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P�T	JUMU AKTUALIT
TE 

P�c Eiropas Vides a�ent�ras atzinuma Eiropas Savien�bai un Latvijai ir 
rakstur�ga iev�rojama atkar�ba no pašm�ju un aizrobežu dabas kapit�la un 
ekosist�m�m (State of the environment..., 2010). Saska�� ar Eurostat datiem 
(Share of renewable..., 2011) Latvij� 2009. gad� aptuveni 34.3 % pat�r�t�s 
ener�ijas tika ieg�ta no atjaunojamajiem resursiem, kas ir trešais r�d�t�js Eirop� 
p�c Zviedrijas un Somijas pie vid�j� ES r�d�t�ja 11.7 %. Latvij� pat�r�t�s 
atjaunojam�s elektrisk�s ener�ijas da	a ir 38.7 %. Tom�r kop�jais valsts 
ener�ijas pašnodrošin�jums ir tikai 29.6 % (Latvijas ener��tika skait	os..., 
2009). Viens no veidiem energoneatkar�bas paaugstin�šanai ir lok�li pieejamo 
atjaunojamo resursu izmantošana. Saska�� ar Latvijas ilgtsp�j�gas att�st�bas 
strat��iju (Latvijas ilgtsp�j�gas att�st�bas..., 2010) l�dz 2030. gadam viens no 
valsts m�r�iem ir energoresursu pašnodrošin�juma paaugstin�šana, izmantojot 
atjaunojamos ener�ijas resursus un uzlabojot energoefektivit�ti. Š� m�r�a 
sasniegšanai izvirz�tie uzdevumi ir atjaunojamo energoresursu avotu un 
pieg�des maršrutu diversifik�cija, k� ar� inov�cijas un p�tniec�ba atjaunojam�s 
ener��tikas jom�. 

N�kotnes elektroapg�des t�kli ir orient�ti uz dal�t�s �ener�šanas 
sist�m�m (DGS) un mikrot�kliem. Uzsvars tiek likts ne tikai uz centr�laj�m 
sp�kstacij�m, bet ar� uz plaš� teritorij� izvietot�m mazas jaudas (daž�dos 
avotos tiek min�ts 1 – 1000 kW l�dz 10 MW) sp�kstacij�m, kas darbojas taj� 
skait� no v�ja, saules, biomasas u.c. lok�li pieejamajiem atjaunojam�s ener�ijas 
avotiem (Bayod-Rujula, 2009). Viens no mikrot�klu att�st�bas virzieniem ir 
autonom�s elektroapg�des sist�mas bez past�v�ga t�kla piesl�guma. Autonom� 
elektroapg�de tiek izmantota gad�jumos, kad nav pieejams elektriskais t�kls, 
piesl�guma jauda ir nepietiekama un piesl�guma izb�ve vai moderniz�cija nav 
ekonomiski pamatota. Ja ir ierobežota atjaunojamo resursu pieejam�ba 
(neregul�rs v�ja �trums un saules starojums), kas ir rakstur�gi Latvijas teritorij�, 
vair�ki resursi tiek kombin�ti vien� autonom� sist�m�. Nep�rtrauktas 
elektroener�ijas pieg�des nodrošin�šanai autonom�s sist�m�s izmanto ��miskos 
akumulatoros, fosilo resursu �eneratorus u.c. perspekt�vas ener�ijas ražošanas 
un uzkr�šanas iek�rtas, piem�ram, koncentr�još�s fotoelektrisk�s saules 
stacijas, spararati, �de�raža iek�rtas, superkondensatori u.c.  


emot v�r� straujo atjaunojam�s ener��tikas tehnolo�iju att�st�bu, �paši 
saules bateriju, elektro��misko u.c. ener�ijas uzkr�šanas veidu, k� ar� sp�ka 
elektronikas p�rveidot�ju, autonom�s elektroapg�des sist�mas k	�st par 
alternat�vu jauna elektrisk� t�kla piesl�guma izb�vei mikro m�roga 
elektroener�ijas pat�r�t�jiem (orient�joties p�c Eiropas Parlamenta direkt�vas 
2004/8/EK klasifik�cijas – ar maksim�lo vienlaic�go jaudu l�dz 50 kW), 
piem�ram, nelieli lauksaimniec�bas kompleksi, fermas, siltumn�cas, viens�tas, 
t�risma objekti u.c.  
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Atkar�b� no lok�li pieejamiem resursiem un elektrisk�s slodzes grafika, 
autonomajos t�klos ir iesp�jams liels skaits daž�du iek�rtu kombin�ciju gan 
funkcion�li, gan jaudas zi��. Neregul�rs un gr�ti prognoz�jams slodzes jaudas 
sadal�jums diennakts laik� un sezon�li ir �paši rakstur�gs lauksaimniec�bas 
kompleksiem, piem�ram, saimniec�b�m, kuras specializ�jas uz biolo�iskiem 
procesiem: piena un ga	as liellopu, c�ku, s�kdz�vnieku audz�šanu, siltumn�c�m 
ar automatiz�tu augu laist�šanu un m�slošanu u.c. Pareiza ener�ijas pl�smas 
p�rdales strat��ija starp neregul�ri pieejamiem atjaunojamiem un fosilajiem 
resursiem, akumulatoru l�d�šanu un slodzi hipot�tiski 	autu efekt�v�k izmantot 
pieejamos resursus kombin�t� elektroapg�des sist�m�, samazin�t fosilo resursu 
�eneratoru darb�bas laiku un nodrošin�t nep�rtrauktu elektroener�ijas padevi 
pat�r�t�jam. 

Kombin�to elektroapg�des sist�mu un to autom�tisk�s vad�bas sist�mu 
p�t�jumos plaši tiek lietotas model�šana un datorsimul�cija. P�t�jumus var 
nosac�ti iedal�t div�s grup�s: dinamiskie simul�cijas mode	i p�rejas procesu 
p�t�jumiem un statiski laikrindu mode	i kombin�to elektroapg�des sist�mu 
darb�bas simul�cijai diennakts, sezonas un gada garum�.  

Literat�r� tiek pied�v�tas daž�das autonom�s kombin�t�s 
elektroapg�des kompleksa un segmentu l�me�a vad�bas pieejas fosilo resursu 
�eneratoru un ener�ijas uzkr�j�ju izmantošanai main�gas prim�ro resursu 
pieejam�bas un main�gas slodzes apst�k	os. Ir pieejamas kombin�to sist�mu 
model�šanas un simul�cijas vides, piem�ram, HOMER (Hybrid Optimization 

Model for Electric Renewables) un Hybrid2, kur�s realiz�ti tipveida augst�k� 
l�me�a vad�bas algoritmi un strat��ijas. No otras puses zin�tniskaj� literat�r� 
tiek p�t�ti ar� alternat�vi segmentu un kompleksa automatiz�cijas l�me�a 
vad�bas risin�jumi, kuri izmanto inform�cijas un komunik�cijas tehnolo�iju un 
m�ksl�g� intelekta elementus, piem�ram, pieejam�s atjaunojamo resursu 
�eneratoru jaudas prognoz�šana, izmantojot, meteorolo�isko inform�ciju, 
adapt�v� vad�ba, kas piel�gojas pat�ri�a jaudas profilam, izmantojot neironu 
t�klus, intelektu�lo a�entu sist�mas u.c. Šo metožu realiz�šanai ir nepieciešams 
sal�dzinoši sarež��t programmas kods, kas nav paredz�ts pieejam�s kombin�to 
elektroapg�des sist�mu simul�cijas vid�s. 

Iesp�jamais risin�jums ir autom�tisk�s vad�bas kont�ra posmu 
model�šana, t.i., savstarp�ji tiek apvienoti virtu�li mode	i, piem�ram, 
autom�tisk�s vad�bas sist�mas (AVS) objekta modelis realiz�ts dinamisk�s 
simul�cijas vid�, bet kontrollera programmatiskais modelis ir atseviš�a 
programma. L�dz�gi izmanto ar� AVS kont�ra da	�ju model�šanu: atseviš�i 
vad�bas kont�ra posmi, piem�ram, kontrolleris vai sensors ir re�las iek�rtas, bet 
p�r�jie – ar speci�liem vad�bas un/vai sp�ka sign�lu interfeisiem pievienoti 
dator� simul�tie virtu�lie mode	i. J�atz�m�, ka zin�tniskaj� literat�r� š� pieeja 
nav plaši apskat�ta tieši autonom�s kombin�t�s elektroapg�des segmentu un 
kompleksa l�me�a vad�bas algoritmu un strat��iju p�t�jumos. 



 6

P�T	JUMU HIPOT�ZE, M�R�IS UN UZDEVUMI 

Zin�tnisk� darba hipot�ze: izmantojot model�šanas pieeju, kur 
kontrolleris ir re�la iek�rta vai atseviš�a datorprogramma, un AVS objekts ir 
virtu�ls vai fizik�ls modelis, iesp�jams kontrol�tos apst�k	os pilnveidot esošos 
un izstr�d�t jaunus kompleksa un segmentu l�me�a vad�bas algoritmus un 
strat��ijas konkr�tajai autonom�s kombin�t�s elektroapg�des sist�mas 
konfigur�cijai. 

T�pat š� pieeja dotu iesp�ju model�t� vid� test�to un nov�rt�to AVS 
programmat�ru bez b�tisk�m izmai��m izmantot autonom�s kombin�t�s 
elektroapg�des sist�mu izpildiek�rtu vad�bai. 

Zin�tnisk� darba m�r�is: izveidot autonom�s kombin�t�s 
elektroapg�des sist�mas autom�tisk�s vad�bas imit�ciju mode	u kopu, kas dod 
iesp�ju nov�rt�t un pilnveidot vad�bas algoritmus atjaunojamo energoresursu 
izmantošanas efektivit�tes paaugstin�šanai lauku teritorij�s. 

Darba m�r�a sasniegšanai izvirz�ti un risin�ti sekojoši uzdevumi. 

1. Izstr�d�t metodiku autonom�s kombin�t�s elektroapg�des ener�ijas 
pl�smas vad�bas algoritmu darb�bas model�šanai. 

2. Izstr�d�t un eksperiment�li valid�t l�dzstr�vas kopnes sp�ka interfeisu, 
�eneratoru un ener�ijas uzkr�j�ju imit�ciju mode	us. 

3. Izstr�d�t autonom�s kombin�t�s elektroapg�des kompleksa un segmentu 
l�me�a autom�tisk�s vad�bas sist�mas un model�to iek�rtu klašu 
programmat�ras objektu modeli. 

4. Izstr�d�t l�dzstr�vas kopnes un sp�ka interfeisu fizik�los mode	us 
samazin�t� m�rog�, ar kura pal�dz�bu p�rbaud�t autom�tisk�s vad�bas 
sist�mas objektu mode	a darb�bu re�llaik�. 

5. Aprob�t izstr�d�to mode	u kopu lauksaimniec�bas objekta autonom�s 
v�ja, saules un iekšdedzes motora �eneratora kombin�t�s elektroapg�des 
sist�mas simul�cij� un analiz�t autom�tisk�s vad�bas algoritmu darb�bu 
p�c atjaunojamo resursu kombin�t�s izmantošanas efektivit�tes krit�rija. 
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1. AUTONOM
S KOMBIN�T
S ELEKTROAPG
DES 
IEK
RTU UN AUTOM
TISK
S VAD	BAS 

TEOR�TISKIE P�T	JUMI 

P�t�juma objekts ir mikro m�roga autonom�s kombin�t�s elektroapg�des 
sist�mas, kur�m j�darbojas main�gas slodzes un prim�ro energoresursu 
pieejam�bas apst�k	os. Mikro m�roga sist�m�s ar maksim�l�s jaudas 
ierobežojumu l�dz 50 kW ir iesp�jams izmantot zemsprieguma l�dzstr�vas 
kopni, kuras galven�s priekšroc�bas sal�dzin�jum� ar mai�str�vas kopni ir 
vienk�ršota elektroener�ijas avotu iesl�gšana, galvenais regul�jamais parametrs 
ir tikai kopnes spriegums un iesp�ja akumulatorus iesl�gt kopn� tieši. Tiek 
prognoz�ts, ka, pateicoties sp�ka elektronikas att�st�bai, l�dzstr�vas kopnes 
izmantošana DGS realiz�cij� tuv�kajos gados paplašin�sies (Manwell et.al., 
2006). Centraliz�t�s l�dzstr�vas kopnes arhitekt�ras piem�rot�ba mikro m�roga 
kombin�t�m elektroapg�des sist�m�m ir pamatota vair�ku autoru darbos 
(Noroozian et.al., 2009, Paska et.al., 2009, Zhou and François, 2011). Iepriekš 
min�t�s l�dzstr�vas kopnes �paš�bas 	auj hipot�tiski uzskat�t, ka l�dzstr�vas 
kopne, sal�dzinot ar mai�str�vas kopni, ir lab�k piem�rota autonomu un 
mikrot�klu veida elektroapg�des sist�mu risin�jumiem. �paši aktu�li tas ir 
izteikti periodiskam lauku saimniec�bu diennakts elektrisk�s slodzes profilam, 
kuru ietekm� t�di pat�r�t�ji k� slaukšanas iek�rtas, piena dzes�t�ji, k�tsm�slu 
transportieri u.c. un pie neregul�ras atjaunojamo resursu pieejam�bas rodas 
nepieciešam�ba periodiski darbin�t papildus �eneratorus.  

1.1. Autonom�s kombin�t�s elektroapg�des sist�mas ar 
centraliz�to l�dzstr�vas kopni 

Visp�r�ga centraliz�t�s l�dzstr�vas kopnes autonom�s kombin�t�s 
elektroapg�des sist�mas bloksh�ma ir redzama 1. att. Spriegums kopn� tiek 
notur�ts, regul�jot pieejamo str�vu no prim�rajiem ener�ijas avotiem: 
nevienm�r�gi pieejamajiem atjaunojamajiem (saule, v�jš), past�v�gi pieejamiem 
atjaunojamajiem un fosilajiem resursiem ar ener�ijas daudzuma ierobežojumu 
(d�ze	degviela, biog�ze), k� ar� uzkr�j�jiem (spararats, degvielas elements, 
superkondensatoru baterija). Papildus regul�jošo efektu var pan�kt iesl�dzot vai 
atsl�dzot elektrisko slodzi vai veicot ener�ijas uzkr�šanu. Sprieguma 
stabiliz�šanai un augstas frekvences sv�rst�bu kompens�šanai tiek izmantoti 
kopn� tieši sl�gti akumulatori. Š�dai sist�mai ir komplic�ta vair�kl�me�u 
autom�tisk� vad�ba, kura promocijas darba ietvaros ir struktur�ta p�c ražošanas 
automatiz�cijas l�me�iem (
������, 2002). 

 Segmentu automatiz�cijas l�me�a AVS objekts ir l�dzstr�vas kopne, 
kur� nepieciešams notur�t uzdoto spriegumu. Izpildiek�rtas ir l�dzstr�vas kopn� 
paral�li sl�gti sp�ka interfeisi. Šaj� l�men� tiek nodrošin�ta l�dzstr�vas kopnes 
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vad�ba un ener�ijas pl�smas p�rdale, iestatot sp�ka interfeisu darba rež�mus 
(iesl�gšana/atsl�gšana, izejas sprieguma un str�vas regul�jošie sign�li). Sp�ka 
interfeisu izejas str�vas un sprieguma v�rt�bas un p�r�jo iek�rtu (�eneratoru, 
ener�ijas uzkr�j�ju) autom�tisko vad�bu nodrošina lok�l�s vad�bas sist�mas, 
kuras kopum� veido iek�rtu automatiz�cijas l�meni. 

+

-

1

2
3

4

5

5
6 6

7

8

9

10

 

1. att. Autonomas kombin�t�s elektroapg�des sist�mas bloksh�ma 
1 – v�ja �enerators; 2 – fotoelektriskais �enerators; 3 – akumulators; 4 – ierobežota ener�ijas 
resursa �enerators; 5 – regul�jams taisngriezis; 6 – l�dzstr�vas p�rveidot�js; 7 – invertors;  
8 – kopnei tieši piesl�gts l�dzstr�vas pat�r�t�ju t�kls; 9 –l�dzstr�vas pat�r�t�ju t�kls; 10 –mai�str�vas 
pat�r�t�ju t�kls 

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 automatiz�cijas l�men� ir augst�k� l�me�a vad�bas un datu 
uzkr�šanas sist�mas (SCADA). Šis l�menis var aptvert vienot� sist�m� vair�kas 
elektrisk�s dal�t�s �ener�šanas sist�mas, k� ar� nodrošin�t ar ener��tiku 
nesaist�tu AVS objektu augst�k� l�me�a vad�bu, piem�ram, “gudr�s m�jas” 
elementu vad�bu.  

1.2. Mode
u kopas izstr�des metodika 

Kompleksa un segmentu l�me�u vad�bas algoritmu un strat��iju 
nov�rt�šanai ir izmantota atseviš�u vad�bas kont�ra da	u model�šanas pieeja, 
kur kontrolleris ir nodal�ta re�la iek�rta vai atseviš�a datorprogramma, bet AVS 
objekts ir virtu�ls vai fizik�ls modelis. K� piem�rs 2. att. (a) dota vienk�rša 
sl�gta atgriezenisk�s saites sist�ma viena parametra regul�šanai. Att�l� 
ieton�tie bloki ir apar�tiskas komponentes, neieton�tie – virtu�lie mode	i. 
J�atz�m�, ka apskat�t� pieeja tiek izmantota ar� kompleksu sist�mu model�šan� 
ar vair�kiem regul�jamiem parametriem. 
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2. att. Autom�tisk�s vad�bas kont�rs ar atgriezenisko saiti (a), t� imit�ciju modelis 
(b), sp�ka HIL modelis (c), kontrollera HIL modelis (d) un SIL modelis (e) 

 p�rvades funkcijas: Fc – kontrollerim, Fa – izpildiek�rtai, Fp – objektam, Ft – sensoram; sign�li:  
xr – regul�jošais, xc – kontrollera vad�bas, xa – vad�bas iedarbes, xp – objekta st�vok	a, xt – sensora, 
xe – regul�šanas k	�das 

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 – Fc, actuator – Fa, plant – Fp, transducer – Ft; control reference 

signal – xr, control signal – xc, control action – xa, plant state – xp, transducer signal – xt, control 

error signal – xe 

Atseviš�u vad�bas kont�ra da	u model�šanas un simul�šanas pieej� tiek 
izš�irtas vair�kas metodes: 

�� MIL (Model In The Loop) (Plummer, 2006), kas b�t�b� ir klasisks 
dinamiskais sist�mas un t�s autom�tisk�s vad�bas kontrollera 
modelis izstr�d�ts vienot� vid�, piem�ram, Matlab Simulink (skat. 
2. att. (b)); 

�� metode, kura paredz atseviš�u vad�bas kont�ra posmu, piem�ram, 
vad�bas objekta vai sensora aizvietošanu ar to virtu�lajiem 
mode	iem – HIL (Hardware In the Loop), bet p�r�j�s ir re�las 
iek�rtas (Gomez, 2001); atkar�b� no darba m�r�a (vad�bas sist�mas 
izstr�de un test�šana, autom�tisk�s vad�bas objektu, izpildiek�rtu un 
sensoru darb�bas nov�rt�šana pie daž�diem vad�bas algoritmiem un 
rež�miem) s�k�k tiek iedal�ta sp�ka HIL un kontrollera HIL 2. att. 
(c) un (d) attiec�gi; 
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�� piln�b� programmatiska vad�bas kont�ra p�t�šanas metode SIL 
(Software In The Loop), kura paredz izpildiek�rtas, objekta un 
sensora mode	us veidot dinamisk�s simul�cijas vid�, bet kontrolleri 
realiz�t k� atseviš�u programmu, piem�ram, atseviš�� izpilddatn� 
kompil�t� no C valodas koda (Youn et.al., 2007, Mauri, 2009), 2. 
att. (e). 

Apskat�t�s HIL un SIL metodes tiek izmantotas vad�bas sist�mu izstr�d� 
un test�šan�, gad�jumos, ja autom�tisk�s vad�bas objekts ir komplic�ta, 
konfigur�cijas zi�� unik�la vai d�rga sist�ma, kuras darbin�šana testa nol�kos 
nav iesp�jama, ir b�stama, resursietilp�ga vai ar� v�l atrodas izstr�des stadij� un 
nav pieejama (Ledin, 1999, Gomez, 2001). Atjaunojam�s ener��tikas iek�rtu 
un DGS, taj� skait� kombin�to resursu sist�mu p�tniec�b� un izstr�d� HIL un 
SIL metodes ir lietotas jau iepriekš: atseviš�u �ener�jošo iek�rtu un t�kla 
piesl�guma simul�cijai, sp�ka interfeisu un to iek�rtu l�me�a vad�bas sist�mu 
p�t�jumiem, jaudas stendi elektrisko maš�nu p�t�šanai u.c. 

Autonom�s kombin�t�s elektroapg�des sist�ma, kas k� ener�ijas avotus 
vienlaic�gi izmanto vair�ku veidu atjaunojamo resursu veidus, p�c b�t�bas ir 
komplic�ta sist�ma ar stohastisk�m perturb�cij�m. Atkar�b� no lok�li 
pieejamiem resursiem un slodzes profila ir iesp�jams liels skaits �ener�još�, 
uzkr�još� un sp�ka interfeisa iek�rtu kombin�ciju. Tas atbilst literat�r� 
apskat�tajiem SIL un HIL izmantošanas gad�jumiem. Tom�r j�atz�m�, ka 
literat�r� nepar�d�s plaša inform�cija par šo metožu izmantošanu kombin�t�s 
elektroapg�des vad�bas p�t�jumos segmentu un kompleksa automatiz�cijas 
l�men�. 

Lai par�d�tu apskat�t�s pieejas izmantošanas piem�rot�bu daž�du 
ener�ijas pl�smas vad�bas algoritmu strat��iju nov�rt�šanai un realiz�šanai 
vad�bas iek�rtas programmat�r�, izmantotas SIL un sp�ka HIL metodes. Autora 
pied�v�t�s AVS un imit�cijas mode	u kopas elementu bloksh�ma SIL rež�mam 
ir redzama 3. att.  

AVS kontrollera programmatisk� mode	a izstr�dei ir lietota Microsoft 
.NET vide, kas nodrošina iesp�ju koda atk�rtotai izmantošanai vair�k�s 
oper�t�jsist�m�s un pie	auj programmat�ras izstr�di, izmantojot mode	u vad�tu 
jeb mode	b�z�tu arhitekt�ru (MDA – Model Driven Architecture). L�dz ar to 
SIL rež�m� test�to vad�bas programmu ar minim�l�m izmai��m ir iesp�jams 
lietot gatav� kontrollera risin�jum� (person�laj�, industri�laj� dator�, iegultaj� 
sist�m� utt.). Vad�bas programmas sasaistei ar re�l�m iek�rt�m un to imit�ciju 
mode	iem tika izstr�d�ta galveno autonom�s kombin�t�s elektroapg�des 
izpildiek�rtu, �eneratoru un uzkr�j�ju klašu bibliot�ka (skat. 2.1. noda	u). 
Kombin�t�s elektroapg�des sist�mas imit�ciju mode	i izstr�d�ti Matlab 
Simulink vid�. Simulink mode	i aptver visas vad�bas kont�ra komponentes, 
iz�emot vad�bas bloku, un nodrošina sasisti ar vad�bas programmu .NET vid�.   
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Inform�cijas apmai�ai starp vad�bas programmu un Matlab darba vidi 
izmantots Matlab Compiler V4 r�ks (Version 4.0 (R14) Matlab Compiler), no 
libmx.dll bibliot�kas un UtilityMatlabCompilerVer4.MatlabCSharp ietvarklase 
(Phan, 2004). Piek	uve Simulink modelim savuk�rt realiz�ta ar Matlab vides 
standarta funkcijas SIM('model', timespan, options, ...) pal�dz�bu. Funkcija 
sa�em parametrus – ce	u uz Simulink modeli, simul�cijas laika periodu un 
konfigur�ciju, k� ar� mode	a ieejas v�rt�bas. Simul�cijas rezult�tu – laika, 
mode	a izejas sign�lu un inerci�lo bloku st�vok	u vektorus – ieg�st caur Matlab 
vides main�gajiem. 

Supervisory control .NET application

Controller
programm

MATLAB
worksapce,

Simulink

Graphical User
Interface, file I/O

Device

class
library

MATLAB

Compiler
V4 wrapper

libmx.dll
library

Model of

actuators, plant
and sensors

I/O to

Matlab
Workspace

External
perturbations

Control algorithm

 

3. att. Simul�cijas, izmantojot SIL metodi 

 – vad�bas un perturb�ciju sign�li;  – atgriezenisk�s saites sign�li;  

 – simul�cijas rezult�ts;  – simul�cijas ieejas 

Fig. 3. Simulation using SIL method 

 – control and perturbation signals;  – feedback signals;  

 – result of the simulation;  – inputs of the simulation 

Mode	a simul�cija tiek veikta pa periodiem. Vad�bas programma nolasa 
rezult�tus, kas reprezent� sensoru r�d�jumus, katra perioda beig�s un padod 
regul�jošo iedarbi uz modeli n�kam� perioda s�kum�. Simul�cijas process 
detaliz�ti uz kop�j� simul�cijas laika t ass par�d�ts 4. att. Simul�cijas periods T 
Simulink vid� atkar�b� no izv�l�t� apr��ina algoritma un mode	a sign�lu 
izmai�as �truma tiek sadal�ts pa simul�cijas so	iem sm, l�dz ar to vien�da 
garuma periodiem so	u skaits var atš�irties. Simul�cijas s�kum� tiek padotas 
izpildiek�rtu ieejas iedarbes (vektors ar garumu J). Izejas tiek nolas�tas katra 
perioda beig�s k� matrica [Mi:K], kur Mi ir simul�cijas so	u skaits period� Ti, 
bet K – mode	a izejas sign�lu skaits. Funkcija fc apr��ina n�kam� perioda 
regul�šanas sign�lus tikai no iepriekš�j� perioda p�d�j� so	a izejas sign�liem un 
atgriež vektoru ar garumu J, kuru nos�ta uz modeli n�kam� perioda s�kum�. 
T�d� veid� tiek pan�kts, ka vad�bas sist�ma nolasa vad�m� objekta st�vok	us ar 
periodu T, kas b�t�b� ir AVS darb�bas periods. T�pat katr� n�kamaj� period� 
tiek nor�d�ti Simulink inerci�lo bloku iepriekš�j� perioda beigu st�vok	i, lai 
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simul�cijas process b�tu nep�rtraukts. Simul�cijas rezult�ti tiek apvienoti kop� 
pa visiem periodiem, ieskaitot visus katra perioda so	us. 
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4. att. SIL simul�cijas process uz simul�cijas laika ass 

Fig. 4. Process of SIL simulation on simulation time axis 

T� k� SIL rež�m� .NET programma veic datu apmai�u ar Simulink 
modeli tikai p�c simul�cijas perioda beig�m, tad netiek �emta v�r� kontrollera 
re�llaika darb�ba, t.i. tiek p�t�ta tikai kontrollera funkcionalit�te. SIL 
simul�cijas metode, iev�rt�jot kontrollera programmat�ras koda re�llaika 
izpildes �paš�bas s�k�k ir apskat�ta (Youn et.al., 2007). 

Segmentu l�me�a AVS programmat�ras mode	a darb�ba sp�ka HIL 
simul�cijas rež�m� demonstr�ta, izmantojot l�dzstr�vas kopnes un sp�ka 
interfeisu (pazeminošo l�dzstr�vas p�rveidot�ju) fizik�lo modeli (skat. 5. att.).  
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5. att. Simul�cija, izmantojot sp�ka HIL metodi 

 – vad�bas un perturb�ciju sign�li;  – atgriezenisk�s saites sign�li;  

 – simul�cijas rezult�ts 

Fig. 5. Simulation using HIL method 

 – control and perturbation signals;  – feedback signals;  

 – result of the simulation 
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Fizik�l� mode	a vad�bai izmantota t� pati iek�rtu klašu bibliot�ka un 
vad�bas programma, kas SIL rež�m�. Atš�iras tikai aparat�ras interfeisu 
realiz�još�s klases. Ja SIL gad�jum� t� ir ietvarklase sasaistei ar Matlab vidi, 
tad fizik�l� mode	a vad�ba veikta caur ciparu datu apmai�as t�klu (RS485 
fizik�laj� l�men� un IEC870-5 protokols datu posma l�men�). S�k�k 
eksperiment�lais stenda darb�ba apskat�ta 3.1. noda	�. 

Kop�j� autora pied�v�t� vad�bas sist�mu model�šanas strukt�ra par�d�ta 
6. att. Apar�tisk�s un programmatisk�s komponentes ir struktur�tas pa rind�m, 
vienlaic�gi par�dot daž�dus simul�cijas veidus un attiec�gi orient�jošus posmus 
sist�mas izstr�des laik�. Kolonn�s att�lotas AVS sist�mas komponenšu grupas: 
kontrolleris; aparat�ras interfeiss kontrollera datu apmai�ai ar p�r�j�m vad�bas 
kont�ra iek�rt�m; sensori un izpildiek�rtas; autom�tisk�s vad�bas objekts. 
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6. att. SIL un HIL metožu izmantošana centraliz�t�s l�dzstr�vas kopnes kombin�t�s 
elektroapg�des sist�mas AVS darb�bas p�t�šanai daž�dos izstr�des 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 sp�ka HIL simul�cijas ir p�t�ta re�la sist�ma, 
kas sast�v no akumulatora, slodzes, saules baterijas un uzl�des kontrollera. 
Eksperiment�li ieg�tie dati sal�dzin�ti ar l�dzstr�vas kopnes, sp�ka interfeisu, 
akumulatora un saules baterijas mode	u simul�cijas datiem. Mode	u kopa 
aprob�ta simul�cij� SIL rež�m� kompleksa un segmentu l�me�a autonomas 
kombin�tas elektroapg�des sist�mas vad�bas algoritmu nov�rt�šanai. 
Simul�cijas ieej�s izmantoti dati par lauksaimniec�bas objekta (liellopu fermas) 



 16

elektroener�ijas pat�r�t�jiem un meteorolo�isko inform�ciju atjaunojamo 
resursu �eneratoru pieejam�s jaudas noteikšanai. 

2. VAD	BAS SIST�MAS, IZPILDIEK
RTU, 
�ENERATORU UN UZKR
J�JU MODE�I 

Darba ietvaros ir s�k�k p�t�ta autonom�s kombin�t�s elektroapg�des 
sist�m�s biež�k lietoto iek�rtu darb�ba, izstr�d�ti to imit�ciju un objektu mode	i 
izmantošanai AVS programmat�r�. Visas iek�rtas, iz�emot akumulatoru, ir 
piesl�dzamas centr�lajai kopnei tikai caur sp�ka interfeisiem, t�p�c mode	u 
vienk�ršošanai un simul�cijas pa�trin�šanai nav papildus model�ti elektriskie 
p�rejas procesi �ener�jošaj�s un uzkr�jošaj�s iek�rt�s. 

2.1. AVS objektu modelis 

AVS programmat�ras realiz�cij� tika izmantota mode	u vad�t� 
arhitekt�ra un objektorient�t� pieeja, kombin�t�s elektroapg�des sist�mas 
iek�rtu (izpildiek�rtas, sensori, komunik�cijas iek�rtas) vad�bai nepieciešam�s 
metodes un dati tika apvienoti klas�s (skat. 7. att.).  
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 7. att. Kombin�t�s elektroapg�des sist�mas iek�rtu semantiskas t�kls 
1 – kombin�t�s elektroapg�des sist�mas klases; 2 – sensoru klases; 3 – atseviš�u iek�rtu imit�cijas 
mode	u klases; 4 – atseviš�u iek�rtu fizik�lo mode	u klases; 5 – klases aparat�ras interfeisa 
realiz�cijai 

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 



 17

Objektorient�t� pieeja un MDA kombin�to elektroapg�des sist�mu 
model�šanai un vad�bas programmat�ras izstr�d� ir lietota jau iepriekš (Zhu 
and Lubkeman, 1997, Agostini et.al., 2007). Šaj� darb� tipveida atjaunojamo 
resursu �ener�jošo un uzkr�jošo iek�rtu klašu strukt�ra tika papildin�ta ar 
iek�rtu lok�lo kontrolleri (p�c 
��� �.��., 1999) un HIL un SIL simul�cijas 
metožu realiz�cijai nepieciešamaj�m klas�m. 

Iek�rtu klasifik�cijas pamat� ir abstrakta klase “Device”. Lai 
nodrošin�tu unific�tu datu apmai�as meh�nismu ar AVS kont�ra iek�rt�m vai 
to imit�ciju mode	iem, “Device” satur aparat�ras interfeisu veidojošo abstrakto 
klasi “HardwareInterface”. To paplašina klases “HPSimInterface”, 
“COMportInterface” un “MBusInterface”, kuras savuk�rt nodrošina pieeju 
imit�ciju mode	iem, fizik�lajiem mode	iem un re�l�m iek�rt�m SIL un HIL 
rež�mos (5. grupa 7. att.). Klas� “Device” iek	autas ar� metodes un �paš�bas, 
kuri ir attiecin�mi uz vis�m iek�rt�m: iesl�gšana, izsl�gšana, identifikators 
elektriskaj� sh�m�, ražot�ja modelis u.c. 

Klase “HybridPowerSystem” satur “Device“ tipa sarakstu, kuru 
programmas izpildes laik� aizpilda ar konkr�t� sist�m� lietoto iek�rtu (v�ja 
�enerators, d�ze	�enerators, akumulators, sprieguma, str�vas sensori utt.) klašu 
instanc�m. Kombin�t�s elektroapg�des segmentu l�me�a vad�bas un kontroles 
funkcionalit�te, tiek realiz�ta “HybridPowerSystem“ l�men� un paliek 
nemain�ga, neatkar�gi no t�, vai Device instanc�m piesaist�tas re�las iek�rtas, to 
fizik�lie vai virtu�lie mode	i. 

 “Device“ paplašina klases “PowerDevice“ (1. grupa), kas ir visu sp�ka 
izpildiek�rtu visp�rin�jums, un daž�du veidu sensori (2. grupa). “PowerDevice“ 
savuk�rt paplašina daž�da veida kombin�t�s elektroapg�des iek�rtu grupas 
reprezent�jošas abstrakt�s klases ener�ijas uzkr�j�jiem, v�ja �eneratoram, 
fotoelektriskajam �eneratoram, slodzei, iekšdedzes �eneratoram un sp�ka 
interfeisam. Šaj� l�men� klašu strukt�ru var papildin�t ar� ar citu veidu sp�ka 
iek�rt�m. Abstrakt�s “PowerDevice“ iek�rtu grupu klases paplašina divu grupu 
klases. Klases iek�rtu imit�ciju mode	iem ir 3. grup�, bet 4. grup� – klases 
l�dzstr�vas kopnes fizik�l� mode	a iek�rt�m. 

2.2. Galveno izpildiek�rtu, �eneratoru, uzkr�j�ju  
un slodžu imit�ciju mode
i 

T� k� p�t�jum� ir paredz�ts model�t kombin�t�s elektroapg�des sist�mas 
darb�bu daž�d�m l�dzstr�vas kopnes konfigur�cij�m, tad kop�jais sist�mas 
modelis tika sadal�ts atseviš��s komponent�s: sprieguma un str�vas avoti 
(sp�ka interfeisi), �eneratori, pat�r�t�ji un l�dzstr�vas kopne. Izstr�d�t� 
Simulink bloku bibliot�ka par�d�ta 8. att. L�dzstr�vas kopne model�ta k� 
elektriskais kont�rs ar paral�li sl�gtiem avotiem un pat�r�t�jiem, kopnes 
kapacit�te ir konstants lielums, vad�t�ju pretest�ba un induktivit�te nav �emta 
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v�r�. Galvenais l�dzstr�vas kopnes regul�jamais parametrs ir spriegums Udc. 
Spriegumu kopn� ar kapacit�ti var atrast, integr�jot avotu un slodžu str�vu 
summu p�c laika un dalot ar kopnes kapacit�ti (Shenkman, 2005): 

 � 	
 �� �� dtII
C

U LiGi

dc

dc

1 , (1) 

kur  Udc – l�dzstr�vas kopnes spriegums; 
Cdc – l�dzstr�vas kopnes kapacit�te; 

 IGi – l�dzstr�vas avotu str�vas; 
 ILi – slodžu str�vas. 

Elektroener�ijas �eneratori, uzkr�j�ji un mai�str�vas slodzes tiek 
piesl�gtas kopnei caur sp�ka interfeisiem: l�dzstr�vas p�rveidot�jiem, 
regul�jamiem taisngriežiem, invertoriem u.c. Sp�ka interfeisi var darboties 
kopn� k� konstanta sprieguma vai konstantas str�vas avoti, k� ar� k� konstantas 
str�vas, pretest�bas vai jaudas pat�r�t�ji. Sprieguma un str�vas regul�jošos 
sign�lus �ener� segmentu l�me�a vad�bas programma, t�d�j�di vadot ener�ijas 
pl�smu uz pat�r�t�ju no atseviš�iem ener�ijas avotiem un uzkr�j�jiem.  
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8. att. Autonom�s kombin�t�s elektroapg�des iek�rtu Simulink bloku bibliot�ka 
 Cx – vienvirziena darb�bas sp�ka interfeiss; BCx – divvirzienu darb�bas sp�ka interfeiss;  
Lx – konstantas jaudas slodze; Rx – konstantas pretest�bas slodze; DC bus – l�dzstr�vas kopne;  
Ax – akumulators; WGsx – v�ja �enerators; Gx – iekšdedzes motora �enerators;  
PVx – fotoelektriskais �enerators (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) 

Elektroener�ijas avotu piesl�gšanai izmantoto vienvirziena darb�bas 
sp�ka interfeisu ieejas sign�li ir kopnes spriegums Udc un no elektroener�ijas 
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avota pieejam� jauda Pg, bet izej� ir pozit�va kopnes str�va Iout un kop�j� no 
avota pat�r�t� jauda Pload (uz kopni p�rvad�t� jauda un zudumi p�rveidot�j�). 
Elektroener�ijas avotiem savuk�rt ir pieejam�s jaudas izeja Pg un pat�r�t�s 
jaudas ieeja Pload savienojumam ar sp�ka interfeisu. Ener�ijas avotu un sp�ka 
interfeisu savienošana ar jaudas sign�lu dod iesp�ju model�t sp�ka interfeisu ar 
l�dzstr�vas izeju un univers�lu ieeju, neatkar�gi no �ener�još�s iek�rtas izejas 
parametriem, t�d�j�di 	aujot vienk�ršot mode	a uzb�vi un pa�trin�t simul�ciju. 
Darba ietvaros veidotajos �ener�jošo iek�rtu mode	os tiek model�ta tikai 
statiski pieejam� jauda un nav p�t�ti elektriskie p�rejas procesi.  

Konstantas jaudas slodzes ieej� ir kopnes spriegums Udc un sign�ls Pload, 
ar kura pal�dz�bu var nor�d�t konstantas jaudas v�rt�bu. Slodzes sp�ka interfeisa 
izeja Iout pat�r� kopn� str�vu, t�p�c t� ir negat�va. L�dz�gi ir organiz�ta 
konstantas pretest�bas slodzes darb�ba. Divvirzienu darb�bas sp�ka interfeisi 
paredz�ti uzkr�j�ju iesl�gšanai kopn� un paredz gan pozit�vas izejas str�vas 
rež�mu, gan negat�vu, pat�r�jot uzdoto jaudu kopn� un l�d�jot piesl�gto 
uzkr�j�ju. Akumulatora un l�dzstr�vas kopnes blokos attiec�gi ieej�s Ibatt un Idc 
tiek padota visu avotu un slodžu str�vu summa un apr��in�ts kopnes 
spriegums. Vien� l�dzstr�vas kopnes sl�gum� str�vu summ�šanai un sprieguma 
Udc apr��inam var izmantot tikai vienu no šiem blokiem. Papildus kopnes 
sign�liem att�lin�ti vad�mo iek�rtu blokiem ir realiz�ti vad�bas sign�lu vektors 
“c” un kontroles sign�lu vektors “m”, ar kuru pal�dz�bu tiek realiz�ta datu 
apmai�a ar .NET vides augst�k� l�me�a vad�bas programmu. 

Bez sp�ka interfeisiem un slodz�m tika izstr�d�ti mode	i svina–sk�bes 
akumulatoram, ottomotora piedzi�as �eneratoram (�enerators ar ierobežotu 
ener�ijas resursu), fotoelektriskais �enerators jeb saules baterija un v�ja 
�eneratoram. Visu mode	u precizit�te, iz�emot v�ja �eneratoru, tika nov�rt�ta, 
sal�dzinot tos ar re�lu iek�rtu eksperiment�li ieg�tiem datiem. 

3. EKSPERIMENT
LO DATU UN TEOR�TISKO 
MODE�U SAL	DZIN
ŠANA 

Autonom�s kombin�t�s elektroapg�des mode	u kopa tika eksperiment�li 
valid�ta divos so	os: ar fizik�lo modeli sast�vošu no re�lu sp�ka interfeisa 
iek�rtu m�rog� samazin�t�m kopij�m un ar re�l�m iek�rt�m – saules paneli, 
uzl�des kontrolleri, svina-sk�bes akumulatoriem un konstantas pretest�bas 
slodzi. 

3.1. Eksperimenti ar l�dzstr�vas kopnes  
fizik�lo modeli 

M�r�is eksperimentam ar fizik�lo modeli ir demonstr�t vienas un t�s 
pašas augst�k� l�me�a AVS programmas izmantošanas iesp�jas sp�ka HIL 
rež�m� re�llaik� un sal�dzin�t rezult�tus ar t�s pašas konfigur�cijas SIL modeli. 
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Sp�ka HIL simul�cija veikta ar l�dzstr�vas kopnes un sp�ka interfeisa iek�rtu 
fizik�lajiem mode	iem, bet SIL – ar simul�cijas mode	iem Simulink vid�. 
Fizik�lais modelis ir m�rog� samazin�ts re�las iek�rtas modelis ar lok�lu 
kontrolleri izejas parametru regul�šanai un datu apmai�as interfeisu att�lin�tai 
vad�bai un kontrolei. Segmentu l�me�a vad�bas iek�rtas programmat�ra 
realiz�ta, izmantojot 2.1. noda	� apskat�to objektorient�to pieeju. Eksperiment� 
izmantoto iek�rtu un datu pl�smas sh�ma dota 5. att. Mode	a un AVS interfeisa 
darb�ba tika p�rbaud�ta SIL un HIL rež�mos, veicot paral�li sl�gto l�dzstr�vas 
p�rveidot�ju autom�tisko vad�bu, izmantojot vienu un to pašu slodzes 
p�rsl�gšanas scen�riju un vad�bas algoritmu. Šai vajadz�bai tika praktiski 
izveidota eksperiment�la spriegumu pazeminoš� l�dzstr�vas p�rveidot�ja 
iek�rta ar att�lin�t�s vad�bas iesp�ju “Buck1”. L�dzstr�vas p�rveidot�js var 
darboties str�vas vai sprieguma avota rež�m�, izeja tiek regul�ta ar PID 
kontrollera pal�dz�bu. Eksperiment�lais stends (skat. 9. att.) sast�v no 3 
“Buck1” l�dzstr�vas p�rveidot�jiem un p�rsl�dzamas 5 l�me�u rezist�vas 
slodzes, kuri sl�gti vienot� kopn� ar iesl�gtu 2200 �F kondensatoru. Slodzes 
l�me�i tiek p�rsl�gti ar releju pal�dz�bu sasl�dzot paral�li 100 � pretest�bas. 
Visas iek�rtas ir sasl�gtas vien� datu apmai�as t�kl� un savienotas ar 
ved�jiek�rtu – datoru kas darbojas k� augst�k� l�me�a vad�bas kontrolleris. 

 

9. att. Eksperiment�lais stends 
1 – osciloskops; 2 – barošanas bloks “Buck1” un slodzes vad�bas elektronikai; 3 – barošanas bloks 
“Buck1” ieej�s; 4 – l�dzstr�vas kopne; 5 – USB-RS485 sign�lu p�rveidot�js; 6 – dators augst�k� 
l�me�a AVS programmat�rai un datu uzkr�šanai 

Fig. 9. Experimental setup 

1 – oscilloscope; 2 – power supply for “Buck1” and load module controllers;  

3 – power supply at the inputs of “Buck1”; 4 – DC bus; 5 – USB-RS485 converter; 6 – personal 

computer for supervisory control and data logging 

4 
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Augst�k� l�me�a AVS sp�j aptauj�t visas 4 piesl�gt�s iek�rtas ar vid�jo 
periodu 50 ms. Dati tika uzkr�ti gan vad�bas programm�, gan neatkar�gi ar 
osciloskopu PicoScope3000 vienlaic�gi 4 kan�los (kopnes spriegums un katra 
p�rveidot�ja izejas str�va) ar m�r�jumu periodu 22 ms. 

Simulink modelis SIL rež�mam savuk�rt veidots no idealiz�tajiem sp�ka 
interfeisiem (skat. 10. att.). Izmantota viena augst�k� l�me�a AVS programma 
abiem simul�cijas rež�miem, kura str�d� div�s paral�l�s pl�sm�s: sp�ka 
interfeisu vad�bas algoritms un slodzes iesl�gšanas scen�rija izpilde. 

SIL un HIL simul�cijas rezult�ti tika sal�dzin�ti, eksperiment�li, izpildot 
daž�dus slodžu piesl�gšanas un regul�šanas scen�rijus. Simul�cijas rezult�ts 
11. att. par�d�ts sekojošam sist�mas darb�bas scen�rijam. Sprieguma avots C1 
notur kopn� past�v�gu l�dzspriegumu Udc = 8 V, bet str�vas avots C3 s�k dot 
kopn� str�vu IC3 = 150 mA, ja sprieguma avota izejas str�va pieaug IC1 � 170 
mA. S�kuma st�vokl� l�dzstr�vas kopn� ir 100 � slodze, 4 so	os t� tiek 
palielin�ta l�dz 20 �, katr� sol� piesl�dzot paral�li papildus 100 �. 

 

10. att. Eksperiment�l� stenda Simulink modelis 

Fig. 10. Simulink model of the experimental setup 

Grafik� var redz�t, ka C1 pamat� stabili notur uzdoto kopnes spriegumu 
abos simul�cijas rež�mos, ta�u fizik�laj� model� par�d�s sprieguma l�ciens l�dz 
16.8 V br�d�, kad papildus kopn� konstantas str�vas rež�m� s�k darboties avots 
C3. Tas ir izskaidrojams ar to, ka C3 uzl�d� kopnes kondensatoru un šaj� br�d� 
spriegumu regul�jošais p�rveidot�js atsl�dz izejas str�vu IC1 atbilstoši PID 
regulatora iestat�jumiem, bet nesp�j samazin�t kopnes spriegumu, jo 
kondensatoram ir nepieciešams laiks, lai izl�d�tos caur slodzi. Probl�ma ir 
risin�ma, pieska�ojot PID regulatora parametrus un paaugstinot regul�šanas 
frekvenci, vai papildus saska�ojot C3 piesl�gšanu ar C1 izejas str�vas 
samazin�šanu caur augst�k� l�me�a AVS. L�ciens nav nov�rojams Simulink 
model�, jo l�dzstr�vas p�rveidot�ji tiek model�ti k� idealiz�ti neinerci�li 
sprieguma un str�vas avoti. Š�dus sprieguma l�cienus var filtr�t ar� ar 
l�dzstr�vas kopn� iesl�gtu akumulatoru. 
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Pie 100 un 50 � slodz�m, kad darbojas tikai C1, rezult�ti ab�s metod�s 
atš�iras nenoz�m�gi, attiec�gi: IC1

SIL = 80 mA, vid�jais IC1
HIL = 82.1 mA un  

IC1
SIL = 160 mA, vid�jais IC1

HIL = 162.9 mA. Atš�ir�ba statiskaj� rež�m� par�d�s, 
kad tiek piesl�gts C3 pie slodzes 33.3 un 25 � attiec�gi: IC1

SIL = 90 mA, vid�jais 
IC1

HIL = 59.5 mA un IC1
SIL = 170 mA, vid�jais IC1

HIL = 138.7 mA, bet  
IC3

SIL = 150 mA un vid�jais IC3
HIL = 182.6 mA. Tas ir izskaidrojams ar “Buck1” 

p�rveidot�ja str�vas atgriezenisk�s saites nelinearit�ti. P�rveidot�js tika 
kalibr�ts pie str�vas rež�ma izejas 100 mA, ta�u, palielinoties str�vas 
regul�jošam sign�lam, palielin�j�s ar� p�rveidot�ja izejas str�vas k	�da (šaj� 
gad�jum� – 32.6 mA). C3 HIL simul�cij� deva kopn� liel�ku str�vu par uzdoto, 
t�p�c samazin�s ar� C1 str�va, kas nepieciešama kopnes sprieguma notur�šanai. 
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11. att. Fizik�l� mode
a simul�cijas rezult�ti 

Fig. 11. Simulation results of the physical model 

J�atz�m�, ka apskat�t� test�šanas vide, kur� vad�bas algoritms realiz�ts 
k� .NET vides programma, nav stingra re�llaika sist�ma, regul�šanas periods ir 
50 ms, un ir j�r��in�s ar kontrollera reakcijas laika aiztur�m. 
emot v�r� 
l�dzstr�vas kopnes zemo dinamiku, ja tiek izmantoti filtr�jošie kondensatori vai 
kopn� tieši sl�gts akumulators, š�da pieeja ir izmantojama augst�k� l�me�a 
vad�bas sist�mas test�šanai sp�ka HIL rež�m� ar nol�ku p�rbaud�t 
programmat�ras funkcionalit�ti re�los apst�k	os. Turpret� SIL rež�m�, 
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pateicoties tam, ka modelis Simulink vid� tiek darbin�ts pa stingri noteiktiem 
laika interv�liem, .NET programm� realiz�tajam kontrollerim nav laika 
ierobežojumu reakcijas �ener�šanai uz sensoru r�d�jumu izmai��m. 

3.2. Eksperimenti ar saules pane
a un akumulatoru uzl�des 
kontrollera autonomo sist�mu 

Autonom�s kombin�tas elektroapg�des sist�mas imit�cijas mode	u 
eksperiment�l� valid�cija ar re�l�m iek�rt�m veikta ar saules baterijas uzl�des 
kontrollera Steca PR3030, saules baterijas Kioto KPV 195 PE, divu sl�gta tipa 
svina-sk�bes akumulatoru FIAMM FG20451 virknes sl�gum� un divu slodzes 
rezistoru mas�vu pal�dz�bu. Eksperiment�lais stends (kontrolleris un 
akumulatori) par�d�ts 12. att. Izmantota tipveida PR3030 sl�guma sh�ma ar 
slodzi piesl�gtu tieši pie akumulatora spail�m. Ar stenda pal�dz�bu iesp�jams 
uz�emt saules baterijas str�vu IPV un spriegumu UPV, akumulatoru str�vu Ibatt un 
spriegumu Ubatt, akumulatoriem tieši piesl�gt�s slodzes str�vu Iload un 
apgaismojuma l�meni Gs. 

 

12. att. Saules bateriju uzl�des kontrollera un akumulatora  
eksperiment�lais stends 

1 – uzl�des kontrolleris Steca PR3030; 2 – sl�gta tipa svina-sk�bes akumulatori  
FIAMM FG20451; 3 – sadales un m�rp�rveidot�ju pl�ksn�te 

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 

Eksperiment�lie dati tika uz�emti atš�ir�giem slodžu un saules 
starojuma scen�rijiem. Eksperimenti veikti Jelgavas novad� laik� no 2011. gada 
3. l�dz 23. augustam. Rezult�ti tika sal�dzin�ti ar darba ietvaros izstr�d�to 
imit�ciju mode	u kopu, ekvivalentais sl�gums dots 13. att. Modelis sast�v no 
saules baterijas PV1, sp�ka interfeisa C1, slodzes R1, kopnes akumulatora A1 

1 

2 

3 
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un papildus konstantas jaudas slodzes L1 kontrollera PR3030 pašpat�ri�a 
imit�šanai. Mode	a ieej�s ir divas �r�jo datu laikrindas: saules 
elektromagn�tiskais starojums (bloks “Ga_data”) un slodzes pretest�ba (bloks 
“R_data”). Slodzes dati katr� laika punkt� tika apr��in�ti no eksperiment�li 
uz�emtaj�m Ubatt un Iload l�kn�m. L�d�šanas sprieguma regul�šanas v�rt�ba ur 
C1 model� �emta no PR3030 tehnisk�s dokument�cijas, kur 28.2 V ir 
akumulatora beigu uzl�des spriegums peldoš� l�d�šanas rež�m�. Str�vas 
regul�šanas iestat�t� v�rt�ba ir tiek apr��in�ta blok� “Add2” k� summa no 
PR3030 pašpat�ri�a, slodzes (str�vas ir negat�vas, t�p�c summator� tiek 
at�emtas) un pie	aujam�s akumulatora uzl�des str�vas (1.12 A). Pirms katra 
m��in�juma akumulatori tika uzl�d�ti l�dz 26±0.2 V (EDS). 

 

13. att. Uzl�des kontrollera PR3030, saules baterijas, akumulatora  
un slodzes ekvivalent� mode
a sh�ma 

Fig. 13. Equivalent model of solar charge controller, photovoltaic  

module, battery and load 

M��in�jums 14. att. veikts 4. august� 15:35-16:05 ar �21 � un �7 � 
slodzes pak�p�m iesl�gt�m uz daž�diem laika interv�liem (0:30-10:00 min). 
M��in�jum� par�d�ta akumulatora uzl�de main�gas saules baterijas jaudas 
apst�k	os dienas laik� ar main�gu m�ko�u daudzumu. 

Re�l� un model�t� uzl�des kontrollera darb�ba pie pietiekama saules 
baterijas apgaismojuma p�c Ubatt sign�la pamat� sakrita (mode	a kvadr�tisk� 
k	�da vid�ji 0.65 V jeb 2.7 % no akumulatora nomin�l� sprieguma). Mode	a 
k	�da pieauga, apgaismojumam samazinoties l�dz 200 W·m-2 pie iesl�gtas 
slodzes eksperimenta 15. l�dz 24. min, kas ir saist�ms ar akumulatora model� 
izmantoto konstanto iekš�jo pretest�bu. 
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14. att. Eksperiment�li uz�emtie un model�tie sist�mas main�gie 

Fig. 14. Experimental and modelled variables of the system 

Liel�ka mode	a k	�da bija nov�rojama akumulatora str�vai pie atsl�gtas 
slodzes – vid�ji 0.6 A, kas var�tu b�t saist�ts ar kontrollera PR3030 uzl�des 
algoritma �patn�b�m pie augstiem akumulatora uzl�des l�me�iem un saules 
pane	a jaudai p�rsniedzot slodzes jaudu, turpret� model�t� sp�ka interfeisa izeja 
darbojas sprieguma vai str�vas avota rež�m�. Str�vas k	�da samazin�s, kad 
slodze ir iesl�gta. Kopum� model�t�s slodzes str�vas kvadr�tisk� k	�da nevien� 
m��in�jum� vid�ji nep�rsniedza 0.034 A, t.i. 2.9 % no teor�tisk�s v�rt�bas pie 
akumulatoru nomin�l� sprieguma 24 V un slodzes pak�pes 21 � un 0.8 % pie 
24 V un 7 � slodzes pak�pes.  

4. MODE�U KOPAS APROB
CIJA 

Darba ietvaros izstr�d�t�s mode	u kopas aprob�cija tika veikta, 
model�jot un simul�jot liellopu fermas autonom�s kombin�tas elektroapg�des 
sist�mas darb�bu. Simul�cijas ieej�s izmantoti dati par elektroener�ijas 
pat�r�t�jiem LLU M�c�bu un P�t�jumu saimniec�bas (MPS) “Vecauce” liellopu 
ferm�, kura projekt�ta 530 gov�m, un 2007. gada lok�l� meteorolo�isk� 
inform�cija. 

Elektrisk�s slodzes un pieejamo atjaunojamo resursu grafiks ned�	ai 
05.11.2007.–11.11.2007. dots 15. att. Simul�cijas ieej� tika izmantoti ar� gaisa 
temperat�ras dati, lai iev�rt�tu t�s ietekmi uz slodzes izmai�u, piem�ram, 
darbinot sild�t�jus pie temperat�ras zem 0 ºC. 
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15. att. Meteorolo�iskie dati un slodzes profili laika period� 

 05.11.2007. l�dz 11.11.2007. 

        – saules starojums;          – v�ja �trums;         – gaisa temperat�ra;    – 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 

Kombin�to elektroapg�des sist�mu iek�rtu konfigur�cijas optimiz�cijas 
programm� “HOMER” tika atrasts autonom�s kombin�tas elektroapg�des 
sist�mas (turpm�k HPS2) variants atbilstoši pieejamajiem resursiem un slodzei 
(skat. 16. att.). Sist�mas elektroener�ijas avoti ir divi Fuhrländer 100 kW v�ja 
�eneratori WGs1, 40 kW saules bateriju mas�vs ar optim�lu stacion�ro 
novietojumu PV1, kurš sast�v no 200 Kioto 195 pane	iem un 25 kW iekšdedzes 
�eneratora G1, kas var darboties ar fosilo vai biodegvielu. �eneratora degvielas 
pat�ri�š model�ts ar emp�riski ieg�to line�ro sakar�bu benz�na �eneratoram:  
Q = 3.6·10-4

·Pel + 1.06 l·h-1. �eneratoram pie jaudas 25 kW tas atbilst  
10.06 l·h-1 jeb 0.4 l·(kWh)-1. R�d�t�ji atbilst tirg� pieejamajiem 20-30 kW 
d�ze	�eneratoriem (Approximate Diesel Fuel..., 2011). Iek�rtu apvienošanai 
paredz�ta 120 V centr�l� l�dzstr�vas kopne ar tieši piesl�gtu 4000 Ah 
dzi	izl�des svina-sk�bes akumulatoru A1. Akumulatora maksim�l� uzl�des 
str�va ir 10 % no kapacit�tes Ichmax = 400 A. Sp�ka interfeisu C1-C3, k� ar� 
slodzes invertora L1 lietder�bas koeficients � = 90 %. Ekvivalentais HPS2 
imit�ciju modelis ar AVS interfeisu Simulink vid� par�d�ts 17. att. 

Izmantojot izstr�d�to uz SIL balst�tu autonom�s kombin�t�s 
elektroapg�des vad�bas algoritmu un strat��iju darb�bas model�šanas metodiku, 
tika model�ti un nov�rt�ti divi tipveida d�ze	�eneratora vad�bas algoritmi 
ener�ijas pl�smas p�rdalei starp akumulatoru l�d�šanu un slodzi (apskat�ti 
Barley et. al., 1995): akumulatora ciklisk� uzl�de un slodzes sekošana. P�c 
ciklisk�s uzl�des algoritma iekšdedzes �enerators tiek iesl�gts pie 50 % 
akumulatora uzl�des l�me�a un atsl�gts, sasniedzot 90 % uzl�des l�meni. 
Slodzes sekošanas algoritms paredz �eneratora iesl�gšanu, ja slodzes jauda 
p�rsniedz pieejamo jaudu no atjaunojamiem resursiem. 
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16. att. Vienk�ršota liellopu fermas autonom�s kombin�t�s  
elektroapg�des sist�mas iek�rtu sl�guma sh�ma 

Fig. 16. Simplified connection diagram of autonomous  

hybrid power supply equipment of a cattle farm 

Lai pan�ktu maksim�li lietder�gu degvielas pat�ri�u pie slodzes 
sekošanas algoritma, iekšdedzes �enerators tiek iesl�gts tikai, ja akumulatora 
izl�des str�va p�rsniedz no sp�ka interfeisa C1 pieejamo str�vu par 20 A pie 
nomin�l�s �eneratora G1 jaudas un nomin�l� sist�mas sprieguma 120 V. T�d� 
veid� tiek pan�kts, ka �enerators tiek darbin�ts ar jaudu tuvu nomin�lai un 
kompens� atjaunojamo resursu jaudas iztr�kumu un nel�d�jot akumulatoru. Lai 
pasarg�tu akumulatoru no p�r�k dzi	as izl�des, slodzes sekošana papildus 
kombin�ta ar ciklisko akumulatora uzl�di ar šauru hister�zi: �enerators tiek 
iesl�gts ar� pie 40 % akumulatora uzl�des l�me�a, bet atsl�gts – pie 60 %. L�dz 
ar to atbilstoši slodzes sekošanas strat��ijai akumulatora uzl�de l�dz maksim�lai 
kapacit�tei tiek veikta tikai ar atjaunojamo resursu pal�dz�bu. �eneratora 
minim�lais darb�bas laiks iestat�ts uz 30 min, kas nov�rš p�r�k biežu �eneratora 
iesl�gšanu un atsl�gšanu pie akumulatora str�vas sv�rst�b�m ap iestat�to 
iesl�gšanas str�vas robežu. 

Aprakst�tie algoritmi realiz�ti vad�bas programm� .NET vid�, izmantojot 
2.1. noda	� aprakst�to objektu modeli. AVS regul�šanas periods ir 60 s, t.i. 
.NET vides programma apr��ina vad�bas iedarbes, iestata nepieciešamos 
Matlab vides ieejas un inerci�lo bloku st�vok	u v�rt�bas un uzs�k Simulink 
mode	a simul�ciju 60 s period�, p�c kura nolasa rezult�tus no Matlab vides 
main�gajiem. Visas Simulink mode	u simul�cijas tika veiktas, izmantojot 
main�gu soli un “ode23tb” algoritmu. Mode	a darb�bas �trums attiec�b� pret 
re�llaiku atkar�b� no p�rejas procesu intensit�tes apskat�taj� HPS2 mode	a 
konfigur�cij� vid�ji ir 150:1, t.i. sist�mas darb�bas simul�cija 7 dienu periodam 
tiek veikta aptuveni 67 min�t�s. Tika veiktas vair�kas simul�cijas diennakts un 
ned�	as laika posmiem pie daž�diem atjaunojamo resursu pieejam�bas 
scen�rijiem. Simul�cijas rezult�ti ned�	as scen�rijam ar main�gu v�ja �trumu 
05.11.2007.–11.11.2007. grafiski par�d�ti 18-19. att. 
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18. att. Sist�mas darb�bas simul�cijas rezult�ti akumulatora  
ciklisk�s uzl�des algoritmam 

Fig. 18. Simulation results of system operation for  

cyclic battery charge algorithm 

Simul�cijas rezult�tu grafikos ir iek	autas slodzes jauda Pl, kW un 
sist�m� pat�r�t� atjaunojamo un fosilo resursu elektrisk� jauda (bet ne kop�j� 
�ener�t�, 10 % zudumi avotu sp�ka interfeisos ir atskait�ti): PS saulei, PV v�jam, 
PG iekšdedzes �eneratoram, kW. T�pat doti akumulatora uzl�des l�menis SOC, 
% un neizmantot� jauda iekšdedzes �eneratoram, saules baterijai un v�ja 
�eneratoriem attiec�gi PexcG., PexcS., PexcV, kW. Lai grafiski uzskat�mi par�d�tu 
atjaunojamo un fosilo resursu da	u slodzes nodrošin�šan�, tika izmantoti grafiki 
ar vertik�li summ�to laukumu (stacked area). 

Palielin�t�s v�ja resursu pieejam�bas ietekm� p�c ciklisk�s uzl�des 
algoritma iekšdedzes �enerators darboj�s 26 % no kop�j� simul�cijas laika, 
iesl�dzoties tr�s punktos, kur sakrita atjaunojamo resursu pieejam�bas kritumi 
un slodzes l�cieni (skat. 18. att.), bet 63 % no kop�j� laika akumulatora uzl�des 
l�menis SOC bija augst�ks par 80 %. Slodzes sekošanas algoritmam š�s da	as ir 
attiec�gi 23 % un 55 %, un G1 iesl�gšana sakrita ar slodzes jaudas l�cieniem. 
Ab�s simul�cij�s liel�ko da	u laika akumulators bija piln�b� uzl�d�jies no 
atjaunojamajiem resursiem, grafiski SOC l�knes izmai�as atk�rtojas. L�dz ar to 
slodzes sekošanas algoritmam samazin�j�s kop�jais iekšdedzes �eneratora 
darb�bas laiks un nepat�r�t� atjaunojamo resursu ener�ija: 10.5 kWh 
(nepat�r�t� saules ener�ija), 71.0 kWh (v�ja ener�ija). Simul�cijas grafik� var 
uzskat�mi redz�t, ka pie abiem algoritmiem 6. dien� ir v�ja ener�ijas 
p�rpalikums, bet 7. ir radies atjaunojamo resursu iztr�kums, k� d�	 ir j�darbina 
d�ze	�enerators un strauji kr�tas akumulatora uzl�des l�menis. Sist�mas darb�bas 
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simul�cija par�d�ja, ka ciklisk�s uzl�des algoritmam ned�	as laik� netika 
pat�r�ta ener�ija no saules baterij�m 52.9 kWh apjom� un 1436 kWh no v�ja 
�eneratoriem, slodzes sekošanai attiec�gi 42.4 kWh un 1365.4 kWh. Tas 
apstiprina pie��mumu par iesp�jamo neregul�ri pieejamo atjaunojamo resursu 
zemo izmantošanas efektivit�ti pie main�gas slodzes. Turkl�t n�kamaj�s dien�s 
samazin�s atjaunojamo resursu pieejam�ba, t�p�c tiek izmantots d�ze	�enerators 
un akumulatoros uzkr�t� ener�ija. 
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19. att. Sist�mas darb�bas simul�cijas rezult�ti modific�tajam  
slodzes sekošanas algoritmam 

Fig. 19. Simulation results of system operation for  

modified load following algorithm 

L�dz ar to, veicot simul�cijas SIL rež�m� pie daž�diem resursu 
pieejam�bas un slodzes scen�rijiem, iesp�jams modific�t ener�ijas pl�smas 
vad�bas algoritmus, pan�kot optim�lu atjaunojamo resursu izmantošanu un 
samazin�t nepieciešamo �ener�jošo un uzkr�jošo iek�rtu kapacit�ti. Izstr�d�t� 
sist�mas vad�bas programmat�ra ar minim�l�m izmai��m var tikt izmantota 
vad�bas iek�rtas realiz�cij�. 

SECIN
JUMI 

1. Alternat�vo atjaunojamo ener�ijas avotu kombin�t� lietošana un optim�la 
ener�ijas pl�smas sadale starp elektroener�ijas ražošanas un uzkr�šanas 
iek�rt�m un pat�r�t�ju var kompens�t pieaugošo elektroener�ijas pat�ri�u 
lauksaimniec�bas objektu energoapg�d� un mazin�t energoatkar�bu. 

2. Izmantojot darb� izstr�d�to model�šanas metodiku konkr�ta 
lauksaimniec�bas objekta autonom�s kombin�t�s elektroapg�des sist�mas 
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simul�cij�, var secin�t, ka literat�r� pied�v�t�s ener�ijas pl�smas vad�bas 
strat��ijas, kuras izmanto slodzes atgriezenisko saiti, meteorolo�isk�s 
prognozes atjaunojamo resursu �eneratoru pieejam�s jaudas paredz�šanu, 
intelektu�lo a�entu pieeju utt., var uzlabot atjaunojamo resursu apguvi un 
samazin�t neefekt�vu fosilo resursu �eneratoru darbin�šanas laiku un 
uzkr�j�ju izmantošanu. 

3. Galven� priekšroc�ba atseviš�u vad�bas kont�ra da	u model�šanai 
kompleksa un segmentu l�me�a kombin�t�s elektroapg�des vad�bas 
sist�mu nov�rt�šan� un pilnveidošan�, sal�dzinot ar pašlaik pieejam�m 
simul�cijas vid�m, ir iesp�ja br�vi veidot un modific�t vad�bas algoritmus 
standarta augsta l�me�a programm�šanas valod�s. Tas dod iesp�ju 
izmantot mode	u vad�tu arhitekt�ru programmat�ras izstr�d� un ar 
minim�l�m izmai��m implement�t vad�bas programmu gala iek�rt�.  

4. Darb� pied�v�to vad�bas iek�rtas programmat�ras Microsoft .NET vad�bas 
sist�mas objektu modeli var realiz�t ar� cit�s virtu�laj�s izpildes vid�s 
(Java, Mono) un objektorient�t�s programm�šanas valod�s. Iek�rtu 
imit�ciju mode	u izstr�d� nav izmantotas Matlab Simulink specifiskas 
komponentes, l�dz ar to mode	i ir realiz�jami ar� alternat�v�s dinamisk�s 
model�šanas vid�s. 

5. Segmentu l�me�a vad�bas sist�mas mode	a darb�ba re�llaik� demonstr�ta, 
regul�jot l�dzstr�vas kopnes spriegumu, izmantojot sp�ka interfeisu 
fizik�los mode	us ar diskretiz�cijas periodu 50 ms, kas ir pietiekams, lai 
notur�tu stabilu spriegumu l�dzstr�vas kopn� ar main�gu slodzi un kopn� 
tieši iesl�gtu kondensatoru vai akumulatoru. 

6. Izstr�d�ti un eksperiment�li valid�ti galveno izpildiek�rtu imit�ciju 
mode	i, kas dod iesp�ju izmantot tos kombin�to sist�mu virtu�laj�s 
simul�cij�s: mazjaudas ottomotora piedzi�as �eneratoriem – line�rais 
modelis ar koeficientu ticam�bu 95 %, saules baterijai – matem�tiskais 
modelis (ar precizit�ti 1.5 % robež�s), svina-sk�bes akumulatoram – 
matem�tiskais modelis ar konstantu iekš�jo pretest�bu (precizit�te 1.7 % 
no nomin�l� sprieguma vid�j� uzl�des/izl�des raksturl�knes posm�). 

7. P�t�jumu rezult�ti, kuri ieg�ti, veicot vad�bas iek�rtas un sist�mas 
simul�ciju MPS “Vecauce” tipa liellopu fermas autonomai elektroapg�dei 
ar 200 kW v�ja staciju, 40 kW saules baterij�m, 25 kW d�ze	�eneratora un 
120 V 4000 Ah akumulatoru, par�da, ka, sal�dzinot ar ciklisk�s uzl�des 
algoritmu, piln�g�k atjaunojamie resursi tiek izmantoti pie slodzes 
sekošanas algoritma: par 81 % saulain� laik� maij� un par 5 % v�jain� 
laik� novembr�. Pie tam samazin�s ar� d�ze	degvielas pat�ri�š par 12 % 
ned�	as period� maij� un par 8 % novembr�. 

8. Darba ietvaros izstr�d�t�s mode	u kopas simul�cijas �trums attiec�b� pret 
re�lo laiku atkar�b� no vad�bas objekta p�rejas procesu daudzuma un 
intensit�tes ir vid�ji 150:1. Simul�cijas �trumu var palielin�t, izmantojot 
dinamisko Simulink modeli kompil�tas bibliot�kas veid�. 
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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 ener��tika skait	os..., 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 ilgtsp�j�gas att�st�bas..., 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. 



 34

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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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 François, 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 (
������, 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:  

�� 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)); 

�� 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)); 

�� 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 t 
axis in Fig. 4. In Simulink depending on the used solver and rate of signal 
changes simulation period T is split into steps sm, 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 
[Mi:K], where Mi is a count of simulation steps in a period Ti, but K – count of 
model output signals. The function fc determines control reference signals for 
the next period Ti only from output of the last simulation step of the previous 
period Ti-1 and returns a signal vector with J elements, which then is sent to the 
model at the beginning of Ti. Thus, the control system reads the sensor values 
with a period T, 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 
��� �.��., 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 “HardwareInterface”. The abstract class “HardwareInterface” 
is extended by real classes “HPSimInterface”, “COMportInterface” and 
“MBusInterface”, 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 Udc, which can be found by integrating the sum of currents of 
electrical sources and loads and dividing by the bus capacity (Shenkman, 
2005): 

 � 	
 �� �� dtII
C

U LiGi

dc

dc

1 , (1) 

where  Udc – voltage of DC bus; 
Cdc – capacitance of DC bus; 

 IGi – currents of DC sources; 
 ILi – 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. 



 43

 

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 Udc and available 
power from the generator Pg, but the outputs are positive current Iout and total 
consumed power in the power interface Pload (consist of power transferred to 
the bus and conversion losses). Energy sources or generators in their turn have 
available power output Pg and consumed power input Pload 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 Udc and signal Pload to 
indicate the value of the load. The output current of the load Iout 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 Ibatt and Idc 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 Udc. 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 “Buck1” 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 
“Buck1” DC converters and a remotely switchable 5-level resistive load 
module, which are connected to the DC bus in parallel with 2200 �F capacitor. 
Load levels are changed by switching parallel 100 � 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 Udc = 8 V, 
but converter the C3 is operating in the current source mode, and begins to 
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source IC3 = 150 mA, if the output current of voltage source is IC1 � 170 mA. At 
the beginning of the scenario there is 100 � load on the bus, which is increased 
in 4 steps to 20 � by adding 100 � 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 IC1 to zero, but the bus voltage remains above 8 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 � load levels only the converter C1 is operating, output 
currents in both simulation methods differ insignificantly: IC1

SIL = 80 mA, 
average IC1

HIL = 82.1 mA and IC1
SIL = 160 mA, average IC1

HIL = 162.9 mA. 
Differences in static signals appear, when C3 is turned on at the 33.3 and 25 � 
load levels: IC1

SIL = 90 mA, average IC1
HIL = 59.5 mA and IC1

SIL = 170 mA, 
average IC1

HIL = 138.7 mA respectively, but IC3
SIL = 150 mA and average  

IC3
HIL = 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 IPV and voltage 
UPV of the solar module, current Ibatt and voltage Ubatt of batteries, load current 
Iload and solar irradiation Gs. 

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 C1, load R1, 
battery A1 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 Ubatt and Iload data. The charging 
voltage reference signal ur 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 ir 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 � and �7 � 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 Ubatt had a little difference during 
sufficient solar irradiation to compensate the load: the average square error 
0.65 V or 2.7 % of nominal battery voltage. The error increased when 
irradiation lowered to 200 W·m-2

 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 � load and 0.8 % for 24 V battery voltage and 
7 � 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 ºC). 

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 Fuhrländer 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: 
Q = 3.6·10-4

·Pel + 1.06 l·h-1. For 25 kW power it corresponds to 10.06 l·h-1 or 
0.4 l·(kWh)-1 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 A1 is 
used. The maximum charge current of the battery is 10 % of the capacity:  
Ichmax = 400 A. The efficiency of power interfaces C1-C3 and inverter L1 is 
� = 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 G1 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 Pl, kW and consumed power from 
different sources (without 10 % losses in power interfaces): PS from 
photovoltaic array, PV from wind generators, PG 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 PexcS, PexcV, 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 Pl exceeds the sum of PS and PV 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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3. 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. 

4. 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. 

5. 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. 

6. 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). 

7. 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. 

8. 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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