuras kopuma veido iekartu automatizacijas Iimeni.

N[N
B

i
e

1. att. Autonomas kombinétas elektroapgades sistémas blokshéma
1 — v&ja generators; 2 — fotoelektriskais generators; 3 — akumulators; 4 — ierobeZota energijas
resursa generators; 5 — reguljams taisngriezis; 6 — lidzstravas parveidotdjs; 7 — invertors;
8 — kopnei tiesi pieslégts lidzstravas patérétaju tikls; 9 —lidzstravas pateérétaju tikls; 10 —mainstravas
patérétaju tikls

Fig. 1. Block diagram of autonomous hybrid power supply system

1 — wind generator; 2 — photovoltaic generator; 3 — battery; 4 — generator with a limited energy
resource; 5 — rectifier; 6 — DC converter; 7 — inverter; 8 — DC consumer grid connected directly to
the bus; 9 — DC consumer grid; 10 — AC consumer grid

Kompleksa automatizacijas Itmeni ir augstaka Iimena vadibas un datu
uzkraganas sistémas (SCADA). Sis limenis var aptvert vienota sistéma vairakas
elektriskas dalitas generéSanas sistémas, ka arl nodroSinat ar energétiku
nesaistitu AVS objektu augstaka limena vadibu, pieméram, “gudras majas”
elementu vadibu.

1.2. Modelu kopas izstrades metodika

Kompleksa un segmentu Iimenu vadibas algoritmu un strat€giju
novertésanai ir izmantota atsevisku vadibas kontiira dalu modeléSanas pieeja,
kur kontrolleris ir nodalita reala iekarta vai atseviska datorprogramma, bet AVS
objekts ir virtuals vai fizikals modelis. Ka piemérs 2. att. (a) dota vienkarSa
slegta atgriezeniskas saites sist€ma viena parametra reguléSanai. Attela
ietongtie bloki ir aparatiskas komponentes, neietonétie — virtualie modeli.
Jaatzime, ka apskatita pieeja tiek izmantota art kompleksu sistému modeléSana
ar vairakiem regul€jamiem parametriem.
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2. att. Automatiskas vadibas kontiirs ar atgriezenisko saiti (a), ta imitaciju modelis
(b), spéka HIL modelis (c), kontrollera HIL modelis (d) un SIL modelis (e)

parvades funkcijas: F,. — kontrollerim, F, — izpildiekartai, F), — objektam, F, — sensoram; signali:
x, — regulgjosais, x. — kontrollera vadibas, x, — vadibas iedarbes, x, — objekta stavokla, x, — sensora,
X, — reguléSanas kludas
Fig. 2. Control loop with feedback (a), its simulation model (b), power HIL model (c),
controller HIL model (d) and SIL model (e)

transfer functions of controller — F,, actuator — F,, plant — F,, transducer — F,; control reference
signal — x,, control signal — x., control action — x,, plant state — x,, transducer signal — x,, control
error signal — x,

Atsevisku vadibas kontlira dalu model&sanas un simuléSanas pieeja tiek
iz8kirtas vairakas metodes:

e MIL (Model In The Loop) (Plummer, 2006), kas biitiba ir klasisks
dinamiskais sisttmas un tas automatiskas vadibas kontrollera
modelis izstradats vienota vidé, pieméram, Matlab Simulink (skat.
2. att. (b));

e metode, kura paredz atseviSsku vadibas kontiira posmu, piemé&ram,
vadibas objekta vai sensora aizvietoSanu ar to virtualajiem
modeliem — HIL (Hardware In the Loop), bet pargjas ir realas
iekartas (Gomez, 2001); atkariba no darba mérka (vadibas sisteémas
izstrade un test€Sana, automatiskas vadibas objektu, izpildiekartu un
sensoru darbibas novertéSana pie dazadiem vadibas algoritmiem un
rezimiem) sikak tiek iedalita speka HIL un kontrollera HIL 2. att.
(c) un (d) attiecigi;
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e pilniba programmatiska vadibas kontlira pétiSanas metode SIL
(Software In The Loop), kura paredz izpildiekartas, objekta un
sensora modelus veidot dinamiskas simulacijas vide, bet kontrolleri
realiz€t ka atseviSku programmu, pieméram, atseviska izpilddatng
kompiléta no C valodas koda (Youn et.al., 2007, Mauri, 2009), 2.
att. (e).

Apskatitas HIL un SIL metodes tiek izmantotas vadibas sisteému izstrade
un testéSana, gadijumos, ja automatiskas vadibas objekts ir komplicéta,
konfiguracijas zina unikala vai darga sist€éma, kuras darbinasana testa noliikos
nav iesp&€jama, ir bistama, resursietilpiga vai ari vél atrodas izstrades stadija un
nav pieejama (Ledin, 1999, Gomez, 2001). Atjaunojamas energétikas iekartu
un DGS, taja skaita kombingto resursu sistému pétnieciba un izstradé HIL un
SIL metodes ir lietotas jau ieprieks: atseviSku genergjoSo iekartu un tikla
piesléguma simulacijai, speka interfeisu un to iekartu Itmena vadibas sist€mu
pétijumiem, jaudas stendi elektrisko masinu pé&tiSanai u.c.

Autonomas kombinétas elektroapgades sisteéma, kas ka energijas avotus
vienlaicigi izmanto vairaku veidu atjaunojamo resursu veidus, péc bitibas ir
komplicéta sistéma ar stohastiskam perturbacijam. Atkariba no lokali
pieejamiem resursiem un slodzes profila ir iesp&ams liels skaits genergjosa,
uzkrajoSa un spéka interfeisa iekartu kombinaciju. Tas atbilst literatiira
apskatitajiem SIL un HIL izmantoSanas gadijumiem. Tomeér jaatzime, ka
literattira neparadas plasa informacija par So metoZu izmantoSanu kombinétas
elektroapgades vadibas pétijumos segmentu un kompleksa automatizacijas
Itmen.

Lai paraditu apskatitas pieejas izmantoSanas piem&rotibu dazadu
energijas plismas vadibas algoritmu stratégiju noveértéSanai un realizéSanai
vadibas iekartas programmatiira, izmantotas SIL un sp€ka HIL metodes. Autora
piedavatas AVS un imitacijas modelu kopas elementu blokshéma SIL reZimam
ir redzama 3. att.

AVS kontrollera programmatiska modela izstradei ir lietota Microsoft
NET vide, kas nodroSina iesp&u koda atkartotai izmantoSanai vairakas
operétajsistémas un pielauj programmatiiras izstradi, izmantojot modelu vaditu
jeb modelbazétu arhitektiru (MDA — Model Driven Architecture). Lidz ar to
SIL reZima testeto vadibas programmu ar minimalam izmainam ir iesp&jams
lietot gatava kontrollera risinajuma (personalaja, industrialaja datora, iegultaja
sisteéma utt.). Vadibas programmas sasaistei ar realam iekartam un to imitaciju
modeliem tika izstradata galveno autonomas kombingtas elektroapgades
izpildiekartu, generatoru un uzkrdj&u klasu biblioteka (skat. 2.1. nodalu).
Kombingtas elektroapgades sisteémas imitaciju modeli izstradati Matlab
Simulink vid€. Simulink modeli aptver visas vadibas kontiira komponentes,
iznemot vadibas bloku, un nodrosina sasisti ar vadibas programmu .NET vide.
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Informacijas apmainai starp vadibas programmu un Matlab darba vidi
izmantots Matlab Compiler V4 riks (Version 4.0 (R14) Matlab Compiler), no
libmx.dll bibliotekas un UtilityMatlabCompilerVer4.MatlabCSharp ietvarklase
(Phan, 2004). Piekluve Simulink modelim savukart realiz€ta ar Matlab vides
standarta funkcijas SIM('model’, timespan, options, ...) palidzibu. Funkcija
sanem parametrus — celu uz Simulink modeli, simulacijas laika periodu un
konfiguraciju, ka arT modela ieejas vertibas. Simulacijas rezultatu — laika,
modela izejas signalu un inercialo bloku stavoklu vektorus — ieglist caur Matlab
vides mainigajiem.

Supervisory control .NET application MATLAB
worksapce,
| Simulink
Graphical User [} Controller Model of
Interface, file 1/0 programm actuators, plant
and sensors

Device | —{ MATLAB libmx.dll £ 1/0 to
class [ Compiler []| Ilitr)]:;fy (] Matlab
library ¢ V4 wrapper I Tl Workspace

] External
Control algorithm perturbations

3. att. Simulacijas, izmantojot SIL metodi

<):' — vadibas un perturbaciju signali; <):' — atgriezeniskas saites signali;
— simulacijas rezultats; <®#—— — simulacijas ieejas
Fig. 3. Simulation using SIL method
<:' — control and perturbation signals; <:' — feedback signals;

— result of the simulation; & — inputs of the simulation

Modela simulacija tiek veikta pa periodiem. Vadibas programma nolasa
rezultatus, kas reprezent€ sensoru radijumus, katra perioda beigas un padod
regulgjoso iedarbi uz modeli nakama perioda sakuma. Simulacijas process
detalizeti uz kop€ja simulacijas laika ¢ ass paradits 4. att. Simulacijas periods T
Simulink vidé atkariba no izvEéléta aprékina algoritma un modela signalu
izmainas atruma tiek sadalits pa simulacijas soliem s,, Iidz ar to vienada
garuma periodiem solu skaits var atSkirties. Simulacijas sakuma tiek padotas
izpildiekartu ieejas iedarbes (vektors ar garumu J). Izejas tiek nolasitas katra
perioda beigas ka matrica [M;:K], kur M; ir simulacijas solu skaits perioda T,
bet K — modela izejas signalu skaits. Funkcija f. aprékina nakama perioda
regul€Sanas signalus tikai no ieprieksgja perioda pedgja sola izejas signaliem un
atgrieZ vektoru ar garumu J, kuru nosiita uz modeli nakama perioda sakuma.
Tada veida tiek panakts, ka vadibas sistéma nolasa vadama objekta stavoklus ar
periodu 7, kas bitiba ir AVS darbibas periods. Tapat katra nakamaja perioda
tiek noraditi Simulink inercialo bloku ieprieksgja perioda beigu stavokli, lai
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simulacijas process biitu nepartraukts. Simulacijas rezultati tiek apvienoti kopa
pa visiem periodiem, ieskaitot visus katra perioda solus.

N-1 N
t=0 t=T, t=T,+T =T, 1=>T
=0 i=0) g
I T, T,
Results
Outy[My:K]
. Out,[M,:K]
Sol S| 8, Smy So - Su,| So - Su, So - Sy, Out,[M,K]
y v Outy[M K]
Outy[K] = Outy[K] = Outy[K]
xInitial=nullStates; xInitial=xFinal; xInitial=xFinal; xInitial=xFinal;
Iny=[J] In,=f(Out,[KI) In,=f(Out,[K]) Iny,=F(Outy[K])

4. att. SIL simulacijas process uz simulacijas laika ass
Fig. 4. Process of SIL simulation on simulation time axis

Ta ka SIL rezima .NET programma veic datu apmainu ar Simulink
modeli tikai p&c simulacijas perioda beigam, tad netiek nemta véra kontrollera
reallaika darbiba, t.i. tiek pétita tikai kontrollera funkcionalitate. SIL
simulacijas metode, ieveértéjot kontrollera programmatiiras koda reallaika
izpildes 1pasibas sikak ir apskatita (Youn et.al., 2007).

Segmentu Iimena AVS programmatiiras modela darbiba speka HIL

simulacijas reZima demonstréta, izmantojot Iidzstravas kopnes un spéka
interfeisu (pazeminoSo Iidzstravas parveidotaju) fizikalo modeli (skat. 5. att.).

Supervisory control
.NET application running on PC

Controller Hardware set-up L1

el

) = = M
Device MCU MCU MCU | Mcu
class library
IEC870
':> RS485

5. att. Simulacija, izmantojot speka HIL metodi

Graphical User
Interface, file /0

<):' — vadibas un perturbaciju signali; <):' — atgriezeniskas saites signali;
G simulacijas rezultats

Fig. 5. Simulation using HIL method
<):' — control and perturbation signals; <):' — feedback signals;

— result of the simulation
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Fizikala modela vadibai izmantota ta pati iekartu klasu biblioteka un
vadibas programma, kas SIL rezima. Atskiras tikai aparatiras interfeisu
realiz€josas klases. Ja SIL gadijuma ta ir ietvarklase sasaistei ar Matlab vidi,
tad fizikala modela vadiba veikta caur ciparu datu apmainas tiklu (RS485
fizikalaja Itmeni un IEC870-5 protokols datu posma Itment). Sikak
eksperimentalais stenda darbiba apskatita 3.1. nodala.

Kopégja autora piedavata vadibas sist€mu modeleSanas struktiira paradita
6. att. Aparatiskas un programmatiskas komponentes ir strukturétas pa rindam,
vienlaicigi paradot dazadus simulacijas veidus un attiecigi orient&joSus posmus
sistémas izstrades laika. Kolonnas att€lotas AVS sistemas komponenSu grupas:
kontrolleris; aparatiiras interfeiss kontrollera datu apmainai ar pargjam vadibas
kontiira iekartam; sensori un izpildiekartas; automatiskas vadibas objekts.

Controller\mw interface Sensors, actuatoN Plant

Matlab -
SIL { Compiler V4 Matlab Simulink, SW models
NET
application
Power PP IEC870-5 gmmﬁt"e‘igé’gs HW model of DC
HIL RS-485 P .
and sensors
Controller o
HIL 1/0 board Matlab Simulink, SW models
Power/ . HW models of
Controller H\é\;;?re:)ll_ltg?e e [aiees HW mckJJcljJil of DC
HIL |EC870-5 and sensors
Final RS-485 b ot
ina ower interfaces
solution { and sensors DC bus
Legend: ‘ Software (SW) ‘ ‘ Hardware (HW)

component component

6. att. SIL un HIL metoZu izmantoSana centralizétas lidzstravas kopnes kombinétas
elektroapgades sistemas AVS darbibas pétiSanai dazados izstrades posmos

Fig. 6. Use of SIL and HIL methods in the studies of operation of central DC bus
hybrid power supply and its control system in different stages of development

Darba ietvaros bez SIL un speka HIL simulacijas ir pétita reala sistéma,
kas sastav no akumulatora, slodzes, saules baterijas un uzlades kontrollera.
Eksperimentali iegiitie dati salidzinati ar lidzstravas kopnes, spéka interfeisu,
akumulatora un saules baterijas modelu simulacijas datiem. Modelu kopa
aprobéta simulacija SIL reZima kompleksa un segmentu Iimepa autonomas
kombinétas elektroapgades sist€émas vadibas algoritmu novértéSanai.
Simulacijas ieejas izmantoti dati par lauksaimniecibas objekta (liellopu fermas)
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elektroenergijas patérétajiem un meteorologisko informaciju atjaunojamo
resursu generatoru pieejamas jaudas noteikSanai.

2. VADIBAS SISTEMAS, IZPILDIEKARTU,
GENERATORU UN UZKRAJEJU MODELI

Darba ietvaros ir sikak pétita autonomas kombinétas elektroapgades
sisteémas biezak lietoto iekartu darbiba, izstradati to imitaciju un objektu modeli
izmantoSanai AVS programmatira. Visas iekartas, iznemot akumulatoru, ir
piesledzamas centralajai kopnei tikai caur spéka interfeisiem, tapéc modelu
vienkarSoS$anai un simulacijas paatrinaSanai nav papildus modeléti elektriskie
parejas procesi gener&josajas un uzkrajosajas iekartas.

—

2.1. AVS objektu modelis

AVS programmatiiras realizacija tika izmantota modelu vadita
arhitektira un objektorienteta pieeja, kombinétas elektroapgades sist€mas
iekartu (izpildiekartas, sensori, komunikacijas iekartas) vadibai nepiecieSamas
metodes un dati tika apvienoti klas€s (skat. 7. att.).

]

| MBuslnterface || HPSimInterface ||COMport|nlerface

Hardwarelnterface)|
/\

HybridPowerSystem!

ST Vortmeter |
2 Voltmeter

| EtLAcid | E1W‘indG | ‘ | Etinverter | | [EtUnidirectConverter| FuelMeter

E1ldealAccumulator E1PhotoV E1BidirectConverter S Thermometer
@ | E1Heater | | E1FuelG | B N
T

(47 om ] o ] o

7. att. Kombinétas elektroapgades sistémas iekartu semantiskas tikls

EnergyStorage| ElectricLoad Powerinterface
JAN EnergyMeter

|WindGeneratoli | PhotoVoltaic | |BackUpGenerator1

A Zs &

1 — kombinétas elektroapgades sisteémas klases; 2 — sensoru klases; 3 — atsevisku iekartu imitacijas
modelu klases; 4 — atseviSku iekartu fizikalo modelu klases; 5 — klases aparatiiras interfeisa
realizacijai

Fig. 7. Semantic network of hybrid power system equipment

1 — classes of hybrid power system; 2 — classes of sensors; 3 — classes of simulation models of the
equipment; 4 — classes of physical devices used in the study; 5 — classes for the implementation of
hardware interface
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Objektorientéta pieeja un MDA kombinéto elektroapgades sisteému
model&Sanai un vadibas programmatiiras izstrad€ ir lietota jau ieprieks (Zhu
and Lubkeman, 1997, Agostini et.al., 2007). Saja darba tipveida atjaunojamo
resursu gener&joso un uzkrdjoSo iekartu klaSu struktiira tika papildinata ar
iekartu lokalo kontrolleri (péc Koya u.nmp., 1999) un HIL un SIL simulacijas
metoZu realizacijai nepiecieSamajam klasém.

Iekartu klasifikacijas pamata ir abstrakta klase ‘“Device”. Lai
nodroSinatu unificétu datu apmainas mehanismu ar AVS kontiira iekartam vai
to imitaciju modeliem, “Device” satur aparatiiras interfeisu veidojoSo abstrakto
klasi  “Hardwarelnterface”. To paplaSina klases “HPSimlInterface”,
“COMportlnterface” un “MBusInterface”, kuras savukart nodroSina pieeju
imitaciju modeliem, fizikalajiem modeliem un realam iekartam SIL un HIL
rezimos (5. grupa 7. att.). Klasé “Device” ieklautas arT metodes un Tpasibas,
kuri ir attiecinami uz visam iekartam: ieslégSana, izslégSana, identifikators
elektriskaja shéma, razotaja modelis u.c.

Klase “HybridPowerSystem” satur “Device* tipa sarakstu, kuru
programmas izpildes laika aizpilda ar konkréta sistema lietoto iekartu (vEja
generators, dizelgenerators, akumulators, sprieguma, stravas sensori utt.) klasu
instancém. Kombinétas elektroapgades segmentu limena vadibas un kontroles
funkcionalitate, tiek realizéta “HybridPowerSystem* Ilimeni un paliek
nemainiga, neatkarigi no ta, vai Device instancém piesaistitas realas iekartas, to
fizikalie vai virtualie modeli.

“Device” paplaSina klases “PowerDevice” (1. grupa), kas ir visu speka
izpildiekartu visparinajums, un dazadu veidu sensori (2. grupa). “PowerDevice*
savukart paplasina dazada veida kombinétas elektroapgades iekartu grupas
fotoelektriskajam generatoram, slodzei, iekSdedzes generatoram un spéka
interfeisam. Saja Iimeni kla$u struktiiru var papildinat arT ar citu veidu speka
iekartam. Abstraktas “PowerDevice* iekartu grupu klases paplasina divu grupu
klases. Klases iekartu imitaciju modeliem ir 3. grupa, bet 4. grupa — klases
lidzstravas kopnes fizikala modela iekartam.

2.2. Galveno izpildiekartu, generatoru, uzkrajéju
un slodzu imitaciju modeli

Ta ka pétijuma ir paredz&ts modelét kombingtas elektroapgades sisteémas
darbibu dazadam lidzstravas kopnes konfiguracijam, tad kopg@jais sist€émas
modelis tika sadalits atseviskas komponent@s: sprieguma un stravas avoti
(speka interfeisi), generatori, patérétdji un lidzstravas kopne. Izstradata
Simulink bloku biblioteka paradita 8. att. Lidzstravas kopne modeléta ka
elektriskais kontlirs ar paraleli slégtiem avotiem un patérétajiem, kopnes
kapacitate ir konstants lielums, vaditaju pretestiba un induktivitate nav nemta
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vera. Galvenais lidzstravas kopnes regul€jamais parametrs ir spriegums Uy,.
Spriegumu kopné ar kapacitati var atrast, integréjot avotu un slodzu stravu
summu péc laika un dalot ar kopnes kapacitati (Shenkman, 2005):

U, =%j(216i ~1, )t )
de

kur U, - lidzstravas kopnes spriegums;
C,. — lIidzstravas kopnes kapacitate;
I;; — Iidzstravas avotu stravas;
I;; — slodZu stravas.

Elektroenergijas generatori, uzkraj&ji un mainstravas slodzes tiek
pieslégtas kopnei caur speka interfeisiem: Iidzstravas parveidotajiem,
regul@jamiem taisngrieZiem, invertoriem u.c. Sp&ka interfeisi var darboties
kopné ka konstanta sprieguma vai konstantas stravas avoti, ka arT ka konstantas
stravas, pretestibas vai jaudas pat€rétaji. Sprieguma un stravas regul&joSos
signalus generé segmentu limena vadibas programma, tadéjadi vadot energijas
plismu uz patérétaju no atseviSkiem energijas avotiem un uzkraj&jiem.

Cx BCx Lx
»|Udc lout$ S{Udc lout$ {Udc lout
= > P = =
5|Pg 4| Poty 3 Phad & PlotiPg 3 >Pload | —<s
>lc m¥ >c m 3 > Mode - m
Rx DC bus AX
>{Ude Io 1 Ubatt
>R o s|ide Udc$ >|batt
>|Mode m DL m
WGsx Gx PVx
shw Y. pg >Pload Py > Ga Pg
>|Pload m >Qin m 3} >|Ploaa m

8. att. Autonomas kombingtas elektroapgades iekartu Simulink bloku biblioteka

Cx — vienvirziena darbibas speka interfeiss; BCx — divvirzienu darbibas speka interfeiss;

Lx — konstantas jaudas slodze; Rx — konstantas pretestibas slodze; DC bus — lidzstravas kopne;
Ax — akumulators; WGsx — vgja generators; Gx — iek8dedzes motora generators;

PVx — fotoelektriskais generators (saules baterija)

Fig. 8. Simulink block library of autonomous hybrid power system equipment

Cx — unidirectional power interface; BCx — bidirectional power interface;

Lx —constant power load; Rx — constant resistance load; DC bus — the direct current bus;
Ax — battery; WGsx —wind generator; Gx — combustion engine generator;

PVx — photovoltaic generator (solar cells battery)

Elektroenergijas avotu pieslégSanai izmantoto vienvirziena darbibas
speka interfeisu ieejas signali ir kopnes spriegums U, un no elektroenergijas
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avota pieejama jauda P,, bet izeja ir pozitiva kopnes strava /,,, un kop&ja no
avota pateréta jauda P,,,, (uz kopni parvadita jauda un zudumi parveidotaja).
Elektroenergijas avotiem savukart ir pieejamas jaudas izeja P, un paterétas
jaudas ieeja P,y savienojumam ar spéka interfeisu. Energijas avotu un spéka
interfeisu savienoSana ar jaudas signalu dod iesp€ju model&t speka interfeisu ar
lidzstravas izeju un universalu ieeju, neatkarigi no gener&josas iekartas izejas
parametriem, tad€jadi laujot vienkarSot modela uzbiivi un paatrinat simulaciju.
Darba ietvaros veidotajos generg&joso iekartu modelos tiek modeléta tikai
statiski pieejama jauda un nav pétiti elektriskie parejas procesi.

Konstantas jaudas slodzes ieeja ir kopnes spriegums Uy un signals Pj,q,
ar kura palidzibu var noradit konstantas jaudas vertibu. Slodzes spéka interfeisa
izeja I,, patéré kopné stravu, tapéc ta ir negativa. Lidzigi ir organizéta
konstantas pretestibas slodzes darbiba. Divvirzienu darbibas spéka interfeisi
paredzeti uzkrajeju ieslégsanai kopné un paredz gan pozitivas izejas stravas
reZimu, gan negativu, pater§jot uzdoto jaudu kopné& un ladgjot pieslégto
uzkrajéju. Akumulatora un Iidzstravas kopnes blokos attiecigi ieejas I, un I,
tiek padota visu avotu un slodzu stravu summa un aprékinats kopnes
spriegums. Viena lidzstravas kopnes sléguma stravu summesanai un sprieguma
U, aprékinam var izmantot tikai vienu no Siem blokiem. Papildus kopnes
signaliem attalinati vadamo iekartu blokiem ir realiz&ti vadibas signalu vektors
“c” un kontroles signalu vektors “m”, ar kuru palidzibu tiek realizéta datu
apmaina ar .NET vides augstaka [tmena vadibas programmu.

Bez speka interfeisiem un slodzém tika izstradati modeli svina—skabes
akumulatoram, ottomotora piedzinas generatoram (generators ar ierobezotu
energijas resursu), fotoelektriskais generators jeb saules baterija un vé&ja
generatoram. Visu modelu precizitate, iznemot v€ja generatoru, tika noveértéta,
salidzinot tos ar realu iekartu eksperimentali iegiitiem datiem.

3. EKSPERIMENTALO DATU UN TEORETISKO
MODELU SALIDZINASANA

Autonomas kombinétas elektroapgades modelu kopa tika eksperimentali
validéta divos solos: ar fizikalo modeli sastavoSu no realu speka interfeisa
iekartu méroga samazinatam kopijam un ar realam iekartam — saules paneli,
uzlades kontrolleri, svina-skabes akumulatoriem un konstantas pretestibas
slodzi.

3.1. Eksperimenti ar lidzstravas kopnes
fizikalo modeli
Merkis eksperimentam ar fizikalo modeli ir demonstrét vienas un tas

paSas augstaka limepa AVS programmas izmantoSanas iesp€&jas speéka HIL
rezima reallaika un salidzinat rezultatus ar tas pasas konfiguracijas SIL modeli.

19



Speka HIL simulacija veikta ar lidzstravas kopnes un spéka interfeisa iekartu
fizikalajiem modeliem, bet SIL — ar simulacijas modeliem Simulink vidg.
Fizikalais modelis ir m@roga samazinats realas iekartas modelis ar lokalu
kontrolleri izejas parametru reguléSanai un datu apmainas interfeisu attalinatai
vadibai un kontrolei. Segmentu Itmena vadibas iekartas programmatira
realiz&éta, izmantojot 2.1. nodala apskatito objektorientéto pieeju. Eksperimenta
izmantoto iekartu un datu plismas shéma dota 5. att. Modela un AVS interfeisa
darbiba tika parbaudita SIL un HIL rezimos, veicot paraléli slegto lidzstravas
parveidotaju automatisko vadibu, izmantojot vienu un to pasu slodzes
parslégSanas scendriju un vadibas algoritmu. Sai vajadzibai tika praktiski
izveidota eksperimentala spriegumu pazeminosa Iidzstravas parveidotaja
iekarta ar attalinatas vadibas iespu “Buckl”. Lidzstravas parveidotdjs var
darboties stravas vai sprieguma avota reZima, izeja tiek reguléta ar PID
kontrollera palidzibu. Eksperimentalais stends (skat. 9. att) sastav no 3
“Buckl” Iidzstravas parveidotdjiem un parslédzamas 5 Itmenu rezistivas
slodzes, kuri slégti vienota kopn€ ar ieslégtu 2200 pF kondensatoru. Slodzes
Iimeni tiek parslégti ar releju palidzibu saslédzot paraléli 100 Q pretestibas.
Visas iekartas ir saslégtas viena datu apmainpas tikla un savienotas ar

9. att. Eksperimentalais stends

1 — osciloskops; 2 — baro$anas bloks “Buck1” un slodzes vadibas elektronikai; 3 — baroSanas bloks
“Buckl” ieejas; 4 — lidzstravas kopne; 5 — USB-RS485 signalu parveidotajs; 6 — dators augstaka
Iimena AVS programmatiirai un datu uzkrasanai

Fig. 9. Experimental setup

1 —oscilloscope; 2 — power supply for “Buckl” and load module controllers;
3 — power supply at the inputs of “Buckl”; 4 — DC bus; 5 — USB-RS485 converter; 6 — personal
computer for supervisory control and data logging
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Augstaka Itmena AVS spgj aptaujat visas 4 pieslégtas iekartas ar vidgjo
periodu 50 ms. Dati tika uzkrati gan vadibas programma, gan neatkarigi ar
osciloskopu PicoScope3000 vienlaicigi 4 kanalos (kopnes spriegums un katra
parveidotaja izejas strava) ar meérjjumu periodu 22 ms.

Simulink modelis SIL rezZimam savukart veidots no idealiz€tajiem speka
interfeisiem (skat. 10. att.). Izmantota viena augstaka limena AVS programma
abiem simulacijas reZimiem, kura strada divas paralelas plasmas: spéka
interfeisu vadibas algoritms un slodzes ieslégSanas scenarija izpilde.

SIL un HIL simulacijas rezultati tika salidzinati, eksperimentali, izpildot
dazadus slodzu pieslégSanas un reguléSanas scenarijus. Simulacijas rezultats
11. att. paradits sekojoSam sist€mas darbibas scenarijam. Sprieguma avots C1
notur kopné pastavigu lidzspriegumu U, = 8 V, bet stravas avots C3 sak dot
kopné stravu I3 = 150 mA, ja sprieguma avota izejas strava pieaug Iy > 170
mA. Sakuma stavokli lidzstravas kopné ir 100 Q slodze, 4 solos ta tiek
palielinata Iidz 20 Q, katra soli pieslédzot paral€li papildus 100 Q.
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10. att. Eksperimentala stenda Simulink modelis
Fig. 10. Simulink model of the experimental setup

Grafika var redzet, ka C1 pamata stabili notur uzdoto kopnes spriegumu
abos simulacijas reZimos, tacu fizikalaja modeli paradas sprieguma léciens lidz
16.8 V bridi, kad papildus kopné konstantas stravas reZima sak darboties avots
C3. Tas ir izskaidrojams ar to, ka C3 uzlade kopnes kondensatoru un $aja bridi
spriegumu regul&josais parveidotajs atsledz izejas stravu I, atbilstosi PID
regulatora iestatfjumiem, bet nesp€j samazinat kopnes spriegumu, jo
kondensatoram ir nepiecieSams laiks, lai izlad&tos caur slodzi. Probléma ir
risinama, pieskanojot PID regulatora parametrus un paaugstinot reguléSanas
frekvenci, vai papildus saskanojot C3 pieslégSanu ar C1 izejas stravas
samazinaSanu caur augstaka limena AVS. Léciens nav novérojams Simulink
modeli, jo lidzstravas parveidotaji tiek modeléti ka idealizéti neinerciali
sprieguma un strdvas avoti. Sadus sprieguma l&cienus var filtrét ari ar
lidzstravas kopné ieslégtu akumulatoru.
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Pie 100 un 50 Q slodzém, kad darbojas tikai C1, rezultati abas metodes
atSkiras nenozimigi, attiecigi: Ic;*"" = 80 mA, vidgjais /o, = 82.1 mA un
Ie/*" = 160 mA, vidgjais I, = 162.9 mA. Atskiriba statiskaja re7ima paradas,
kad tiek pieslégts C3 pie slodzes 33.3 un 25 Q attiecigi: Ic;"* = 90 mA, vidgjais
1™ = 595 mA un I = 170 mA, vidgjais I = 138.7 mA, bet
1% = 150 mA un vidgjais Ic;"* = 182.6 mA. Tas ir izskaidrojams ar “Buck1”
parveidotaja stravas atgriezeniskas saites nelinearitati. Parveidotajs tika
kalibréts pie stravas reZima izejas 100 mA, tacu, palielinoties stravas
regulgjosam signalam, palielinajas ar1 parveidotaja izejas stravas kluda (Saja
gadijuma — 32.6 mA). C3 HIL simulacija deva kopné lielaku stravu par uzdoto,
tap&c samazinas ar1 C1 strava, kas nepiecieSama kopnes sprieguma notur&sanai.
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11. att. Fizikala modela simulacijas rezultati
Fig. 11. Simulation results of the physical model

Jaatzime, ka apskatita test€Sanas vide, kura vadibas algoritms realiz&ts
ka .NET vides programma, nav stingra reallaika sist€ma, regul€Sanas periods ir
50 ms, un ir jarekinas ar kontrollera reakcijas laika aiztur@m. Nemot véra
lidzstravas kopnes zemo dinamiku, ja tiek izmantoti filtréjoSie kondensatori vai
kopné tieSi slégts akumulators, $ada pieeja ir izmantojama augstaka limena
vadibas sistemas test€Sanai spéka HIL reZima ar noliku parbaudit
programmatiras funkcionalitati realos apstaklos. Turpreti SIL rezima,
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pateicoties tam, ka modelis Simulink vidé tiek darbinats pa stingri noteiktiem
laika intervaliem, .NET programma realiz€tajam kontrollerim nav laika
ierobezojumu reakcijas gener&Sanai uz sensoru radijumu izmainam.

3.2. Eksperimenti ar saules panela un akumulatoru uzlades
kontrollera autonomo sistemu

Autonomas kombingtas elektroapgades sistémas imitacijas modelu
eksperimentala validacija ar realam iekartam veikta ar saules baterijas uzlades
kontrollera Steca PR3030, saules baterijas Kioto KPV 195 PE, divu slégta tipa
svina-skabes akumulatoru FIAMM FG20451 virknes sléguma un divu slodzes
rezistoru masivu palidzibu. Eksperimentalais stends (kontrolleris un
akumulatori) paradits 12. att. Izmantota tipveida PR3030 sléguma shéma ar
slodzi pieslégtu tieSi pie akumulatora spailém. Ar stenda palidzibu iesp&jams
uznemt saules baterijas stravu Ipy un spriegumu Upy, akumulatoru stravu /., un
spriegumu U, akumulatoriem tieSi pieslégtas slodzes stravu [j,,; un
apgaismojuma Itmeni G,.

12. att. Saules bateriju uzlades kontrollera un akumulatora
eksperimentalais stends

1 — uzlades kontrolleris Steca PR3030; 2 — slégta tipa svina-skabes akumulatori
FIAMM FG20451; 3 — sadales un mérparveidotaju plaksnite
Fig. 12. Experimental setup of solar charge controller and batteries

1 — solar charge controller Steca PR3030; 2 — sealed lead-acid batteries
FIAMM FG20451; 3 — distribution and transducer board

Eksperimentalie dati tika uzpemti atSkirigiem slodZzu un saules
starojuma scenarijiem. Eksperimenti veikti Jelgavas novada laika no 2011. gada
3. Iidz 23. augustam. Rezultati tika salidzinati ar darba ietvaros izstradato
imitaciju modelu kopu, ekvivalentais slégums dots 13. att. Modelis sastav no
saules baterijas PV 1, spéka interfeisa C1, slodzes R1, kopnes akumulatora Al
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un papildus konstantas jaudas slodzes L1 kontrollera PR3030 paSpatérina
imitéSanai. Modela ieejas ir divas argjo datu laikrindas: saules
elektromagnétiskais starojums (bloks “Ga_data) un slodzes pretestiba (bloks
“R_data”). Slodzes dati katra laika punkta tika aprékinati no eksperimentali
uzpemtajam Uy, un I, ltkném. Lad&Sanas sprieguma reguléSanas vértiba u,
Cl modelt nemta no PR3030 tehniskas dokumentacijas, kur 28.2V ir
akumulatora beigu uzlades spriegums peldosa ladéSanas reZzima. Stravas
reguléSanas iestatita vertiba i, tiek aprékinata bloka “Add2” ka summa no
PR3030 paSpatérina, slodzes (stravas ir negativas, tapéc summatora tiek
atnemtas) un pielaujamas akumulatora uzlades stravas (1.12 A). Pirms katra
méginajuma akumulatori tika uzladéti 1idz 26+0.2 V (EDS).
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13. att. Uzlades kontrollera PR3030, saules baterijas, akumulatora
un slodzes ekvivalenta modela shéema

Fig. 13. Equivalent model of solar charge controller, photovoltaic
module, battery and load

Mgéginajums 14. att. veikts 4. augusta 15:35-16:05 ar =21 Q un =7 Q
slodzes pakapém ieslégtam uz dazadiem laika intervaliem (0:30-10:00 min).
Mgginajuma paradita akumulatora uzlade mainigas saules baterijas jaudas
apstaklos dienas laika ar mainigu makonu daudzumu.

Reala un modeléta uzlades kontrollera darbiba pie pietickama saules
baterijas apgaismojuma p&c U,,, signala pamata sakrita (modela kvadratiska
kltida vidgji 0.65 V jeb 2.7 % no akumulatora nominala sprieguma). Modela
klida pieauga, apgaismojumam samazinoties lidz 200 W-m™ pie ieslégtas
slodzes eksperimenta 15. [idz 24. min, kas ir saistams ar akumulatora modeli
izmantoto konstanto iek$gjo pretestibu.
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14. att. Eksperimentali uznemtie un modelétie sistémas mainigie
Fig. 14. Experimental and modelled variables of the system

Lielaka modela kltida bija novérojama akumulatora stravai pie atsleégtas
slodzes — vidgji 0.6 A, kas var&tu biit saistits ar kontrollera PR3030 uzlades
algoritma Ipatnibam pie augstiem akumulatora uzlades Iimeniem un saules
panela jaudai parsniedzot slodzes jaudu, turprett model&ta spéka interfeisa izeja
darbojas sprieguma vai stravas avota rezima. Stravas kltida samazinas, kad
slodze ir ieslégta. Kopuma modelétas slodzes stravas kvadratiska klida neviena
méginajuma vidgji neparsniedza 0.034 A, t.i. 2.9 % no teor&tiskas vértibas pie
akumulatoru nominala sprieguma 24 V un slodzes pakapes 21 Q un 0.8 % pie
24 V un 7 Q slodzes pakapes.

4. MODELU KOPAS APROBACIJA

Darba ietvaros izstradatas modelu kopas aprobacija tika veikta,
modelgjot un simulgjot liellopu fermas autonomas kombinétas elektroapgades
sisttmas darbibu. Simulacijas ieejas izmantoti dati par elektroenergijas
patérétajiem LLU Macibu un P&tijumu saimniecibas (MPS) “Vecauce” liellopu
ferma, kura projektéta 530 govim, un 2007. gada lokala meteorologiska
informacija.

Elektriskas slodzes un pieejamo atjaunojamo resursu grafiks nedglai
05.11.2007.—11.11.2007. dots 15. att. Simulacijas ieeja tika izmantoti arT gaisa
temperatiiras dati, lai ieveértétu tas ietekmi uz slodzes izmainu, pieméram,
darbinot silditajus pie temperatiiras zem 0 °C.
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15. att. Meteorologiskie dati un slodzes profili laika perioda
05.11.2007. Iidz 11.11.2007.

— —saules starojums; — V§ja atrums; —— — gaisa temperatiira; ¢ — slodze

Fig. 15. Meteorological data and load profiles for time period
05.11.2007. to 11.11.2007.

— —solar irradiation; — wind speed; —— — air temperature; & — load

Kombingto elektroapgades sistému iekartu konfiguracijas optimizacijas
programma “HOMER” tika atrasts autonomas kombinétas elektroapgades
sistémas (turpmak HPS2) variants atbilsto$i pieejamajiem resursiem un slodzei
(skat. 16. att.). Sisteémas elektroenergijas avoti ir divi Fuhrldnder 100 kW vg&ja
generatori WGsl, 40kW saules bateriju masivs ar optimalu stacionaro
novietojumu PV1, kur§ sastav no 200 Kioto 195 paneliem un 25 kW ieksdedzes
generatora G1, kas var darboties ar fosilo vai biodegvielu. Generatora degvielas
patérin§ model&ts ar empiriski iegito linearo sakaribu benzina generatoram:
0=3.610"P, + 1.06 1-h'. Generatoram pie jaudas 25 kW tas atbilst
10.06 1-h™ jeb 0.41-(kWh)'. Raditaji atbilst tirgdi pieejamajiem 20-30 kW
dizelgeneratoriem (Approximate Diesel Fuel..., 2011). Iekartu apvieno$anai
paredzéta 120V centrala Iidzstravas kopne ar tie§i pieslégtu 4000 Ah
dzilizlades svina-skabes akumulatoru Al. Akumulatora maksimala uzlades
strava ir 10 % no kapacitates I ... = 400 A. Spéka interfeisu C1-C3, ka ar1
slodzes invertora L1 lietderibas koeficients # =90 %. Ekvivalentais HPS2
imitaciju modelis ar AVS interfeisu Simulink vidé paradits 17. att.

Izmantojot izstradato uz SIL Dbalstitu autonomas kombingtas
elektroapgades vadibas algoritmu un stratégiju darbibas model&sanas metodiku,
tika modeléti un noveértéti divi tipveida dizelgeneratora vadibas algoritmi
energijas plismas pardalei starp akumulatoru lad&Sanu un slodzi (apskatiti
Barley et. al., 1995): akumulatora cikliskd uzlade un slodzes sekoSana. Pé&c
cikliskas uzlades algoritma iekSdedzes generators tiek ieslégts pie 50 %
akumulatora uzlades Itmepa un atslégts, sasniedzot 90 % uzlades Iimeni.
Slodzes sekoSanas algoritms paredz generatora ieslégSanu, ja slodzes jauda
parsniedz pieejamo jaudu no atjaunojamiem resursiem.
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16. att. Vienkarsota liellopu fermas autonomas kombinétas
elektroapgades sistémas iekartu sleguma shéma

Fig. 16. Simplified connection diagram of autonomous
hybrid power supply equipment of a cattle farm

Lai panaktu maksimali lietderigu degvielas patérinu pie slodzes
sekoSanas algoritma, iekSdedzes generators tiek ieslégts tikai, ja akumulatora
izlades strava parsniedz no spéka interfeisa C1 pieejamo stravu par 20 A pie
nominalas generatora G1 jaudas un nominala sistémas sprieguma 120 V. Tada
veida tiek panakts, ka generators tiek darbinats ar jaudu tuvu nominalai un
kompensg atjaunojamo resursu jaudas iztrikumu un neladgjot akumulatoru. Lai
pasargatu akumulatoru no parak dzilas izlades, slodzes sekoSana papildus
kombinéta ar ciklisko akumulatora uzladi ar Sauru histerézi: generators tiek
ieslégts arT pie 40 % akumulatora uzlades Itmena, bet atslégts — pie 60 %. Lidz
ar to atbilstosi slodzes sekoSanas stratégijai akumulatora uzlade 1idz maksimalai
kapacitatei tiek veikta tikai ar atjaunojamo resursu palidzibu. Generatora
minimalais darbibas laiks iestatits uz 30 min, kas nover$ parak bieZu generatora
ieslegS§anu un atslégSanu pie akumulatora stravas svarsttbam ap iestatito
ieslégSanas stravas robezu.

Aprakstitie algoritmi realiz&ti vadibas programma .NET vidg, izmantojot
2.1. nodala aprakstito objektu modeli. AVS reguléSanas periods ir 60 s, t.i.
NET vides programma aprékina vadibas iedarbes, iestata nepiecieSamos
Matlab vides ieejas un inercialo bloku stavoklu vértibas un uzsak Simulink
modela simulaciju 60 s perioda, péc kura nolasa rezultatus no Matlab vides
mainigajiem. Visas Simulink modelu simulacijas tika veiktas, izmantojot
mainigu soli un “ode23tb” algoritmu. Modela darbibas atrums attieciba pret
reallaiku atkariba no parejas procesu intensitates apskatitaja HPS2 modela
konfiguracija videji ir 150:1, t.i. sisteémas darbibas simulacija 7 dienu periodam
tiek veikta aptuveni 67 miniités. Tika veiktas vairakas simulacijas diennakts un
nedélas laika posmiem pie dazadiem atjaunojamo resursu pieejamibas
scenarijiem. Simulacijas rezultati ned€las scenarijam ar mainigu v&ja atrumu
05.11.2007.—11.11.2007. grafiski paraditi 18-19. att.
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18. att. Sistemas darbibas simulacijas rezultati akumulatora
cikliskas uzlades algoritmam

Fig. 18. Simulation results of system operation for
cyclic battery charge algorithm

Simulacijas rezultatu grafikos ir ieklautas slodzes jauda P;, kW un
sistéma patéréta atjaunojamo un fosilo resursu elektriska jauda (bet ne kopéja
generéta, 10 % zudumi avotu spéka interfeisos ir atskaititi): Py saulei, Py v&jam,
Pg ieksdedzes generatoram, kW. Tapat doti akumulatora uzlades limenis SOC,
% un neizmantota jauda iekSdedzes generatoram, saules baterijai un v&ja
generatoriem attiecigi PG, Pews, Pexcvs KW. Lai grafiski uzskatami paraditu
atjaunojamo un fosilo resursu dalu slodzes nodro$inasana, tika izmantoti grafiki
ar vertikali summeto laukumu (stacked area).

Palielinatas v&ja resursu pieejamibas ietekm& pec cikliskas uzlades
algoritma iekSdedzes generators darbojas 26 % no kopgja simulacijas laika,
ieslédzoties tris punktos, kur sakrita atjaunojamo resursu pieejamibas kritumi
un slodzes l€cieni (skat. 18. att.), bet 63 % no kopgja laika akumulatora uzlades
Itmenis SOC bija augstaks par 80 %. Slodzes sekoSanas algoritmam §1s dalas ir
attiecigi 23 % un 55 %, un G1 ieslégSana sakrita ar slodzes jaudas Iecieniem.
Abas simulacijas lielako dalu laika akumulators bija pilniba uzladgjies no
atjaunojamajiem resursiem, grafiski SOC liknes izmainas atkartojas. Lidz ar to
slodzes sekoSanas algoritmam samazinajas kopéjais iekSdedzes generatora
darbibas laiks un nepatéréta atjaunojamo resursu energija: 10.5 kWh
(nepatéréta saules energija), 71.0 kWh (v€ja energija). Simulacijas grafika var
uzskatami redz&t, ka pie abiem algoritmiem 6. diena ir vE&ja energijas
parpalikums, bet 7. ir radies atjaunojamo resursu iztrukums, ka dgl ir jadarbina
dizelgenerators un strauji kritas akumulatora uzlades limenis. Sistémas darbibas
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simulacija paradija, ka cikliskas uzlades algoritmam nedElas laika netika
pateréta energija no saules baterijam 52.9 kWh apjoma un 1436 kWh no vgja
generatoriem, slodzes sekoSanai attiecigi 42.4 kWh un 1365.4 kWh. Tas
apstiprina pien@mumu par iesp&jamo neregulari pieejamo atjaunojamo resursu
zemo izmantoSanas efektivitati pie mainigas slodzes. Turklat nakamajas dienas
samazinas atjaunojamo resursu pieejamiba, tapéc tiek izmantots dizelgenerators
un akumulatoros uzkrata energija.
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19. att. Sistemas darbibas simulacijas rezultati modificétajam
slodzes sekoSanas algoritmam

Fig. 19. Simulation results of system operation for
modified load following algorithm

Lidz ar to, veicot simulacijas SIL reZima pie dazadiem resursu
pieejamibas un slodzes scenarijiem, iesp&ams modificét energijas plismas
vadibas algoritmus, panakot optimalu atjaunojamo resursu izmantoSanu un
samazinat nepiecieSamo gener&joso un uzkrajoso iekartu kapacitati. Izstradata
sistémas vadibas programmatiira ar minimalam izmainam var tikt izmantota
vadibas iekartas realizacija.

SECINAJUMI

1. Alternativo atjaunojamo energijas avotu kombinéta lietoSana un optimala
energijas plismas sadale starp elektroenergijas razoSanas un uzkraSanas
iekartam un patérétaju var kompensét pieaugoso elektroenergijas paterinu
lauksaimniecibas objektu energoapgadé un mazinat energoatkaribu.

2. Izmantojot darba izstradato modeléSanas metodiku  konkréta
lauksaimniecibas objekta autonomas kombinétas elektroapgades sisteémas
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simulacija, var secinat, ka literatira piedavatas energijas plusmas vadibas
strat€gijas, kuras izmanto slodzes atgriezenisko saiti, meteorologiskas
prognozes atjaunojamo resursu generatoru pieejamas jaudas paredzeSanu,
intelektualo agentu pieeju utt., var uzlabot atjaunojamo resursu apguvi un
samazinat neefektivu fosilo resursu generatoru darbinaSanas laiku un
uzkrajeju izmantosanu.

Galvena priekSrociba atseviSsku vadibas kontiira dalu modeléSanai
kompleksa un segmentu Iimena kombinétas elektroapgades vadibas
sisttmu novertésana un pilnveidosana, salidzinot ar paslaik pieejamam
simulacijas vidém, ir iesp&ja brivi veidot un modificet vadibas algoritmus
standarta augsta ITmepa programméSanas valodas. Tas dod iesp&ju
izmantot modelu vaditu arhitektiru programmatiiras izstradé un ar
minimalam izmainam implementét vadibas programmu gala iekarta.

Darba piedavato vadibas iekartas programmatiiras Microsoft .NET vadibas
sistémas objektu modeli var realiz&t ari citas virtualajas izpildes vides
(Java, Mono) un objektorientétas programméSanas valodas. Iekartu
imitaciju modelu izstradé nav izmantotas Matlab Simulink specifiskas
komponentes, 1idz ar to modeli ir realiz€jami arT alternativas dinamiskas
model&Sanas vides.

Segmentu ITmena vadibas sistémas modela darbiba reallaika demonstréta,
reguléjot Iidzstravas kopnes spriegumu, izmantojot spéka interfeisu
fizikalos modelus ar diskretizacijas periodu 50 ms, kas ir pietiekams, lai
noturétu stabilu spriegumu Iidzstravas kopné ar mainigu slodzi un kopné
tieSi ieslégtu kondensatoru vai akumulatoru.

Izstradati un eksperimentali validéti galveno izpildiekartu imitaciju
modeli, kas dod iesp&ju izmantot tos kombin&to sistému virtualajas
simulacijas: mazjaudas ottomotora piedzinas generatoriem — linearais
modelis ar koeficientu ticamibu 95 %, saules baterijai — matematiskais
modelis (ar precizitati 1.5 % robezas), svina-skabes akumulatoram -
matematiskais modelis ar konstantu iek$€jo pretestibu (precizitate 1.7 %
no nominala sprieguma vid&ja uzlades/izlades raksturliknes posma).
P&tijumu rezultati, kuri ieglti, veicot vadibas iekartas un sist€mas
simulaciju MPS “Vecauce” tipa liellopu fermas autonomai elektroapgadei
ar 200 kW végja staciju, 40 kW saules baterijam, 25 kW dizelgeneratora un
120 V 4000 Ah akumulatoru, parada, ka, salidzinot ar cikliskas uzlades
algoritmu, pilnigak atjaunojamie resursi tiek izmantoti pie slodzes
sekoSanas algoritma: par 81 % saulaina laika maija un par 5 % v€jaina
laika novembri. Pie tam samazinas arT dizeldegvielas paterinS par 12 %
nedglas perioda maija un par 8 % novembrT.

Darba ietvaros izstradatas modelu kopas simulacijas atrums attieciba pret
realo laiku atkariba no vadibas objekta parejas procesu daudzuma un
intensitates ir videji 150:1. Simulacijas atrumu var palielinat, izmantojot
dinamisko Simulink modeli kompil&tas bibliotékas veida.

31



BACKGROUND OF THE RESEARCH

According to the statement of the European Environment Agency,
European Union and Latvia has a strong dependence on domestic and foreign
natural capital and ecosystems (State of the environment..., 2010). In
accordance with the Eurostat data (Share of renewable..., 2011) approximately
34.3 % of energy consumed in Latvia in 2009 came from renewable sources of
energy, which is the third result in Europe after Sweden and Finland with EU
average 11.7 %. The share of electricity from renewable resources in Latvia is
38.7 %. However, the total national energy self-sufficiency is only 29.6 %
(Latvijas energgetika skaitlos..., 2009). One of the possible ways to increase the
energy independence is the use of locally available renewable resources.
According to the Latvian Sustainable Development Strategy to year 2030
(Latvijas ilgtspgjigas attistibas..., 2010) one of the goals is to increase energy
self-sufficiency through use of renewable resources and energy efficiency. The
tasks to achieve this goal are the diversification of renewable energy sources
and supply routes, as well as innovation and research in renewable energy.

Future electricity networks are focused on distributed generation
systems (DGS) and microgrids. The emphasis is not only on large central
power stations, but also on wide area distributed small-scale power plants (in
various sources of information from 1 to 1000 kW and to 10 MW), which are
operating from wind, solar, biomass, etc. locally available renewable energy
sources (Bayod-Rujula, 2009). One of the trends in the development of
microgrids is autonomous power supply without a permanent grid connection.
Autonomous power supply is used in the cases where there is no available
electric grid connection, the capacity of existing connection is insufficient and
the construction or upgrade of the connection is not economically justified. If
there is a limited availability of renewable resources (irregular wind speed and
solar radiation), which is typical for Latvian territory, several resources are
combined in a single autonomous system making a hibrid renewable power
system. Uninterruptible power supply in autonomous hybrid power systems is
ensured by the use of chemical batteries, fossil resources generators and
perspective energy generation and storage equipment, such as concentrated
solar photovoltaic, flywheels, electrolyzers and fuel cells, supercapacitors etc.

Considering the rapid development of renewable energy technologies,
particularly solar cells, electrochemical and other types of energy storage as
well as power electronics converters, autonomous power supply systems are
becoming an alternative to the construction of a new electrical grid connection
for micro-scale electric power consumers (by the classification of the European
Parliament Directive 2004/8/EK — the maximum simultaneous power up to
50 kW), for example, small agricultural facilities, farms, greenhouses, estates,
tourist attractions etc.
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Depending on locally available resources and electrical load schedule,
autonomous hybrid power systems can have a large number of different
combinations of equipment both functionally and in terms of scale. Irregular
and difficult to predict load power distribution during the day and seasonally is
particularly characteristic for agricultural facilities, such as farms that
specialize in biological processes: dairy and beef cattle, swine growing,
greenhouses with automatic plant watering and fertilization, etc.

A proper energy flow distribution strategy between irregularly available
renewable resources, fossil resource generators, battery charging and electric
load would hypothetically result in more efficient use of available renewable
resources in hybrid power systems, reduce fossil resource generator operation
time and cycles of battery use to ensure continuous power supply to the
consumer. Computer modelling and simulation are widely used in research of
hybrid power systems. The researches can be divided into two groups: dynamic
simulation modelling of dynamic behaivour of hybrid power systems
equipment and static time series models for long term (daily, seasonal and
yearly) simulation.

Scientific and practical literature discusses a variety of approaches for
facility and segment-level control and dispatch strategies of fossil generators
and batteries in autonomous hybrid power systems with changing availability
of energy resources and load. Hybrid power system modelling and simulation
environments are also available, such as HOMER (Hybrid Optimization Model
for Electric Renewables) and Hybrid2, where standard high level control
algorithms and strategies are realized. On the other hand research is carried out
on advanced facility and segment-level control solutions, where information
and communication technologies and artificial intelligence are applied, such as
prediction of available power from renewable resource generators by using
meteorological forecasts, adaptive control, which uses neural networks to
predict and adjust to changing load, intellectual agents etc. Implementation of
these methods requires relatively complex programming and interfacing to
different software modules, this is not provided by currently available
simulation environments.

A possible solution is modelling individual parts of control loop
separately, i.e. several types of virtual models are combined, e.g., the control
object is modelled in a dynamic simulation environment, but cotroller software
is implemented as a separate program, this is known a software in the loop
(SIL) technique. Similarly in hardware in the loop (HIL) technique, individual
parts, e.g., controller or sensors are real devices, but the rest — virtual models
simulated on a computer and connected to the loop using special signal and
power interfaces. It should be noted that in literature this approach is not widely
addressed directly to the studies of segment and facility level control algorithms
and strategies of autonomous hybrid power systems.
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HYPOTHESIS, AIM AND TASKS OF THE RESEARCH

Hypothesis of the research: by using modelling approach where the
controller is a real device or discrete software program and the control object is
a virtual or physical model, it is possible to improve the existing and to develop
new control algorithms and strategies of complex and segment level automation
of autonomous hybrid power systems in a controlled environment.

This approach would also allow the controller software, which is tested
and evaluated in a modelled environment, to be used without significant
changes in the control of hybrid power system equipment

The aim of the research is to develop a set of simulation models of
autonomous hybrid power control systems, which allow evaluating and
improving control algorithms to increase the effectiveness of utilization of
renewable energy sources in rural territories.

The main tasks of the research

1. To develop methodology for simulating operation of energy flow
control algorithms of autonomous hybrid power supply.

2. To develop and experimentally validate simulation models of direct
current power interfaces, generators and accumulators.

3. To develop software object model of complex and segment level
control software of the autonomous hybrid power system and
modelled equipment classification.

4. To develop physical models of direct current bus and power interfaces
in reduced scale and to use them in verification of control system
object model operation in real time.

5. To approbate the developed set of models in simulation of an
autonomous wind, photovoltaic and combustion engine generator
hybrid power system of an agricultural facility and to analyze
operation of control algorithms with respect to effectiveness of
combined resource utilization.

APPROBATION OF THE SCIENTIFIC WORK

The research was carried out in the time period from September 2007 up
to January 2012 in the Institute of Agricultural Energetics, Faculty of
Engineering, Latvia University of Agriculture. The results of the research were
summarized in 8 publications, 6 of them comply with the requirements of
internationally recognized scientific publications. The results of the research
were discussed in 6 international scientific conferences in Latvia, Greece and
Turkey and used in 2 scientific projects at the Latvia University of Agriculture.
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Internationally recognized scientific publications

1.

Osadcuks V., Galin§ A. (2007) Application of the object oriented
approach in the research of autonomous power supply systems. In:
Engeneering for Rural Development: Proceedings of the 5th International
Scientific Conference. Latvia University of Agriculture Faculty of
Engineering, Jelgava 2007. pp. 64-69.

Osadcéuks V., Galin§ A. (2008) Hardware-in-the-loop approach in the
development of small-scale renewable energy based hybrid power
systems. In: Information and Communication Technologies in Bio and
Earth Sciences: Proceedings of the 4th International Conference.
HAICTA, Athens 2008, Greece. pp. 48-53.

Osad¢uks V., Galins§ A. (2009) Review of industrial communication
networks in the control of small-scale autonomous power supply systems.
In: Research for Rural Development: Proceedings of Annual 15th
International Scientific Conference. Latvia University of Agriculture,
Jelgava 2009. pp. 332-337.

Osadcuks V., Galips A. (2010) GIS based evaluation of renewable energy
sources for small-scale electrical power grids. In: Proceedings of the 5th
International EGE Energy Symposium and Exhibition (IEESE-5).
Pamukkale University, Denizli 2010, Turkey.

Pentjuss A., Ermuiza A., Arhipova 1., Smits 1., Osadcuks V. (2010)
Improving the energy efficiency in dwelling buildings using multi-agents
moduls. In: Applied Information and Communication Technologies:
Proceedings of the 4th International Scientific Conference. Latvia
University of Agriculture Faculty of Information Technologies, Jelgava
2010, Latvia. pp. 301-309.

Osadcuks V., Pecka A., Lojans A. (2011) Hardware and software
environment for evaluation of control algorithms and strategies of hybrid
power systems. In: Engeneering for Rural Development: Proceedings of
the 10th International Scientific Conference. Latvia University of
Agriculture Faculty of Engineering, Jelgava 2011, Latvia. pp. 311-316.

Other publications

1.

Osadcuks V., Galins A. (2006) The Real-time control system in combined
electric power supply. In: Information Technologies for Rural
Development: Proceedings of the International Scientific Conference
dedicated to 5™ anniversary of the Faculty of Information Technologies.
Latvia University of Agriculture, Jelgava 2006, Latvia. pp. 208-212.

Osadcuks V., Galins A. (2009) Implementation and evaluation of energy
efficient artificial lightning control system. In: Students on their Way on
Science: Collection of abstracts from the 4th International Scientific
Conference. Latvia University of Agriculture Faculty of Engineering,
Jelgava 2009, Latvia. p. 8.
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Scientific conferences

1.

The Real-time control system in combined electric power supply.
International Scientific Conference dedicated to 5" anniversary of the
Faculty of Information Technologies “Information Technologies for Rural
Development”, October 19-20, 2006, Jelgava, Latvia.

Application of the object oriented approach in the research of autonomous
power supply systems. Sth International Scientific Conference
“Engeneering for Rural Development”. May 24-25, 2007, Jelgava, Latvia.
Hardware-in-the-loop approach in the development of small-scale
renewable energy based hybrid power systems. 4th International
Conference on “Information and Communication Technologies in Bio and
Earth Sciences HAICTA”. September 18-20, 2008, Athens, Greece.

Review of industrial communication networks in the control of small-scale
autonomous power supply systems. 16th International Conference
“Research for Rural Development”. May 20-22, 2009, Jelgava, Latvia.

GIS based evaluation of renewable energy sources for small-scale
electrical power grids. “The 5th International Ege Energy Symposium and
Exhibition (IEESE-5)”, June 27-30, 2010, Denizli, Turkey.

Hardware and software environment for evaluation of control algorithms
and strategies of hybrid power systems. 10th International Scientific
Conference “Engeneering for Rural Development’. May 26-27, 2011,
Jelgava, Latvia.

Other conferences and seminars

Seminar “Smart house technologies: conscious opportunities”, held in

Institute of Mathematics and Informatics of University of Latvia, 16.12.2008.
Organizers: Ventspils University College, LUA Faculty of Engineering
Institute of Agricultural Energetic, “Mikro dators” Ltd. Title of the report:
“Control of lighting with M-bus”.

Projects

1.

ERAF project “Usage of electroenergy in motor vehicle of physical
persons” No.2010/0305/2DP/2.1.1.1.0/10/APIA/VIAA/130. Time period:
01.01.2011. - 31.08.2011.

LUA research project “Increasing energy efficiency with “SmartHouse”
Technologies”, No. XP134. Time period: 01.03.2008. — 31.12.2008.

The research has been carried out with the support of European Social Fund.
Agreement No. 2009/0180/1DP/1.1.2.1.2/09/IPIA/VIAA/017.
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1. THEORETICAL STUDIES OF HYBRID POWER
SUPPLY EQUIPMENT AND CONTROL SYSTEMS

The object of the research is the micro-scale autonomous hybrid power
systems, which operate in variable load and primary energy availability
conditions. In micro-scale systems with maximum power limit of 50 kW it is
possible to use a low-voltage DC bus, its main advantages compared to the
alternating current bus is a simplified power source switching, the main
controllable parameter is the only bus voltage and the possibility to connect
batteries directly to the bus. It is expected that, due to the development of
power electronics, the use of DC bus in DGS in the coming years will grow
(Manwell et.al., 2006). Suitability of centralized DC bus architecture for micro-
scale hybrid power systems is approved in a number of researches (Noroozian
et.al.,, 2009, Paska et.al., 2009, Zhou and Francois, 2011). The features
mentioned above allow to hypothetically look on the DC bus compared to the
AC bus as more suitable solution for autonomous and microgrid type power
system solutions. This is especially relevant for highly periodical daily electric
load profile in agricultural facilities, which is affected by consumers such as
milking machines, milk coolers, manure conveyors etc., and with irregular
availability of renewable resources it is necessary to periodically run additional
generators.

1.1. Autonomous hybrid power systems
with central DC bus

The general block diagram of the autonomous power supply system with
central DC bus is shown in Fig. 1. The bus voltage is maintained by adjusting
the available power from the primary energy sources: irregulary available
renewable generators (sun and wind), constantly available renewable and fossil
additional generators with limited source (diesel, biogas) and energy
accumulators (flywheels, fuel cells, supercapacitors etc.). Additional regulatory
effects can be achieved by turning on or switching off the dump electrical load
or by the accumulation of energy. Accumulators directly connected to the bus
are used to stabilize voltage and filter transients. Such system has a complex
multi-level automatic control, which in the scope of the thesis is structured by
the levels of production automation (Kpyrmsk, 2002).

The control object of the segment level automation is a DC bus, where
voltage should be controlled. Actuators of the control system are power
interfaces (rectifiers and DC converters) connected in parallel to the bus. The
segment automation level ensures the DC bus management and energy flow
distribution by setting power interface operating modes (switching on and off,
setting voltage and current reference values). Control of output of power
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interfaces, generation and energy accumulation equipment is maintained by
local controllers, which form the device automation level.

Supervisory control and data acquisition (SCADA) systems form the
highest or complex level of automation. This level can also include several
DGS in a single complex and provide supervisory control to objects that are not
directly related to power supply, e.g., control of “smart house” equipment.

1.2. Methods of development of the model set

For assessment of control algorithms and strategies of complex and
segment level automation an approach with modelling of individual parts of a
control loop, where the controller is a real device or discrete software program
and the control object is a virtual or physical model, is used. As an example in
Fig. 2 (a) a simple closed system with a negative feedback for control of a
single parameter is given. Hardware components are blocks with shading,
virtual models — without shading. It should be noted, that the discussed
approach is used also in modelling of complex systems with a number of
controlled parameters.

The approach where individual parts of the control loop are modelled
can be distinguished into the following methods:

e Model In The Loop (MIL), which is basically a classical computer
simulation model of a dynamic system and its controller in a single
environment (Plummer, 2006), e.g. Maltab Simulink (see fig. 2 (b));

e Hardware In the Loop (HIL), where individual parts of the control
loop (e.g., plant or controller) are virtual models, but the rest are
real devices (Gomez, 2001); depending on the scope of the research
(control system development and testing, evaluating plant and
sensor behavior under various control algorithms and modes) the
method is further divided into the power HIL and controller HIL
(see fig. 2 (c and d));

e  Sofware In The Loop (SIL) is a purely software method for research
of control systems operation, where models of an actuator, plant and
sensor are developed in a dynamic simulation environment, but the
controller is realized as a standalone program, for example, as an
executable file compiled from C-code (Youn et.al., 2007, Mauri,
2009), see Fig. 2 (e).

The discussed HIL and SIL methods are used in control system
development and testing, if the object of the control system is a complex,
unique in its configuration or expensive system, if control system testing on
real hardware is impossible, dangerous, resource consuming or if the hardware
is in the stage of development and is not currently available (Ledin, 1999,
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Gomez, 2001). The HIL and SIL methods have already been used in the
research and development of renewable energy systems equipment and DGS
including hybrid power supply systems. The use cases include simulation of
individual generating devices, connection to the grid, design of control systems
for electronic power interfaces at the device automation level, experimental
benches for electrical machines etc.

An autonomous hybrid power system, which is using simultaneously
several types of renewable resources, is a complex system with stochastic
perturbations. Depending on locally available resources and the load profile
there can be a large number of combinations for generating, accumulating and
power interface equipment. This corresponds to the SIL and HIL use cases
discussed in the literature. However, information about use of these methods in
the studies of control of hybrid power systems at the complex and segment
level of automation does not appear widely in literature.

The SIL and power HIL methods were used in order to demonstrate the
suitability of the discussed modelling approach for evaluation and realization in
control software various energy flow control algorithms and strategies. The
block diagram of control system and simulation model set for SIL mode
proposed by author is shown in Fig. 3.

For the development of control system software model Microsoft .NET
environment was used. It insures the possibilities of code reuse on a number of
operating systems and allows software development using Model Driven
Architecture (MDA). Consequently, control software, which has been tested in
the SIL mode with minimal modifications can be used in a final controller
solution (personal or industrial computer, embedded system etc.). A class
library with common autonomous hybrid power system power interfacing,
generating and accumulating equipment was designed to interconnect the
control software with real devices and their simulation models (see Chapter
2.1.). Simulation model library of hybrid power system equipment was
designed in Matlab Simulink environment. The library contains all components
of the control loop except the controller and all the models are controllable
from a .NET program.

For information interchange between the control software and Matlab
workspace Matlab Compiler V4 tool (Version 4.0 (R14) Matlab Compiler)
from libmx.dll and UtilityMatlabCompilerVer4.MatlabCSharp wrapper class
by (Phan, 2004) were used. Access to the Simulink model in its turn was
realized using the standard Matlab function SIM('model’, timespan, options, ...).
The function takes parameters — path to Simulink model, simulation timespan,
configuration and inputs for the model. The result of the simulation — time,
output signals and states of inertial blocks — is obtained through Matlab
workspace variables.
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The simulation of the model is performed by periods. The control
software reads the simulation results, which represent the sensor readings at the
end of each period and sends control signals to the model at the beginning of
the next period. The simulation process is shown in detail on simulation time ¢
axis in Fig. 4. In Simulink depending on the used solver and rate of signal
changes simulation period T is split into steps s,,, consequently for periods of
equal timespan there can be a different number of steps. At the beginning of the
simulation initial control signals are passed to the model (vector with J
elements).

Outputs are read at the end of each simulation period as a matrix of size
[M;:K], where M; is a count of simulation steps in a period 7}, but K — count of
model output signals. The function f. determines control reference signals for
the next period T; only from output of the last simulation step of the previous
period 7;; and returns a signal vector with J elements, which then is sent to the
model at the beginning of 7;. Thus, the control system reads the sensor values
with a period 7, which wherewith is a control period of the controller.
Alongside at the beginning of each period states of inertial blocks from the
previous period are set to make the simulation process continuous. The
simulation results are combined together in all periods, including all steps in
each period.

Since in the SIL mode .NET program exchanges data with the Simulink
model only after the end of each simulation period; the real-time aspect of the
controller software operation is not taken into account, i.e., only functionality
of the controller is studied. The SIL simulation method, considering real-time
performance of the controller and its software is discussed in detail by (Youn
et.al., 2007).

Operation of the segment level control software model in power HIL
mode is demonstrated using physical models of the DC bus and power
interfaces (step down converters), see Fig. 5. For the control of physical models
the same class library and control program as in SIL simulation were used.
Differences are only for the classes at the hardware interface level. If in the
case of SIL a wrapper class for Matlab workspace was used, then control of a
physical model is performed through the digital communication network
(RS485 at physical layer and IEC870-5 at data link). Operation of the
experimental setup is discussed in detail in Chapter 3.1.

The overall control system modelling structure proposed by the author is
shown in Fig 6. Hardware and software components are summarized in rows
thus showing different types of control loop simulation and the corresponding
stages of the control system development. The parts of the control loop are
summarized in columns: controller; hardware interface for data interchange
between the controller and rest of the loop; sensors, transducers and plant.
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Besides SIL and power HIL simulation, a real system consisting of a
photovoltaic module, lead-acid battery, load and solar charge controller was
studied. The experimental data are compared to the simulation data of the
corresponding Simulink models. The model set of a control system and
autonomous hybrid power supply equipment was approbated in the SIL mode
for evaluation of complex and segment level control algorithms. The data about
electrical consumers of the agricultural facility (cattle farm) and meteorological
information for determination of the output power of renewable generators
were used as inputs of the simulation.

2. MODELS OF CONTROL SYSTEM, ACTUATORS,
GENERATING AND ACCUMULATING EQUIPMENT

Within the study operation of the most commonly used equipment in
autonomous hybrid power systems was examined in detail, simulation and
object models of the equipment were developed for use with control system
software. All equipment, except for the battery, can be connected to the central
bus only through the power interfaces, therefore, to simplify models and
accelerate the simulation electrical transient processes in generating and
accumulating equipment were not modelled.

2.1. Object model of the control system

In the implementation of the software of the control system MDA and
object oriented approach were used, methods and data needed for control of the
hybrid power system equipment (actuators, sensors, communication equipment)
were combined in a class diagram (Fig. 7). The MDA and object oriented
approach have already been used in the modelling and development of control
software for hybrid power systems (Zhu and Lubkeman, 1997, Agostini et.al.,
2007). In this study the typical renewable resource generating and accumulating
equipment class structure has been updated with methods for implementation of
local controllers for device-level automation (accordingly to Koyn n.ap., 1999)
and classes required for HIL and SIL simulation methods.

Classification of the equipment is based on an abstract class “Device”.
In order to provide an unified communication mechanism between control
software and all devices or device simulation models class “Device” has a field
of abstract class “Hardwarelnterface”. The abstract class “Hardwarelnterface”
is extended by real classes “HPSimlnterface”, “COMportInterface” and
“MBuslnterface”, which in their turn provide access to simulation an physical
models as well as to real devices in the SIL and HIL modes (the 5th group,
Fig. 7). The class “Device” has also methods and properties related to every
device: switching on and off, reference designator, manufacturer’s part number
etc.
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The class “HybridPowerSystem™ has a “Device” type list, which at a
runtime of the programm is filled with instances of specific device classes
(wind generator, diesel generator, battery, voltage and current sensors etc.).
Segment level automation is implemented at the “HybridPowerSystem* class
level and stays unchanged regardless of whether the “Device” instances
reference real equipment, physical or virtual models.

The class “Device” is extended by class “PowerDevice” (1st group,
Fig. 7), which generalize all power interfaces, generating and energy
accumulating equipment; and by various types of sensors (2nd group, Fig. 7).
“PowerDevice* in its turn is extended by abstract classes of various groups of
hybrid power supply equipment: wind, photovoltaic and combustion engine
generators, electrical load and power interfaces. Other types of devices can be
added at this level of the class structure. Abstract classes of the “PowerDevice*
group are extended by two groups of classes: for Simulink simulation models
(3rd group, Fig. 7) and for the physical model of the DC bus (4th group, Fig. 7).

2.2. Simulation models of main actuators, generators,
accumulators and loads

Since in the study it is intended to model and simulate hybrid power
systems for different DC bus configurations, the overall system model was
divided into separate components: voltage and current sources (power
interfaces), generators, consumers and the DC bus. The developed Simulink
block library is shown in Fig. 8.

The DC bus is modelled as an electrical circuit with parallel DC sources
and loads, capacitance of the bus is assumed as constant, resistance and
inductance of wires are not modelled. The main parameter to control is the
voltage of the bus U,., which can be found by integrating the sum of currents of
electrical sources and loads and dividing by the bus capacity (Shenkman,
2005):

U, :CLJ(ZIGI. -1, Mt (1)
dc

where U, — voltage of DC bus;
C,. — capacitance of DC bus;
I; — currents of DC sources;
I;; — currents of DC loads.

Electrical generators, accumulators and AC loads are connected to the
bus using power interfaces: DC converters, regulated rectifiers, inverters etc.
The power interfaces can operate either as constant current or voltage sources
or constant power, current or resistance loads.
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Current and voltage setpoints for DC sources are generated by segment
level control software, thus controlling the energy flow from different energy
sources to consumers.

The input signals of unidirectional power interfaces, which are used to
connect generators to the bus, are the voltage of the bus U, and available
power from the generator P,, but the outputs are positive current /,,, and total
consumed power in the power interface P, (consist of power transferred to
the bus and conversion losses). Energy sources or generators in their turn have
available power output P, and consumed power input P;,,, for connection to the
power interface. Connecting electrical energy sources and power interfaces
using the power signal allows to a model power interface with DC output and
universal input, regardless of the output parameters of the primary energy
source, allowing to simplify the model structure and speed up the simulation.
Only currently available power for generating equipment is calculated and
electrical transient processes for generators were not modelled in the study.

Inputs of constant power load are bus voltage U, and signal P, to
indicate the value of the load. The output current of the load [, is negative,
therefore it consumes power from the bus. Operation of constant resistance load
is organized in the same way. Bidirectional power interfaces can operate in
both, the current source and load modes and can be used for charging and
discharging of different types of energy accumulators. Inputs of the battery and
DC bus blocks are I, and I, respectively. These inputs are fed with a sum of
all currents in the bus. The output of DC bus and accumulator blocks is the bus
voltage U,.. A hybrid power system model with a central bus can have only one
of these blocks for summing currents and calculating the bus voltage. In
addition to electrical signals remotely controllable blocks have the input signal
vector “c” for control inputs and measure signals vector “m” for control
feedback and monitoring purposes. Information exchange with supervisory
control software in the .NET environment is performed using these ports.

Besides power interfaces and loads simulation models for the lead-acid
battery, combustion engine generator (a generator with limited energy
resource), photovoltaic generator or solar cell module and wind turbine
generator were developed. The accuracy of all models, except for the wind
generator was evaluated by comparing them with the actual plant data obtained
experimentally.

3. COMPARISON OF EXPERIMENTAL DATA AND
THEORETICAL MODELS

The model set of the autonomous hybrid power system was
experimentally validated in two steps: using a physical model consisting of
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reduced scale copies of real power interfaces and using real devices — solar
photovoltaic module, charge controller, lead-acid batteries and constant
resistance load.

3.1. Experiments with a physical model of the DC bus

The purpose of the experiment with a physical model is to demonstrate
operation of the same segment-level control software in real time in power HIL
mode and to compare the results with the simulation of the SIL model of the
same configuration. The power HIL simulation was performed using physical
models of the DC bus and power interfaces, but SIL — using simulation models
in Simulink environment. The physical model is a reduced scale model of a real
device with a local controller to regulate the output parameters and with data
exchange interface for remote controls and monitoring. Software of the
supervisory segment level controller was implemented using object oriented
approach discussed in Chapter 2.1. The experimental equipment and data flow
diagram are given in Fig. 5. Operation of the model and the control system was
tested in the SIL and HIL modes performing automatic control of parallel-
connected DC converters, using the same load-change scenario and the control
algorithm. For this purpose an experimental step-down non-isolated DC
converter “Buckl” with remote control capabilities was designed. The
converter can operate in either voltage or current source mode and controls its
output using PID regulator. The experimental setup (Fig. 9) consists of 3
“Buckl” DC converters and a remotely switchable 5-level resistive load
module, which are connected to the DC bus in parallel with 2200 puF capacitor.
Load levels are changed by switching parallel 100 Q resistors using relays. All
devices are connected to a single digital communication network as slaves;
master is a personal computer (PC), which acts as a supervisory controller.

The supervisory control system is capable to pool all 4 devices in 50 ms
average. The experimental data were collected both, by the control software of
the supervisory controller (running on PC) and independently using the logging
scope PicoScope3000. Simultaneously 4 channels (bus voltage and output
current of each DC converter) were read with the scope at a period 22 ms. The
Simulink model for the SIL mode in its turn is composed of idealized power
interfaces (Fig. 10). The same supervisory control program was used for both
simulation modes. The control program is running two threads: for control of
power interfaces and execution of load switching scenario.

The SIL and HIL simulation results were compared for different load
changing and power interface control scenarios. The simulation result
comparison in Fig. 11 is for the following scenario. The DC converter C1 is
operating in the voltage source mode and keeps constant bus voltage U,.=8 V,
but converter the C3 is operating in the current source mode, and begins to
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source I3 = 150 mA, if the output current of voltage source is I > 170 mA. At
the beginning of the scenario there is 100 Q load on the bus, which is increased
in 4 steps to 20 Q by adding 100 Q in parallel at each step. It can be seen from
the graph that the converter C1 most of the experiment time keeps stable bus
voltage in both simulation modes, however, in the physical model a 16.8 V
transient voltage surge can be observed, when C3 begins to source additional
current to the bus. This is explained by the fact that the bus capacitor is charged
by the current source converter. The voltage source converter accordingly to its
PID regulator setting drops /¢ to zero, but the bus voltage remains above § V
setpoint while the capacitor discharges. The problem can be solved by adjusting
the PID parameters and increasing the control frequency or by coordinating the
turning on the C3 converter and decreasing the output current of C1 at the
supervisory control level. The surge is not observable in the SIL model because
idealized power interfaces with maximal response time were used in the model.
These voltage surges can also be filtered by adding a battery to the DC bus.

At 100 and 50 Q load levels only the converter C1 is operating, output
currents in both simulation methods differ insignificantly: I,*"* = 80 mA,
average I = 82.1 mA and I = 160 mA, average I6"™ = 162.9 mA.
Differences in static signals appear, when C3 is turned on at the 33.3 and 25 Q
load levels: Ic;°™ = 90 mA, average I = 595 mA and I = 170 mA,
average I = 138.7 mA respectively, but Is"" = 150 mA and average
Ic™ =182.6 mA. This can be explained with non-linearity in the current
feedback of “Buck1”. The DC converter’s output was calibrated at 100 mA, but
with the increase in current reference signal the current output error also
increased (32.6 mA in this case). As a result the current source converter’s C3
output was above reference and C1 needed less current to voltage on the DC
bus.

It should be noted that the discussed experimental setup where the
control algorithm is implemented as a program in .NET environment is not a
hard real-time system, the control period is 50 ms and delays in the controller
response should be considered. This approach can be used in power HIL testing
of control software in conditions close to real with DC bus with slow dynamic,
if filtering capacitors or the battery are used. In contrast, in SIL. mode, through
the fact that the model in Simulink environment is driven by strictly defined
time intervals, there are no time limits for the control signal output for the
control software in .NET environment.

3.2. Experiments with a solar charge controller and battery
autonomous system

The experimental validation of autonomous hybrid power system
simulation models was carried out using solar charge controller Steca PR3030,
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solar module Kioto KPV 195 PE, two sealed lead-acid batteries FIAMM
FG2045 in series and two resistor arrays of different nominal. The experimental
set-up (controller and batteries) is shown in Fig. 12. A typical connection
circuit for PR3030 with load connected directly to the batteries was used. Using
the experimental set-up it is possible to measure and log current /Iy and voltage
Upy of the solar module, current /,,, and voltage U,,,, of batteries, load current
I},4q and solar irradiation G;.

The experimental data were collected for different load switching and
solar irradiation scenarios. The experiments were carried out in Jelgava, Latvia
from 03.08. to 23.08.2011. The results were compared to the developed
simulation model set; an equivalent Simulink model is given in Fig. 13. The
model consists of a photovoltaic panel PV1, power interface Cl, load RI,
battery Al and additionally constant power load block L1 to simulate self-
consumption of the charge controller PR3030 used in the experiments. At the
inputs of the model there are two external data series: solar irradiation (block
“Ga_data”) and resistance value (block “R_data”). The resistance data were
calculated from the experimentally measured U,,, and [, data. The charging
voltage reference signal u, for the model of power interface C1 was taken form
PR3030 data sheet, where 28.2 V is float charge end voltage. The current
reference signal i, is calculated in the block “Add2” as a sum of PR3030 self-
consumption current, load current (both are negative, so they are subtracted)
and maximum charging current (1.12 A). Before each test the batteries were
charged to 26+0.2 V (open circuit voltage).

The Results of the experiment in Fig. 14 were obtained on August 4,
15:35-16:05 with =21 Q and =7 Q loads turned on for different time intervals
(0:30-10:00 min). The experiment shows the charging of the accumulator in
changing photovoltaic power conditions during a partly cloudy day. The
measured and modelled battery voltage U,,, had a little difference during
sufficient solar irradiation to compensate the load: the average square error
0.65V or 2.7% of nominal battery voltage. The error increased when
irradiation lowered to 200 W-m™ and load was turned on after 15 to 24 minutes
from the beginning of the test, a possible reason is constant internal resistance
used in the Simulink model of the battery.

A larger error was for current of the battery with disconnected load —
0.6 A average, which could be related to the PR3030 controller charging
characteristics at a high battery state of charge and when the photovoltaic
module output power exceeds the load consumption, whereas the Simulink
model of the power interface operates as voltage or current source output. The
error decreases when load is connected. The modelled load error in all
experiments was below 0.034 A, i.e. 2.9 % of the theoretical value for 24 V
nominal battery voltage and 21 Q load and 0.8 % for 24 V battery voltage and
7 Q load.
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4. APPROBATION OF THE MODEL SET

The developed model set was approbated in the modelling and
simulation of autonomous hybrid power supply of a cattle farm. At the inputs
of simulation electrical consumer data from the LUA Training and Research
Centre “Vecauce” cattle farm, which is designed for 530 cows and local
meteorological information for the year 2007 were used.

The chart of electrical load and available renewable resources for one
week 05.11.2007-11.11.2007 is given in Fig 15. Local temperature data were
used at the inputs of simulation in order to consider effects of air temperature
on load changes (e.g., operation of electrical heating devices at temperatures
below 0 °C).

An optimal hybrid power supply equipment configuration (hereinafter
HPS2) for the given load profile and available resources was found in hybrid
power system optimization software “HOMER”, see Fig. 16. The sources of
energy are two Fuhrldnder 100 kW wind generators WGs1; 40 kW photovoltaic
array with an optimal stationary (non-tracking) orientation PV1 consisting of
200 Kioto 195 modules; and a 25 kW combustion engine generator G1, which
can operate on fossil or biofuel. The fuel consumption of the generator was
modelled using empirical linear equation of an otto-engine generator:
0=3.6-10"P, + 1.06 -h™". For 25 kW power it corresponds to 10.06 1-h™" or
0.4 1-(kWh)" consumption at full power. The consumption corresponds to 25-
30 kW diesel generators available on market (Approximate Diesel Fuel...,
2011).

For interconnection of the power system equipment 120 V central DC
bus with directly connected 4000 Ah deep discharge lead-acid battery Al is
used. The maximum charge current of the battery is 10 % of the capacity:
Lpmax = 400 A. The efficiency of power interfaces C1-C3 and inverter L1 is
7 =90 %. The equivalent HPS2 simulation model with control system interface
in Simulink environment is given in Fig. 17.

Two standard combustion engine generator dispatch strategies for
energy flow distribution between battery charging and load were modelled and
evaluated using the developed methodology for modelling and simulation of
autonomous hybrid power supply control algorithms using the SIL approach.
The algorithms used (accordingly to Barley et. al., 1995) were cyclic battery
charging and load following. According to the cyclic charge algorithm the
generator is used only for battery charging and is turned on and off at certain
levels of charge of the batteries (50 % and 90 % in the case). In the load
following approach the combustion engine generator is used only to
compensate excess electrical load that cannot be covered by renewable
generators.
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In order to achieve maximum efficiency in the fuel consumption for the
load following strategy the combustion engine generator is turned on only if
discharge current of the batteries is 20 A more than can be sourced by the
converter C1 at nominal power of Gl and nominal system voltage — 120 V.
Thus, it is insured that the generator is operated with a power close to nominal
and it compensates the power deficit from renewable resources and does not
charge the batteries. In order to avoid deep discharge of the batteries the load
following strategy was combined with cyclic charge with a narrow operation
interval: G1 is turned on at 40 % discharge level and charging is ended at 60 %.
Consequently, according to the load following strategy the batteries then are
charged to the full capacity using only renewable resources. The minimum
operation time of the generator is 30 min to prevent frequent switching of the
generator due to the battery current changes around the start current limit and to
conserve fuel.

The discussed algorithms are implemented in control system software in
.NET environment using the object model discussed in Chapter 2.1. The control
period is 60 s, i.e., the program in .NET environment calculates control signals,
sets control inputs and continuous states and starts simulation of the Simulink
model for 60 s period. After that the results are read from Matlab workspace
variables. All simulations were performed using the variable step solver
“ode23tb”. The simulation speed with respect to real time for the discussed
HPS2 configuration depends on the intensity of transients in the simulation and
is averagely 150:1, i.e., simulation of the power supply and control system for a
7-day period with different control algorithms took approximately 67 min. A
number of simulations were performed for single day and 7-day periods with
different renewable resource availability scenarios. The simulation results for a
week scenario with variable wind speed for the time period 05.11.2007-
11.11.2007 are shown in Fig. 18 and 19.

The charts summarize the load P;, kW and consumed power from
different sources (without 10 % losses in power interfaces): Pg from
photovoltaic array, Py from wind generators, P; from combustion engine
generator, in kW. The state of charge of the batteries SOC, % and excess power
for photovoltaic array, the wind generator and combustion engine generator
respectively P,..s, Pewv, Pexcg, in KW are given also. The stacked area charts

were used to show parts of fossil and renewable generator power in the supply
of load.

The simulation shows that with increased availability of wind resource
the combustion engine generator is operating 26 % of total simulation time for
the cyclic charge algorithm. It was turned on in three points with simultaneous
low availability of renewable resources and load power peaks (Fig. 18), but
63 % of the simulation time SOC of the batteries was above 80 %. For the load
following algorithm G1 operated 23 % of time and SOC above 80 % was 55 %
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of the simulation time. The combustion engine generator is turned on each time
when P, exceeds the sum of Py and Py by 27.4 kW (nominal power of the
generator and 2.4 kW needed to ensure that the generator will operate at full
load).

In both simulations most of the time batteries were fully charged from
the renewable resources, graphically the changes in SOC curves are repetitive.
Consequently, for the load following algorithm the total operation time of G1
and excess energy from renewable sources decreased by 10.5 kWh (excess
photovoltaic energy) and by 71.0 kWh (excess wind energy). The simulation
graph clearly demonstrates that for both algorithms on day 6 an excess wind
power peak appears, but on day 7 in its turn there is a shortage in renewable
resources, therefore, G1 needs to be operated and SOC of the batteries
decreases rapidly. The simulation shows that the total excess energy for the
cyclic charge algorithm from photovoltaic array is 52.9 kWh and from wind
generators — 1436 kWh, for the load following algorithm — 42.4 kWh and
1365.4 kWh respectively. This confirms the assumption on the possible low
consumption efficiency of irregularly available renewable resources in
changing load conditions. In addition, if on the next days reduced availability
of the renewable resources takes place additional generators with constant
resource availability or batteries should be used.

Using the SIL simulation of autonomous hybrid power systems with
different resource availability and load-changing scenarios it is possible to
modify standard energy flow control strategies and algorithms to achieve
optimal resource utilization and decrease the necessary capacity of the
generating and accumulating equipment. The developed control software can
be used with minimal changes in the implementation of a control system.

CONCLUSIONS

1. The use of several alternative renewable resources in a single hybrid
power system and optimal energy flow control and distribution between
generating and accumulating equipment and the consumer can compensate
the increasing electricity demand of agricultural facilities and reduce
energy dependence.

2. By using the developed modelling methodology in simulation of an
autonomous hybrid power supply system of a specific agricultural facility
it can be concluded, that advanced energy flow control strategies discussed
in literature, which use feedback from the consumer, weather forecast in
prediction of renewable resource generators output, intellectual agents etc.
can improve utilization of renewable resources, decrease ineffective
operation time of additional generators and use of accumulators.
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The main advantage of the software and hardware in the loop approaches
in the evaluation and improvement of segment and complex level control
systems of autonomous hybrid power supply in comparison to the existing
simulation environments is possibility to freely design and modify control
algorithms in standard high-level programming languages. It also allows
using model driven architecture for software development and
implementing the software in final control system solution with minimal
changes.

The proposed control software object model in Microsoft .NET can be
realized in other runtime environments (Java, Mono) and object-oriented
programming languages. In the development of simulation models of the
equipment no Matlab Simulink specific libraries were used, therefore the
same models can be implemented in alternative dynamic modelling
environments.

Operation of the segment level control system model in real time has been
demonstrated by controlling the DC bus voltage using physical models of
power interfaces. The control period of 50 ms is sufficient to hold stable
voltage in the bus with changing load and a suitable filtering capacitor or
battery.

Simulation models of common equipment of hybrid power supply systems
have been developed and experimentally validated: a low power
combustion engine generator — linear statistical model with 95 %
significance, photovoltaic generator — mathematical model with 1.5 %
accuracy, lead acid battery — mathematical model, constant internal
resistance assumed (accuracy 1.7 % of nominal voltage in the middle
portion of the charge/discharge curve).

The results obtained by the simulation of autonomous hybrid supply and
its control system for the LUA Training and Research Centre “Vecauce”
cattle farm with 200 kW wind generators, 40 kW photovoltaic array,
25 kW diesel generator and 120 V, 4000 Ah battery bank show that in
comparison to the cyclic battery charge algorithm renewable resources are
utilized more effectively using the load following algorithm: by 81 % in
sunny time in May and by 5 % in conditions with irregular wind speed in
November. The fuel consumed by the generator decreased by 12 % for
one-week period in May and by 8 % in November.

The simulation speed of the model against real time depends on the
intensity of transients in the simulation and is averagely 150:1. Compiling
the Simulink model into standalone library can increase the simulation
speed.
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